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Nematode parasitosis causes significant mortality and morbidity in humans and
considerable losses in livestock and domestic animals. The acquisition of resistance
to current anthelmintic drugs has prompted the search for new compounds for which
the free-living nematode Caenorhabditis elegans has emerged as a valuable platform.
We have previously synthetized a small library of oxygenated tricyclic compounds
and determined that dibenzo[b,e]oxepin-11(6H)-one (doxepinone) inhibits C. elegans
motility. Because doxepinone shows potential anthelmintic activity, we explored its
behavioral effects and deciphered its target site and mechanism of action on C. elegans.
Doxepinone reduces swimming rate, induces paralysis, and decreases the rate of
pharyngeal pumping required for feeding, indicating a marked anthelmintic activity. To
identify the main drug targets, we performed an in vivo screening of selected strains
carrying mutations in Cys-loop receptors involved in worm locomotion for determining
resistance to doxepinone effects. A mutant strain that lacks subunit genes of the
invertebrate glutamate-gated chloride channels (GluCl), which are targets of the widely
used antiparasitic ivermectin (IVM), is resistant to doxepinone effects. To unravel the
molecular mechanism, we measured whole-cell currents from GluClα1/β receptors
expressed in mammalian cells. Glutamate elicits macroscopic currents whereas no
responses are elicited by doxepinone, indicating that it is not an agonist of GluCls.
Preincubation of the cell with doxepinone produces a statistically significant decrease of
the decay time constant and net charge of glutamate-elicited currents, indicating that it
inhibits GluCls, which contrasts to IVM molecular actions. Thus, we identify doxepinone
as an attractive scaffold with promising anthelmintic activity and propose the inhibition
of GluCls as a potential anthelmintic mechanism of action.

Keywords: C. elegans, Cys-loop receptors, glutamate-activated chloride channels, patch-clamp, anthelmintic

Abbreviations: ECS, extracellular solution; GluCl, glutamate-gated chloride channel; ICS, intracellular solution; IVM,
ivermectin; L-AChR, levamisole-sensitive acetylcholine receptor; N-AChR, nicotine-sensitive acetylcholine receptor; nAChR,
nicotinic acetylcholine receptor; NGM, nematode growth medium; τd , current decay time constant.
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INTRODUCTION

Nematode parasitosis is an important cause of mortality
and morbidity in humans and affects livestock and domestic
animals. As many as one-third of the world’s population
harbors infections with helminths. Also, nematodes have
an important negative impact on animal productivity
worldwide. The reduced anthelmintic drug development
and the ever-increasing resistance of nematodes to the limited
number of drugs have become a global concern for veterinary
and human health.

Parasitic nematodes are not ideal laboratory animals for
drug screening due to the difficulty for genetic manipulation
and the need for infected host animals. C. elegans shares
physiological and pharmacological features with parasitic
nematodes and it is sensitive to most anthelmintic drugs. The
major neurotransmitter receptors are similar between C. elegans
and parasitic species (Angstadt et al., 1989; Holden-Dye and
Walker, 2007). Thus, the free-living nematode C. elegans has
contributed as a parasitic model to defining mechanisms of
antiparasitic drug action.

Cys-loop receptors are major targets of anthelmintic drugs
in parasites and C. elegans (Holden-Dye and Walker, 2006;
Beech and Neveu, 2015). They belong to the family of
pentameric ligand-gated ion channels and play key roles
throughout the nervous system in vertebrates and invertebrates.
They are involved in physiological processes, including muscle
contraction, and are targets for clinically relevant drugs
(Wolstenholme, 2011). In vertebrates, Cys-loop receptors include
acetylcholine nicotinic (nAChRs) and 5-hydroxytryptamine
type 3 (5-HT3) receptors, which are cationic channels, and
GABAA and glycine receptors, which are anionic channels.
C. elegans and parasitic nematode muscle contains two different
types of nAChRs, a levamisole-sensitive (L-AChR) and a
nicotine-sensitive (N-AChR), and a GABA receptor. L-AChRs
mediate muscle contraction whereas GABA receptors mediate
muscle relaxation. These two receptors are essential for the
typical sinusoidal movement and are targets of anthelmintic
compounds, like levamisole and pyrantel (L-AChR agonists)
and piperazine (GABA receptor agonist) (Martin, 1997; Fleming
et al., 1997; Culetto et al., 2004; Towers et al., 2005;
Bamber et al., 2005; Rayes et al., 2007). N-AChR is a
homopentameric receptor that responds to acetylcholine and
nicotine and its role in locomotion is not fully understood
(Touroutine et al., 2005). Compared to vertebrates, invertebrates
contain a larger variety of Cys-loop receptors, including a
unique type of glutamate-gated chloride channels (GluCl)
(Jones and Sattelle, 2008).

GluCls are of considerable medical and economical
importance because they are targets of macrocyclic lactones,
such as ivermectin (IVM), which are the most widely used
antiparasitic drugs (Chen and Kubo, 2018). IVM is used in
veterinary for gastrointestinal roundworms, lungworms, grubs,
sucking lice, and mange mites and in humans for treating filarial
diseases (Campbell, 2012).

There are six C. elegans genes encoding GluCl subunits:
avr-14 (GluClα3 subunit), avr-15 (GluClα2), glc-1 (GluClα1),

glc-2 (GluClβ), glc-3 (GluClα4), and glc-4 (Cully et al., 1994,
1996; Vassilatis et al., 1997; Dent et al., 2000; Horoszok et al.,
2001). Functions associated with GluCls include pharyngeal
pumping, which is required for feeding and maintaining
hydrostatic pressure, and for the regulation of locomotion, and
olfactory and temperature responses (Jones and Sattelle, 2008).
Heterologous expression studies have shown that both GluClα1
and GluClβ subunits form functional homomeric receptors, the
first responding to IVM and the latter to glutamate (Vassilatis
et al., 1997; Li et al., 2002), and that GluClα1/β heteropentamers
respond to both IVM and glutamate (Dent et al., 1997; Degani-
Katzav et al., 2016). The X-ray structure of the homomeric
GluClα has revealed information about the binding sites of the
allosteric agonist IVM, the orthosteric agonist L-glutamate and
the open-channel blocker picrotoxin (Hibbs and Gouaux, 2011).

We have recently synthetized a series of oxygenated tricyclic
compounds and determined their anthelmintic activity by
measuring rapid effects on C. elegans. The exposure to
dibenzo[b,e]oxepin-11(6H)-one (doxepinone) produced a rapid
concentration-dependent decrease of the thrashing rate (IC50
∼300 µM), which is a measure of C. elegans motility
and swimming rate (Buckingham and Sattelle, 2009; Scoccia
et al., 2017). Doxepinone is considered a privileged structure,
which refers to compounds whose scaffolds commonly consist
of a rigid ring, including heteroring systems that present
appended residues in well-defined orientations required for
target recognition (Evans et al., 1988). Through appropriate
functional group modifications, these scaffolds can provide
ligands for a number of functionally and structurally discrete
biological receptors, and have, therefore, attracted interest
across a broad spectrum of sciences from chemistry and
biology to medicine. Because doxepinone is a privileged
structure with potential anthelmintic activity, we here explored
in detail its behavioral effects and deciphered its target
site and mechanism of action on C. elegans as a parasite
model. We propose doxepinone as an attractive scaffold
with potential antiparasitic activity mediated, at least in
part, through GluCls.

MATERIALS AND METHODS

Synthesis of Doxepinone
Dibenzo[b,e]oxepin-11(6H)-one (named as doxepinone) was
synthetized following the protocol developed by our group
(Scoccia et al., 2017 and Supplementary Figure S1). Briefly,
2-(phenoxymethyl) benzoic acid was prepared by treating the
commercially available isobenzofuran-1(3H)-one with sodium
phenoxide, which was obtained by reacting phenol with NaH in
the presence of DMF at reflux. 2-(phenoxymethyl) benzoic acid
was then cyclized by intramolecular acylation from the carboxylic
acid compound by using FeCl2 and dichloromethyl methyl ether
as cooperative system in the presence of dichloromethane at
room temperature. Purity was determined by elemental analysis
and melting point.

L-Glutamic acid monosodium salt hydrate, ivermectin and
dimethyl sulfoxide were from Sigma-Aldrich Chem Co.
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Caenorhabditis elegans Strains and
Culture
Nematode strains used were: N2: Bristol wild type; and
the null mutants of Cys-loop receptor subunits: RB918: acr-
16(ok789); DA1316: avr-14(ad1302);avr-15(ad1051);glc-1(pk54);
CB382: unc-49(e382); CB904: unc-38(e264); MT9668: mod-
1(ok103). All strains were obtained from the Caenorhabditis
Genetic Center, supported by the National Institutes of Health
- Office of Research Infrastructure Programs (P40 OD010440).
Nematodes were maintained at 21◦C using standard culture
methods (Brenner, 1974; Stiernagle, 2006; Hernando et al., 2012,
2019). Assays were carried out following standard protocols
described in WormBook1.

Locomotion and Paralysis Assays
All behavioral assays were done at room temperature (21–23◦C)
and all comparisons were done in parallel. Assays were performed
with young adult hermaphrodite worms from synchronized
plates. For comparison among different drug concentrations
or strains, the assays of the control and different conditions
were performed simultaneously. For each condition, 30 worms
(n = 30) were used in paralysis assays and 20 worms (n = 20) in
thrashes assays. Each condition was evaluated 4 times in different
days with different worm batches and always in parallel with the
control, as described before (Hernando et al., 2012, 2019).

Thrashing assays were performed in 100 µl M9 buffer in the
absence or presence of the drug in a 96-well microliter plate as
described before (Jones et al., 2011). A single thrash was defined
as a change in the direction of bending at the mid body. All assays
were carried out by two independent operators and were blinded
to the sample identities.

Paralysis was determined on agar plates containing the tested
drug at room temperature as described before (Hernando et al.,
2012). Body paralysis was followed by visual inspection at the
indicated time (up to 120 min) and was defined as the lack of
body movement in response to prodding.

For prodding, we used the gentle touch stimulus delivered to
the body with an eyebrow hair, avoiding touching the animals
too near the tip of the head or tail (Hernando et al., 2019). We
evaluated different types of nematode paralysis: flaccid paralysis
in which worms appear lengthened; spastic paralysis in which
worms appear shorter, and stationary paralysis in which worms
are immobile but respond to prodding by contracting body wall
muscle (Kass et al., 1980; Hernando et al., 2019). Videos were
acquired with a digital camera ToupCam UCMOS 05100KPA
(Toup Tek Photonics).

Stock solutions of ivermectin (IVM) and doxepinone were
in dimethyl sulfoxide (DMSO). For all assays, the final
concentration of DMSO was lower than 1%.

Pharyngeal Pumping Measurements
Measurements were performed with young adult worms on agar
plates. Plates contained 1 µM IVM, 50 or 100 µM doxepinone.
DMSO was used as the vehicle and was present in all control

1www.wormbook.org

plates at concentrations lower than 1% v/v. Wild-type and
DA1316 young adult worms were transferred to drug plates and
allowed to remain at 20◦C for a 30 min period. We performed
3 independent whole experiments with different worm batches.
Each experiment included comparison of the effects of drugs on
wild-type and mutant strains in parallel, with n = 14 animals for
each condition in each experiment. The number of contractions
in the terminal bulb of the pharynx (pumps per minute) was
counted using a stereomicroscope at 50×magnification.

Body Length Measurements
Young adult hermaphrodite worms (n = 10 worms for each
condition) were transferred to NGM plates containing 2.5 mM
doxepinone. Vehicle (1% DMSO) was used as a control. After 2 h,
images were acquired with a digital camera ToupCam UCMOS
05100KPA (Toup Tek Photonics) and body length was measured
using FIJI-ImageJ software. Four independent whole experiments
were analyzed in parallel with the controls.

Heterologous Cell Expression of GluCls
GluCls were transiently expressed in BOSC 23 cells, which are
modified HEK 293T cells (Pear et al., 1993). The cDNAs encoding
the C. elegans GluClα1 (containing gfp between transmembrane
domains M3 and M4) and GluClβ subunits, both subcloned into
the pcDNA3.1 vector, were kindly provided by Dr. Paas (Degani-
Katzav et al., 2016). Cells were transfected by calcium phosphate
precipitation with the subunit cDNAs (total 4 µg/35 mm dish) at
a ratio GluClα1:GluClβ 1:1 essentially as described before (Bouzat
et al., 2008; Nielsen et al., 2018). All transfections were carried
out for about 8–12 h in DMEM with 10% fetal bovine serum
and were terminated by exchanging the medium. Cells were used
for whole-cell recordings 2 or 3 days after transfection, time at
which maximal functional expression levels are typically achieved
(Bouzat et al., 2008).

Whole-Cell Recordings From BOSC23
Cells
Macroscopic currents were recorded in the whole-cell
configuration as described previously (Bouzat et al., 2008;
Corradi et al., 2009).

The pipette was filled with intracellular solution (ICS)
containing 134 mM KCl, 5 mM EGTA,1 mM MgCl2, and 10 mM
HEPES (pH 7.3). The extracellular solution (ECS) contained
150 mM NaCl, 0.5 mM CaCl2, and 10 mM HEPES (pH 7.4). After
the whole cell formation, ECS containing the agonist or drug was
rapidly applied using a three-tube perfusion system with elevated
solution reservoirs for gravity-driven flow and switching valves
controlled by a VC3 controller (ALA Scientific). The solution
exchange time was estimated by the open pipette method as
described by Liu and Dilger (1991). This method consists in
applying a pulse of 50% diluted ECS to an open patch pipette,
which produces a sudden change in the current measured by
patch-clamp amplifier. After proper adjustment of the electrode
position, the current jump in our system varied between 0.1 and
1 ms (Corradi et al., 2009; Andersen et al., 2016). The compound
doxepinone was dissolved in ECS from DMSO stock solutions.
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The final concentration of DMSO used to solubilize doxepinone
was lower than 0.2%. To study the modulatory action of
doxepinone, responses were evaluated following co-application
or preincubation protocols. After whole cell formation, 3 mM
glutamate-elicited currents (control currents) were first recorded
by a pulse (6 s) of ECS containing glutamate. The compound
was then co-applied with glutamate (Co-application protocol)
or applied during 1 min in the absence of glutamate before
the second glutamate pulse (Preincubation protocol). For all
experiments, the duration of the glutamate pulse was 6 s and
the time of recording was 8 s. A 60-s wash with ECS alone
allowed total recovery of control currents. The treated currents
were normalized to currents elicited by glutamate alone in the
same cell (control current). At the end of the protocol, the
control current was again tested and the experiments in which the
currents were reduced to more than 80% of the original control
current were discarded.

Currents were filtered at 5 kHz and digitized at 20 kHz
using an Axopatch 200B patch-clamp amplifier (Molecular
Devices, CA, United States) and acquired using WinWCP
software (Strathclyde Electrophysiology Software, University of
Strathclyde, Glasgow, United Kingdom). The recordings were
analyzed using the ClampFit software (Molecular Devices, CA,
United States). Currents were fitted by a single exponential
function according to the equation:

I(t) = I[exp(-t/τd)] + I∞

in which t is time, I is the peak current, I∞ is the steady state
current value, and τd is the decay time constant. Net charge was
calculated by current integration (Andersen et al., 2016). The rise
time (tr10−90%) corresponds to the time taken by the current to
increase from 10 to 90% of its maximal value.

Data and Statistical Analysis
Experimental data are shown as mean ± SD. Statistical
comparisons were done using two-tailed Student’s t-test
for pairwise comparisons or oneway ANOVA followed by
Bonferroni’s post hoc tests for multiple comparisons. All the
tests were performed with SigmaPlot 12.0 (Systat Software,
Inc.). Statistically significance was established at p-values < 0.05
(∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). Concentration–response
curves were determined by non-linear regression fits to
the Hill equation using Prism 5.0 (GraphPad, San Diego,
CA, United States).

RESULTS

1-Screening of C. elegans Mutant Strains
for Resistance to
Dibenzo[b,e]oxepin-11(6H)-One
(Doxepinone): Measurements of
Swimming Rates
We have previously found that dibenzo[b,e]oxepin-11(6H)-one,
referred to as doxepinone, produced rapid paralysis of C. elegans

in liquid medium (Scoccia et al., 2017). After 10 min exposure,
the compound produced a concentration-dependent decrease of
the thrashing rate (IC50 ∼300 µM) (Scoccia et al., 2017). Because
doxepinone is an interesting synthetic molecule with potential
anthelmintic activity we sought to explore its anthelmintic effects
and identify target sites.

To determine receptor targets involved in the rapid effects of
doxepinone on C. elegans swimming rate, we explored the effects
on selected mutant strains lacking Cys-loop receptors involved
in worm locomotion, which are targets of anthelmintic drugs.
The screening is based on the hypothesis that the absence of the
target site leads to drug resistance and, therefore, in the mutant
worm, the thrashing rate in the presence of doxepinone will
not be affected. Since some mutant strains show uncoordinated
phenotypes, we determined the number of thrashes/min of
wild-type and each mutant strain in liquid medium in the
absence and presence of doxepinone (Figure 1A). For each
strain, 20 worms in each condition were used, and experiments
were repeated with different worm batches and in different
days in four independent assays, always in parallel with the
control condition.

The thrashing rate of wild-type worms in M9 buffer (plus 1%
DMSO) was 204 ± 9.3 min−1 (Figure 1A). After 30 min pre-
exposure to 0.1 mM doxepinone, this rate decreased about 50%
(103 thrashes/min, p < 0.001, Student t-Test) (Figure 1A).

Mutant worms lacking the UNC-38 subunit (CB904 strain),
which is an essential L-AChR subunit, or lacking UNC-49
(GABA) receptors (CB382 strain) showed lower thrashing rates
than wild-type worms as well as uncoordinated phenotypes
(Brenner, 1974, Figure 1A). Nevertheless, doxepinone reduced
the trashing rate in both mutants (Figure 1A, p < 0.001), with
the magnitude of the reduction being similar to that observed
in wild-type worms (Figure 1B). The MT9668 strain lacks the
serotonin-gated chloride channel, MOD-1, that is involved in
locomotion and behavior (Ranganathan et al., 2000; Komuniecki
et al., 2012). This mutant strain was sensitive to the drug
(Figure 1A, p< 0.001), which produced a decrease of the trashing
rate similar to that observed in wild-type worms (Figure 1B).
Thus, L-AChR, UNC-49 and MOD-1 receptors are not the main
receptors involved in the rapid effects of doxepinone in the
swimming rate. The RB918 strain, which lacks the nicotine-
sensitive nAChR (N-AChR) present in muscle (Touroutine
et al., 2005), was also sensitive to doxepinone (Figure 1A,
n = 20 worms for each condition). However, the decrease
of the trashing rate was slightly, but statistically significantly,
lower than that observed for wild-type worms, indicating some
type of contribution of this receptor to doxepinone action
(Figure 1B, p < 0.01).

The thrashing rate of the triple mutant worms lacking three
GluCl subunit genes (DA1316) was similar to that of wild-type
animals in the absence of the drug (Figure 1A). Interestingly,
exposure to 0.1 mM doxepinone did not affect this rate, in
contrast to the effects observed in wild-type worms (Figure 1A,
n = 20, p > 0.05). The percentage of the reduction of the
thrashing rate due to the presence of doxepinone was statistically
significantly different between wild-type and DA1316 worms
(Figure 1B, p < 0.001). Altogether, our results indicate that
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FIGURE 1 | Screening of mutants for resistance to doxepinone. Synchronized
young adult wild-type worms were used. Measurements were performed in
liquid medium after 30 min incubation in M9 buffer containing 1% DMSO in
the absence or presence of 0.1 mM doxepinone. A single thrash was defined
as a change in the direction of bending at the mid body. The non-functional
receptor in each mutant strain is indicated. n = 20 worms per condition,
repeated in 4 different days and worm batches, in parallel with the control.
(A) Bar chart showing the thrashing rate for each mutant in the absence (left
bar) or presence of doxepinone (right bar) for each mutant. Statistical
comparisons were made for each strain in the absence and presence of
doxepinone. (B) Bar chart showing the reduction in the thrashes/min in each
strain due to the presence of doxepinone. ns, non-statistically significant,
**p < 0.01 or ***p < 0.001 respect to the change in the wild-type strain.

GluCls are involved in the rapid effect of doxepinone on
the swimming rate.

2-Doxepinone-Induced Paralysis Assays
on Agar Plates
To determine the type of paralysis and the contribution of the
different Cys-loop receptors to doxepinone effects, we performed
paralysis assays on agar plates containing the drug.

We first characterized the type of paralysis exerted by
doxepinone by exposing wild-type worms to 2.5 mM doxepinone
for 30–120 min in agar plates. After 60 min exposure, the worms
in the presence of doxepinone were immobile but respond to
prodding by contracting body muscle (Supplementary Video
S1). After 2 h exposure, worms did not show any response and
were completely paralyzed. The length of worms in the absence
of the drug was 1.16 ± 0.01 mm whereas it was 1.10 ± 0.04 mm
after 1 h exposure (n = 10, p > 0.05), indicating neither spastic
nor flaccid paralysis.

For wild-type worms, a clear concentration- and time-
dependent paralysis was detected during the 2 h assay at
a 1–3 mM doxepinone concentration range (Figure 2A). At
the maximum exposure time (2 h), ∼85% adult worms were
paralyzed by 3 mM doxepinone (Figure 2A, n = 30). The IC50
values determined for the inhibition of moving worms in agar
plates were 2.58 ± 0.01 mM and 2.10 ± 0.01 mM for 90 and
120 min exposure, respectively (Figure 2B). Paralysis assays on
agar plates measured at short times usually require higher drug
concentrations than those used in liquid medium probably since
the drug must be absorbed from the solid phase.

To confirm the contribution of the different Cys-loop
receptors to doxepinone effects, we next measured paralysis
as a function of time of different mutant worms exposed
to 2.5 mM doxepinone. We found that the reduction of
moving worms as a function of time of exposure for MT9668,
CB904, and CB382 strains did not differ from that of wild-
type worms (Figure 2C). For these mutants, the fraction of
moving worms was reduced to ∼0.40 after 2 h exposure
on agar plates containing 2.5 mM doxepinone (Figure 2C).
Although slight, there was a statistically significant difference
in the effects of the drug on RB918 worms (lacking N-AChR)
respect to wild-type worms after 2 h exposure (p < 0.01,
n = 30). For worms lacking GluCl subunits (DA1316), only a
slight reduction of the fraction of moving animals was detected
after 2 h exposure to doxepinone (18%). This reduction was
markedly different to that of wild-type worms and other mutants
(∼60%), again indicating that GluCls are involved in doxepinone
paralysis (Figure 2C).

Because GluCls are targets of IVM we compared the effects of
doxepinone with those of IVM on DA1316 (lacking three GluCl
genes) and wild-type strains. After 30 min exposure to 10 µM
IVM in liquid medium, wild-type worms were fully paralyzed
whereas mutant worms (DA1316) showed only 50% reduction
of the thrashing rate (Figure 3A). In agar plates containing 300
µM IVM, wild-type animals showed a time-dependent paralysis
that yielded 80% paralyzed worms after 2 h. On the contrary,
the percentage of paralyzed mutant worms was smaller than
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FIGURE 2 | Fraction of moving animals after exposure to doxepinone as a
function of time and concentration. Synchronized young adult wild-type
worms were placed on agar plates containing DMSO or doxepinone and
observed at the indicated time to determine the fraction of worms that
respond to prodding, which were considered as “moving worms.” The results
correspond to 4 independent assays for all conditions in the figure with 30
worms each time per condition. (A) Wild-type worms were exposed in agar
plates containing doxepinone (1–3 mM range). The fraction of moving animals
was determined at 30 min intervals. (B) Dose-response curves determined on
agar plates for wild-type worms exposed 90 min (gray) or 120 min (black) to
2.5 mM doxepinone. (C) Paralysis as a function of time of exposure of worms
to 2.5 mM doxepinone. Statistical comparisons are made respect to wild-type
strain. **p < 0.01, ***p < 0.001 respect to the change in the wild-type strain.

10% after 2 h (Figure 3B). After 2 h exposure, the difference
in the fraction of moving worms between wild-type and mutant
animals was statistically significative (p < 0.001, n = 30). We also
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FIGURE 3 | Effects of ivermectin on wild-type and mutant worms lacking
GluCl genes. Synchronized young adult worms from wild-type worms or
DA1316 strain that lacks GluCl subunit genes. (A) Measurements were
performed in liquid medium after 30 min incubation in M9 buffer plus M9 buffer
containing 1% DMSO in the absence (left bar for each strain) or presence of
10 µM IVM (right bar for each strain). n = 20 worms per condition. The results
correspond to 4 independent assays of the whole experiment shown in the
figure. (B) Percentage of moving worms measured on agar plates as a
function of time of exposure to 300 µM IVM. Statistical comparisons are made
respect to the fraction of wild-type worms. n = 20 worms per condition. The
results correspond to 4 independent assays of the whole experiment shown in
the figure. ***p < 0.001 respect to the change in the wild-type strain.

determined that the type of paralysis of wild-type worms exposed
to 300 µM IVM in agar plates during 60 min was similar to that
observed for doxepinone: worms appeared immobile but respond
to prodding by contracting body muscle (Hernando and Bouzat,
2014; Supplementary Video S2).
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FIGURE 4 | Ivermectin and doxepinone effects on pharyngeal pumping.
Wild-type and DA1316 young adult worms were transferred to
bacteria-seeded NGM plates containing different concentration of IVM and
doxepinone (IVM = 1.0 µM, doxepinone = 50 and 100 µM). After 30 min of
drug exposure, the number of contractions in the terminal bulb of the pharynx
(pumps) was counted using a stereomicroscope at 50x magnification. Bars
represent the mean ± SD from n = 14 animals per condition. Statistical
differences compared to the non-treated condition of the same strain
(***p < 0.001). The symbol # indicates statistically significant differences
between the two strains at the same condition (###p < 0.001).

3-Doxepinone Reduces Pharyngeal
Pumping Rate
One of the hallmark effects of IVM involving GluCls is
pharyngeal pumping inhibition (Dent et al., 1997, 2000).
We therefore evaluated the effects of doxepinone on
the pharyngeal pumping rate of wild-type and mutant
worms lacking GluCl subunit genes (DA1316). In the
absence of drugs, wild-type and DA1316 worms showed
similar pumping rates of ∼180–200 min−1 (Figure 4).
It is important to note that despite lacking GluCls the
mutant worms show normal pumping due to compensatory
effects and that IVM also affects other Cys-loop receptors
(Pemberton et al., 2001; Lynagh and Lynch, 2012;
Trojanowski et al., 2016).

The exposure of worms to 1 µM IVM decreased 4-fold
the pumping rate in wild-type worms and about 1.7-fold in
DA1316 worms (n = 14, p < 0.001) (Figure 4). These results
confirmed that worms lacking GluCl subunits are more resistant
to the pumping rate inhibition by IVM than wild-type animals
(Figure 4). In wild-type animals, increasing concentrations
of doxepinone produced a monotonically decrease of the
pharyngeal pumping rate, which was reduced 4-fold at 50
µM and 100% at 100 µM (Figure 4). On the contrary, only
∼1.5-fold reduction was observed in the DA1316 worms in
the presence of 100 µM doxepinone with respect to the
control, thus indicating that the mutants are resistant to the
pharyngeal pumping effect of doxepinone (Figure 4). Thus,

the actions of doxepinone correlate with those of IVM and
depend on GluCls.

4-Molecular Actions of Doxepinone on
GluCls
To confirm that doxepinone acts at GluCls and to unravel
the mechanism by which it may affect these receptors, we
expressed GluClα1/β in BOSC 23 cells and measured whole-
cell currents at −60 mV holding potential. Currents were
elicited by rapid application of 3 mM glutamate, which is a
concentration higher than its EC50 for these receptors (∼1.5 mM)
but lower than that required for saturation (Cully et al., 1994;
Degani-Katzav et al., 2016).

A 6-s pulse of 3 mM glutamate in ECS elicited
macroscopic currents that reached the peak with a rise
time of 49.30 ± 16.20 ms (n = 9) and decayed in the
presence of the agonist due to desensitization. Typically,
peak currents varied between 2000 and 7000 pA. The decay
was fitted by a single component with a time constant of
2100 ± 1040 ms (n = 9). The application of another pulse of
glutamate after a 20-s wash with ECS allowed full recovery
of the peak current, indicating that most receptors recovered
from desensitization in the absence of the agonist after this
period (Figure 5A).

To further characterize GluCl-mediated currents, we
constructed current-voltage relationships by measuring the
peak current elicited by 3 mM glutamate as a function of the
holding potential (Figure 5B). As shown in the figure, the
magnitude of GluCl-elicited currents increased linearly with the
voltage, indicating an ohmic behavior, and currents did not show
important rectification (n = 4).

We next proceeded to decipher the molecular actions
of doxepinone at GluCls. To first determine if doxepinone
can activate GluCls, a 6-s pulse of 0.5 mM doxepinone
(n = 7) or 1 mM doxepinone (n = 3) was applied to cells
in the whole-cell configuration at -60 mV. No currents
were elicited by doxepinone and sequential application
of 3 mM glutamate to the same cell elicited macroscopic
responses, indicating the presence of functional GluCls
(Figure 5C). Thus, doxepinone does not act as an
agonist of GluCls.

We next evaluated the action of doxepinone as a
modulator of glutamate-activated currents. To this end,
we used two different drug application protocols, one
including preincubation of the drug before glutamate
application (Preincubation protocol) and the other, application
of doxepinone together with glutamate (Co-application
protocol).

For the preincubation protocol, a pulse of ECS containing
3 mM glutamate (6 s-pulse, control current) was first applied
to the cell held at -60 mV, and the cell was incubated during
1 min with ECS containing doxepinone (1 mM) before a second
pulse of ECS-glutamate was applied (treated) (Figure 6A). The
same protocol was repeated three times in the same cell, each
time separated by a 60-s period. An illustrative example of
an experiment from a single cell is shown in Figures 6A,B.
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FIGURE 5 | Macroscopic responses of GluClα1/β receptors heterologously expressed in mammalian cells. (A) Macroscopic currents elicited by 3 mM glutamate in
the whole-cell configuration. Representative responses to glutamate in a single cell. Cells were first exposed to a 6-s pulse of 3 mM glutamate, then to a 20-s pulse
of ECS alone, and finally again to the 3 mM glutamate-containing ECS. Pipette potential: -60 mV. (B) Left: currents elicited by 6 s -pulse of 3 mM glutamate at
different pipette potentials (from 100 to -100 mV, Vm). Right: Current (I)-Voltage (Vm) relationship for GluCl channels under symmetrical chloride solutions (n = 4). (C)
Cells were first exposed to a 6-s pulse of 3 mM glutamate (black line current), then to a 6-s pulse of 1 mM doxepinone (violet line current), and finally again to the
3 mM glutamate-containing ECS to verify current recovery. Pipette potential: −60 mV.

The results from different cells were averaged and shown in
Figure 6C.

Preincubation of the cell with 1 mM doxepinone produced
a slight decrease of the peak current and a profound decrease
of the current decay time constant and net charge (Figure 6C).
Compared to the corresponding control current in each cell,
the peak current was reduced to 0.81 ± 0.08 (p = 0.001), the
decay rate to 0.57 ± 0.13 (p = 0.001), and the net charge
to 0.49 ± 0.11 (p = 0.002, n = 6). Thus, the main effect of
the drug on glutamate-elicited currents is the increase in the
decay rate (or decrease of the decay time constant), which
leads to a concomitant decrease in the net charge. We also
determined that the percentage of changes after drug application
were similar among the three applications on each cell. Also, no
significant differences were found in the relative peak current
(1.01 ± 0.10), net charge (0.99 ± 0.17), and decay time constant
(0.95± 0.06) with respect to the control when preincubation was
performed with 0.2% DMSO in ECS in the absence of doxepinone
(n = 4).

We also explored if doxepinone applied together with
glutamate (co-application protocol) affected GluCl currents
(Figures 6E,D). In each cell, we applied three pulses of
glutamate containing ECS, each one separated by 20 s,
and then three pulses of ECS containing 3 mM glutamate
and 1 mM doxepinone (Figure 6D). Doxepinone did
not produce statistically significant changes in the peak
currents (0.99 ± 0.02, p = 0.319) but produced a slight
and statistically significantly decrease of the net charge
(0.83 ± 0.06, p = 0.001) and decay time constant (0.76 ± 0.10,
p = 0.008) (n = 5 cells) (Figure 6E). Thus, co-application

of doxepinone inhibited glutamate-activated currents but
the changes were smaller than those determined under the
preincubation protocol.

DISCUSSION

We here identified dibenzo[b,e]oxepin-11(6H)-one (doxepinone)
as a novel anthelmintic compound acting through GluCls by
a different mechanism to that of the widely used anthelmintic
drug, IVM, and proposed that GluCl inhibition may be further
explored as a mechanism of action of anthelmintic drugs.

The anthelmintic action of doxepinone is revealed by
the induction of worm paralysis measured in agar plates,
the inhibition of worm mobility in liquid medium, and an
important decrease of the pumping rate. Because rapid effects
as the ones observed for doxepinone may be mediated by
ion channels, we performed the first screening for resistance
to doxepinone on selected null mutant strains lacking Cys-
loop receptors involved in worm locomotion. The screening
identified GluCls, which are main receptor targets of IVM, as
targets of doxepinone. In close agreement with this finding,
we demonstrated that the effects of doxepinone recapitulate
those of IVM. Particularly, the inhibition of the pumping rate
is a hallmark of IVM action. Also, the paralysis induced by
doxepinone is neither spastic nor flaccid as that observed in the
presence of IVM.

Our screening showed that N-AChRs may play a role in the
paralysis caused by doxepinone since the worms lacking the ACR-
16 subunit are less sensitive to the drug than wild-type worms.
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FIGURE 6 | Effects of doxepinone on glutamate-elicited responses using different application protocols. Doxepinone (1 mM) was applied before the 3 mM glutamate
pulse (preincubation, ± protocol) or together with glutamate (co-application, −/ + protocol). Pipette potential: −60 mV. (A) ± protocol: 6 s-pulse of 3 mM glutamate
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glutamate-activated current obtained after 60-s incubation with 1 mM doxepinone (treated, t) or buffer alone (wash, w). The sub index corresponds to the
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with 1 mM doxepinone (t). For each experiment, the peak current, the decay time constant and total area were related to those of the control current in each cell (c).
The values correspond to the mean of 6 different cells and 4 different days of transfection (***p < 0.001; **p < 0.01). (D) −/ + protocol: 6 s-pulse of 3 mM glutamate
was first applied alone (control current, black line) and then together with 1 mM doxepinone (treated current, violet line). (E) Bar chart showing the effects of 3 mM
glutamate/1 mM doxepinone co-application on peak current, decay time constant and net charge. The values correspond to the mean ± SD of 5 different cells
(***p < 0.001; **p < 0.01; *p < 0.05).

However, the effect is not as relevant as that mediated by GluCls.
Also, we cannot discard that other receptors, not explored here,
may be involved in doxepinone effects on C. elegans. Finally,
it would be also interesting to perform studies on parasitic
nematodes to confirm that they respond to doxepinone similarly
to the free-living nematode.

Inhibitory GluCls are expressed on neurons and muscle
across protostome phyla, including mollusks, flatworms,
nematodes, ticks, and mites, as well as insects and crustaceans
(Wolstenholme, 2012). They are of great importance since
they are one of the main target sites for parasitic control.
IVM and macrocyclic lactones are used to eliminate
nematode infections from millions of humans suffering
from diseases, such as river blindness and lymphatic filariasis,
and are also used in domestic pets and cattle for parasitic
nematodes and ectoparasites (Omura, 2008). GluCls in
Anopheles gambiae sensu stricto were also proposed as
targets of IVM to control malaria (Meyers et al., 2015;
Atif et al., 2019).

In C. elegans, the expression pattern of the different GluCl
genes has been explored (Holden-Dye and Walker, 2014). In
particular, GluClα1 subunit expresses in body wall muscle, head
neurons, and pharyngeal muscle cells and GluClβ subunit in
pharyngeal muscle pm4 cells. Although GluCl subunits can form
homomeric or heteromeric receptors in heterologous expression
systems, the composition of the native receptors remains mostly
unknown. To elucidate the molecular functional consequences of
doxepinone acting at GluCls, we used as a model the GluClα1/β
receptor, which has been previously characterized in detail in
mammalian cells (Degani-Katzav et al., 2016). Since the DA1316
strain lacks three GluCl genes, avr-14, avr-15, and glc-1, it would
be interesting to explore in future work the molecular effects of
doxepinone on other GluCl subtypes (Brockie and Maricq, 2006).

Cells expressing GluClα1/β receptors displayed robust
responses to 3 mM glutamate, in line with previous findings
(Degani-Katzav et al., 2016). By analyzing the peak current as a
function of voltage we determined that the ion channel has an
ohmic behavior with no significant rectification.
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Currents could not be elicited by the solely application of
doxepinone, indicating that it is not an agonist of this type
of GluCl, an action distinct from that exerted by IVM. Pre-
exposure of GluCls to doxepinone before activation with the
agonist significantly decreased the net charge, thus revealing
that doxepinone acts as an inhibitor. The analysis of current
parameters showed a slight decrease of the peak current and a
significant increase of the current decay rate, indicating that this
latter change governs the negative modulation. The changes are
qualitatively similar but quantitatively smaller when doxepinone
is applied together with glutamate with no preincubation.
Receptor inhibition may be caused by competitive or non-
competitive antagonism. If inhibition were due to competitive
antagonism, a reduction of the peak current instead of an increase
in the decay rate would be observed. Also, the effects produced
by co-application of doxepinone with glutamate would be greater
than those observed with preincubation, which is opposite to our
experimental results. Thus, our first molecular characterization
suggests that doxepinone acts as a negative allosteric modulator
(non-competitive antagonist) of GluCl. The enhancement of the
current decay rate due to the presence of allosteric inhibitors
may arise from enhanced desensitization or channel block
(Gumilar et al., 2003). However, further electrophysiological
characterization, including competition studies, is required to
unequivocally define its mechanism of action as well as its
potential binding sites at GluCl.

The three-dimensional atomic structure of the homomeric
C. elegans GluClα shows that IVM occupies a cavity between
adjacent subunits in the transmembrane domain (Hibbs and
Gouaux, 2011). Further studies combining mutant receptors may
help to define if doxepinone binds to the IVM site.

Although sharing the target receptor, IVM and doxepinone
are non-related, structurally different compounds. Whereas IVM
is a high molecular weight macrocyclic lactone derived from
avermectins, doxepinone constitutes a class of fused tricyclic
heterocycles present in a variety of bioactive compounds.
Structurally, it is typified by the presence of a dibenzo-4-
oxepanone ring system. Each ring is connected in a fused
formation that does not allow rotation around the carbon-
carbon bonds. This unique structure together with the type
and position of the linked chemical groups define the
specific functionalities of doxepinone. The hydrophobic planar
architecture of this oxygenated heterocyclic gives it a remarkably
different physicochemical behavior with respect to IVM.

The structure of doxepinone is related to that of
tricyclic antidepressants, in particular to doxepin. Tricyclic
antidepressants have been shown to inhibit other Cys-loop
receptors, including vertebrate nAChR and 5-HT3A receptors
(Gumilar et al., 2003; Gumilar and Bouzat, 2008). Doxepin
reduced the peak current and increased the decay rate of mouse
muscle nAChRs; these effects were greater when applied during
preincubation than co-applied with the agonist (Gumilar et al.,
2003). Enhancement of desensitization and/or slow channel
blockade was proposed as the mechanism underlying the
macroscopic effects (Gumilar et al., 2003). Although we have
shown previously that doxepin slightly decreased the thrashing
rate in C. elegans, the effect was significantly lower compared

to that of doxepinone (Scoccia et al., 2017). Interesting, it has
been reported that doxepin shows anthelmintic activity against
the intestinal helminth Ancylostoma ceylanicum, revealing an
antiparasitic action (Keiser et al., 2016).

The widely use of IVM has resulted in selection of resistant
parasitic nematodes, which has turned into a major global
problem (Laing et al., 2017). It has also raised concerns
that IVM resistance may evolve in human parasites as well
(Laing et al., 2017). Mechanisms underlying IVM resistance
include changes in sequence and composition of GluCls and in
proteins regulating membrane permeability and gap junctions.
Importantly associated to IVM resistance is the enhanced
expression of the multidrug transport protein, P-glycoprotein,
involved in drug exclusion (Blackhall et al., 1998; Xu et al.,
1998; Le Jambre et al., 1999; Sangster et al., 1999; Ardelli
and Prichard, 2013; Ménez et al., 2016). Since IVM and
doxepinone are structurally different compounds, they will
probably show different activities at P-glycoprotein as well as
different sensitivities among GluCl subtypes. Thus, our finding
offers a new scaffold for developing new GluCl-active compounds
directed to overcome IVM resistance as well as to cover different
helminth species.

The effect of IVM and macrocyclic lactones has been proposed
to be mediated by increased hyperpolarization due to its agonistic
activity at chloride permeable GluCls. We here found that
doxepinone has the opposite effect. Therefore, the inhibition of
GluCls emerges as an anthelmintic mechanism of action. In line
with this, for several insecticides, such as picrotoxin, lindane, and
fipronil, the inhibition through GluCl has been proposed as a
mechanism involved in their insecticide actions (Narahashi et al.,
2010; Atif et al., 2019). Fipronil has been shown to reversibly
inhibit GluCls from C. elegans (Horoszok et al., 2001) and from
Haemonchus contortus (McCavera et al., 2009) and it has been
shown to be effective for controlling nematodes on wheat (Cui
et al., 2017). Thus, it appears that both enhanced and reduced
hyperpolarization can affect worm locomotion and pharyngeal
pumping. How neuron wiring underlying the behavioral effects
is affected as a result of reduced hyperpolarization due to
GluCl inhibition is therefore an essential question for future
studies. Overall, we propose doxepinone as a new scaffold
with potential antiparasitic activity and the inhibition of GluCls
as a mechanism of anthelmintic drug action valuable to be
further explored.
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FIGURE S1 | Total synthesis of doxepinone. Conditions: (A) NaH (1.5 equiv), DMF
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VIDEO S1 | Wild-type worms exposed to 2.5 mM doxepinone in agar plates. The
worms are immobile but respond to prodding by contracting body muscles.

VIDEO S2 | Wild-type worms exposed to 300 µM IVM in agar plates. The worms
are immobile but respond to prodding by contracting body muscles.
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GABAA receptors are pentameric ligand-gated ion channels that serve as major inhibitory
neurotransmitter receptors in the mammalian brain and the target of numerous clinically
relevant drugs interacting with different ligand binding sites. Here, we report an in silico
approach to investigate the binding of pyrazoloquinolinones (PQs) that mediate allosteric
effects through the extracellular a+/b- interface of GABAA receptors. First, we docked a
potent prototype of PQs into the a1+/b3- site of a homology model of the human a1b3g2
subtype of the GABAA receptor. Next, for each docking pose, we computationally derived
protein-ligand complexes for 18 PQ analogs with known experimental potency.
Subsequently, binding energy was calculated for all complexes using the molecular
mechanics-generalized Born surface area method. Finally, docking poses were
quantitatively assessed in the light of experimental data to derive a binding hypothesis.
Collectively, the results indicate that PQs at the a1+/b3- site likely exhibit a common
binding mode that can be characterized by a hydrogen bond interaction with b3Q64 and
hydrophobic interactions involving residues a1F99, b3Y62, b3M115, a1Y159, and
a1Y209. Importantly, our results are in good agreement with the recently resolved
cryo-Electron Microscopy structures of the human a1b3g2 and a1b2g2 subtypes of
GABAA receptors.

Keywords: GABAA receptor, pyrazoloquinolinones, molecular docking, structure-activity relationships (SARs),
MM-GBSA binding energies
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INTRODUCTION

The structural elucidation of a ligand-receptor complex lays the
foundation for efficient lead optimization cycles. However, the
structural resolution of a protein complex can be time-
consuming and very challenging, even more so for membrane
proteins (Singh and Ecker, 2018; Scalise et al., 2020). In the
absence of protein structure information, different methods can
be used to identify putative hit compounds. Two prominent
approaches include (1) structure-based design using homology
modeling and molecular docking (Schmidt et al., 2014; Louet
et al., 2017; Palazzolo et al., 2018; Singh et al., 2019a; Singh et al.,
2019b; Singh et al., 2020c) and (2) ligand-based modeling
(Chaput et al., 2020) using the structure-activity relationships
(Kubinyi, 1998) (SARs) information derived from experimentally
validated compound libraries. Notably, homology modeling, in
conjunction with molecular docking, is widely used in virtual
screening (Spyrakis and Cavasotto, 2015; Slater and Kontoyianni,
2019; Singh et al., 2020b). Investigating the possible ligand-binding
modes facilitates hit-to-lead optimization and guides the rational
design and synthesis of new chemical candidates with enhanced
potency and selectivity for a target. Moreover, such knowledge can
be taken into account to optimize the absorption, distribution,
metabolism, and excretion (ADME) and toxicity parameters, such
as solubility and metabolic stability, without disrupting essential
ligand-receptor interactions (Greer et al., 1994; Maddaford, 2012).
Also, this information can assist in identifying molecular
determinants leading, for instance, to the agonist and antagonist
behaviors of the ligands (Warne et al., 2011). However, studies
have shown that docking programs are capable of reproducing the
correct binding orientations, but the scoring functions often
struggle to rank the correct orientations on top of the graded list
(Siebert et al., 2018b). Hence, there is a need to identify new
Abbreviations: PQs, pyrazoloquinolinones; SAR, structure-activity relationships;
ADME, absorption, distribution, metabolism, and excretion; Bz, benzodiazepine,
MM-GBSA, Molecular Mechanics-Generalized Born Surface Area; cryo-EM, cryo-
Electron Microscopy; ECD, extracellular domain; RMSD, root mean square
deviation; MDS, multidimensional scaling; COM, center of mass; QM-MM,
quantum mechanics-molecular mechanics; MD, molecular dynamics.
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protocols and scoring techniques that increase the reliability of the
binding hypotheses by assessing the congruency between the
predicted and experimental binding affinity of the compounds.

GABAA receptors are ligand-gated ion channels that serve as
essential molecular targets for several important clinical drugs like
benzodiazepines, barbiturates, neuroactive steroids, anesthetics, and
anticonvulsants (Sieghart, 2015). GABAA receptors in mammals
represent a heterogeneous cluster of pentameric receptors compiled
from a pool of 19 potential subunits (a1-6, b1-3, g1-3, d, ϵ, q, p, and
r1-3) (Olsen and Sieghart, 2008). In the brain, the majority of the
GABAA receptors is composed of two a, two b, and one g subunits
(Olsen and Sieghart, 2008), and their arrangement can be described
by topology b-a-g-b-a (Tretter et al., 1997) (Figure 1), where each
subunit interface, by convention, has a primary (+, plus) and a
complementary (-, minus) side (Galzi and Changeux, 1994). g-
aminobutyric acid (GABA) binds to the extracellular part of the
receptor at the interfaces between the a- and b+ subunits
(Figure 1A). This leads to conformational changes that cause the
channel to open and chloride anions to flow through (Jansen, 2019).
Benzodiazepines via binding to an allosteric site located at the
extracellular a+/g- subunit interface mediate their anxiolytic,
muscle-relaxant, sedative-hypnotic, and anticonvulsant effects
(Sigel, 2002; Richter et al., 2012) (Figure 1A). Mutations affecting
GABAA receptors have been shown to cause neurological disorders
such as epilepsy (Jansen, 2019).

The pyrazoloquinolinones (PQs) exhibit high potential as both
non-sedative anxiolytics and as benzodiazepine antagonists
(Savini et al., 2001; Vega Alanis et al., 2020) and, as such, represent
interesting chemotypes. PQs exhibit features of both “continuous”
and “discontinuous” SARs, depending on the corresponding
substitution sites over the scaffold. A continuous SAR is described
by a smooth activity hypersurface, where a clear trend in experimental
activity could be detected upon systematic chemical changes, whereas
a discontinuous SAR, in contrast, is depicted by a rugged landscape
where slight structural modifications lead to drastic potency
differences (Cruz-Monteagudo et al., 2014; Siebert et al., 2018b).
Recent studies have demonstrated that in many subtypes of
abg receptors, PQs exerts positive modulatory effects via
an alternate allosteric binding site at the homologous a+/b-
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interface (Figures 1A, D) (Ramerstorfer et al., 2011). In contrast,
the effects are antagonistic, i.e., flumazenil-like (Varagic et al.,
2013a; Varagic et al., 2013b), when they bind at the high-affinity
benzodiazepine site (a+/g-) in most subtypes. Since a combined
a- and b- isoform selectivity can be achieved, and binding is
independent of additional subunits such as g or d, the a+/b-
interface binding site is a potentially very attractive target for
novel chemical probes (Simeone et al., 2017). Structural
hypotheses of bound states would be helpful in developing
more potent and possibly subtype-selective ligands. Recently,
our colleagues elucidated the PQ binding mode at the
benzodiazepine site (Siebert et al., 2018b) via a novel structure-
based approach by utilizing ligand-based knowledge to frame a
docking scoring function that assessed ligand binding poses for
their congruency to recognized PQ-SAR. The important feature
of this scoring scheme is the post-docking derivatization
technique. This tool generates a congeneric series of protein-
ligand complexes from the given set of docking poses through
substituent placements, which can be used for rescoring (Zhenin
Frontiers in Pharmacology | www.frontiersin.org 319
et al., 2018; Rastelli and Pinzi, 2019; Singh et al., 2020a) and SAR
congruency assessment.

We hypothesize that the PQs exhibit a common bindingmode at
the a+/b- site and that the correct orientation should be able to
explain the inherent bioactivity trend and the experimental
mutagenesis findings. Given the challenges associated with
molecular docking and the concurrent availability of SAR data for
PQs (Savini et al., 2001), we applied in this study, a structure-based
protocol outlined in Figure 2. This approach integrates the ligand
bioactivity information during the assessment process of the
docking poses so as to define a binding hypothesis for PQs
binding at the a1+/b3- interface. In the first step, a highly potent
PQ, which has been extensively studied in multiple GABAA

subtypes, was docked into the a1+/b3- site of a homology model
of the human a1b3g2 subtype of the GABAA receptor. This was
followed by a pose expansion stage where we generated the protein-
ligand complexes of 18 other PQ analogs from the recovered
docking solutions by using a post-docking derivatization method.
Subsequently, geometry minimization was performed, and binding
A B

DC

FIGURE 1 | (A) A graphical depiction of the extracellular domain (ECD) of the GABAA receptor. The different binding sites are indicated: the GABA binding site
‘GABA’, the high-affinity benzodiazepine binding site ‘Bz’, and the low-affinity ‘CGS’ site. (B) front view of the cryo-electron microscopy (cryo-EM) structure of the
human a1b2g2 GABAA receptor (PDB ID: 6D6U). (C) The perpendicular top view of the structure. (D) Front view of the CGS site or a1+/b2- interface, which is
characterized by the presence of loops A-C and D-G in the a1+ and b2- subunit, respectively. The a1, b3 and g2 subunits are depicted in ribbon style and are
colored yellow, red, and blue, respectively. (B–D) were prepared using PyMOL v. 1.8.6.2 (DeLano, 2008. Available at: https://www.pymol.org,” n.d.).
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affinity was estimated for all complexes using molecular mechanics-
generalized Born surface area (MM-GBSA) approach (Genheden
and Ryde, 2015) (Figure 2). The minimized complexes were then
quantitatively evaluated by taking into consideration the
experimental data through linear correlation calculations and then
ranking the poses according to the SAR congruency score to
determine the PQ top-ranked poses. Selected poses were
optimized to investigate the previously reported 40-fold increase
in potency of PQ ‘CGS-9895’ in the a1b3Q64A mutant (Siebert
et al., 2018a). Finally, the results from the modeling and docking
studies were compared with the newly solved cryo-Electron
Microscopy (cryo-EM) structures of the human a1b2g2 (PDB
IDs: 6D6U, 6D6T) (Zhu et al., 2018) and the a1b3g2 (PDB IDs:
6HUG, 6HUJ, 6HUK, 6HUO, 6HUP, 6I53) (Laverty et al., 2019;
Masiulis et al., 2019) subtypes of GABAA receptors. To the best of
our knowledge, this is the first structure-based study devoted to the
understanding of the a1b3 mediated ligand recognition, and
the reported findings may facilitate the rational design and
development of novel and selective chemical modulators of the
a1b3 subunit interface.
RESULTS

Homology Modeling of the a1b3g2 Subtype
of the GABAA Receptor
At the time, when this study was started, the only GABAA

receptor structure that was available was a partial b3- subunit
homopentamer (PDB ID: 4COF) (Miller and Aricescu, 2014).
This structure was therefore used as a template for generating the
structural models of the a1b3g2 subtype using MODELLER
(Sali and Blundell, 1993). The constructed models were
Frontiers in Pharmacology | www.frontiersin.org 420
assessed on the basis of normalized discrete optimized protein
energy (z-DOPE) score. The top-ranked model had a DOPE
score of -0.98, suggesting that approximately greater than 80% of
its Ca atoms are predicted to be within 3.5 Å of their accurate
positions (Eramian et al., 2008, p. 1), thus indicating a native-like
structure (Figure 3 and Figure S1). The overall quality of the
model was then evaluated further using a Ramachandran
plot after performing energy minimization with backbone
atoms constrained. The PROCHECK (Laskowski et al., 1993;
Laskowski et al., 2018) statistics showed that 94.4, 5.3, 0.3, and
0% of the residues, respectively, allocated as the “most favored,”
“additionally allowed,” “generously allowed,” and “disallowed”
regions (Figure S2). None of the residues located in generously
or additionally allowed areas were in close proximity to the
ligand-binding site. The model was also analyzed using the
Profile-3D verify score (Eisenberg et al., 1997), which measures
the compatibility score of each residue in the given 3D
environment. The model returned a verify score of 676.33 that
was close to the expected high score of 761.126, while the expected
low score was 342.50. Models with a verify score between the
reference values are considered sub-optimal and require
refinement, while models with a value closer to the expected high
score are likely to be correct. If the overall quality is lower than the
expected low score, then the structure is almost certainlymisfolded
(Eisenberg et al., 1997). The model was lastly evaluated by
measuring the root mean square deviation (RMSD) between its
backbone atoms and those of the 4COF structure. The RMSD (0.33
Å) is very low, indicating further that the amino acids of thea1b3g2
subtype can adequately accommodate in the template 3D structure
(Figure S3). Overall, the structural analysis strongly indicates that
the homology model of the a1b3g2 subtype is accurate and can be
used for docking studies.
FIGURE 2 | Structure-based workflow to identify the binding hypotheses for PQs at the a1+/b3- site step-by-step: (1) homology modeling of the human a1b2g2
GABAA receptor, (2) molecular docking of a reference PQ compound and interaction fingerprint analysis of the generated docking poses, (3) generation of the
protein-ligand complexes of other PQ analogs using post-docking derivatization technique, (4) geometry optimization of the derivatized complexes and binding
energy calculations, (5) SAR congruency coefficient calculations, (6) identification and characterization of the candidate binding modes.
September 2020 | Volume 11 | Article 561834
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Binding Pocket Comparison Between a1b3
and a1g2 GABAA Receptor
While writing this manuscript, several cryo-EM resolved
heteropentameric structures of the human a1b2g2 and a1b3g2
subtypes of GABAA receptors became available. These data allowed
us to perform a post-hoc validation of the homology model, in
which we carried out the docking simulations. The analysis of two
homologous binding sites (a1+/b3- and a1+/g2-) revealed that the
hydrophobic residues g2Y58 and g2A79 at the a1+/g2- interface are
replaced by polar residues b2D43 and b2Q64 at the a1+/b3-
interface. While the charged residue g2D56 and the polar residue
g2T142 at the a1+/g2- interface corresponds to polar b3N41 and
hydrophobic b3G127 at the a1+/b3- interface (Figure 4). However,
the active site residues belonging to the a1+ subunit are conserved
at both interfaces, possibly indicating a similar a1 mediated
interaction of the ligands. The backbone RMSD of the ECD
between the two structures was 1.31 Å signifying the reliability of
the homology model of the a1b3g2 subtype. Whereas the Ca
RMSD value for the residues enclosing the a1+/b3- and a1+/g2-
pocket was 0.95 Å indicating structurally similar ligand-binding
sites. We also superposed the modeled a1+/b3- site with the
corresponding site of the new a1b3g2 structure (PDB ID: 6HUJ)
(Masiulis et al., 2019). The alignment of the pockets displayed a low
backbone RMSD of 1.6 Å (Figure 5), and it revealed similar binding
orientation of the side chains of the residues emphasizing the high
topological resemblance between the homology model and the
experimental structure. The alignment showed that all the
residues comprising the binding site in the homology model are
identical to the cryo-EM structure, suggesting further that our
homology model is accurate and appropriate for the docking
studies. Next, we analyzed the binding site properties of a1+/b3-
interface using SiteMap v3.4 (Schrödinger Release 2015-1, 2015c)
(see Methods). The a1+/b3- site yielded a SiteScore of 1.11, a
A B C

FIGURE 3 | The front view (A) and the top view (B) of the homology model of the a1b3g2 subtype of the GABAA receptor. The a1, b3 and g2 subunits are depicted
in ribbon style and are colored yellow, red, and blue, respectively. The a1 and b3 subunits are indicated. (C) shows the a1+/b3- ligand-binding site. The binding site
surface is colored according to the residue type, i.e., the green areas are hydrophobic, while the red, blue, and purple regions are hydrophilic. The a1 and b3
subunits are shown as molecular surfaces colored yellow and red, respectively. The figures were generated using PyMOL v. 1.8.6.2 (DeLano, 2008. Available at:
https://www.pymol.org.,” n.d.).
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A

B

FIGURE 4 | Comparison between the homology model of the a1b3g2
subtype of the GABAA receptor showing the a1+/b3- ligand-binding interface
(A) and the cryo-EM structure of the a1b2g2 GABAA (PDB ID: 6D6U) receptor
showing the a1+/g2- interface (B). The non-conserved residues b3N41,
b3D43, b3Y62, b3Q64, and b3G127 on the b3-subunit and the
corresponding beta residues g2D56, g2Y58, g2A79, and g2T142 are
highlighted indicating the pocket differences. The a1, b3 and g2 subunits are
depicted in ribbon style and are colored yellow, red, and blue, respectively.
The binding site residues are shown in stick style, and its carbon atoms are
colored according to subunit.
September 2020 | Volume 11 | Article 561834
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Dscore of 1.15, a volume of ∼335 Å3, and a total solvent accessible
surface area of 752.25 Å2. The binding interface consists of 12.5%
hydrophobic region, 54.5% hydrophilic region, and 33% mixed
Frontiers in Pharmacology | www.frontiersin.org 622
character region (Figure S4). The hydrophilic zone is partitioned
into hydrogen bond donor and acceptor regions. The hydrogen
bond donor region accounts for 52% of the hydrophilic region and
the hydrogen bond acceptor region, 48% of the hydrophilic region.
The hydrogen bond acceptor and donor regions refer to the degree
that a well-structured ligand could interact with hydrogen bond
donor and acceptor residues, respectively. The hydrophobic region
contains residues like b3A45, b3Y62, a1F99, b3M115, b3L125,
b3G127, b3L128, a1G157, a1Y159, a1V202, a1Y209, a1V210, and
a1V211, whereas the hydrophilic region contains residues like
b3D43, b3N41, b3Q64, a1H101, a1K155, a1S158, b3R169,
b3T176, b3R180, a1S204, a1S205, and a1T206. Importantly, the
recent structure (6HUJ) also exhibited similar binding site
characteristics and returned a SiteScore and Dscore > 1, where a
score higher than 1 (Halgren, 2009) suggests good druggability, yet
again indicating the trustworthiness of the homology model and its
appropriateness for structure-based investigations.

PQ Dataset and Structure-Activity
Relationship (SAR)
Table 1 shows the experimentally measured data of PQs at the
a1+/b3- and the a1+/g2- interface retrieved from the scientific
literature (Varagic et al., 2013b). For our protocol, we filtered those
PQ compounds with reported pEC50 values against the a1+/b3-
interface with the exception of meta-substituted (R’

3) analogs
(Table 1) to preserve the homogeneity of the data set. A QSAR
FIGURE 5 | The a1+/b3- ligand-binding interface of the homology model
(red) superposed to the corresponding site of the cryo-EM structure of
a1b3g2 GABAA receptor (blue, PDB ID: 6HUJ). The Ca atoms and the side
chains are shown in space-filling and stick style, respectively. The backbone
RMSD between the two structures is 1.6 Å, and the alignment score is 0.1
suggesting good agreement with the experimental structure.
TABLE 1 | The chemical structures of PQs and their biological activity values in pEC50 for the a1b3 and in pKi for the a1g2 subtypes of GABAA receptor.

N
H

NN
OR8

R'4

R6

R7

A B

C

D R'3

S. No. Cpd. R6 R7 R8 R’3 R’4 a1b3 (pEC50) a1g2 (pKi) D(a1g3) D(a1g2)

1 CGS-8216 H H H H H 4.66 9.77 0 0
2 PZ-II-029 H OMe H H Ome 4.58 9.52 −0.08 -0.25
3 PWZ-009A1 H Ome H H H 4.82 8.89 0.16 -0.88
4 CGS 9895 H H H H Ome 4.89 9.49 0.23 -0.28
5 Xhe-III-24 H H tBu H F 4.95 9.6 0.29 -0.17
6 CGS 9896 H H H H Cl 4.96 9.3 0.3 -0.47
7 Xhe-II-087c tBu H H H Br 5.21 7.47 0.55 -2.3
8 Xhe-II-006 H H tBu H Br 5.33 8.33 0.67 -1.44
9 PWZ-007A H H Ome H H 5.35 10 0.69 0.23
10 Xhe-III-063 H H H H CCH 5.37 10.14 0.71 0.37
11 LAU 176 H H Ome H Ome 5.42 9.85 0.76 0.08
12 Xhe-II-17 H H tBu H CCH 5.42 8.48 0.76 -1.29
13 LAU 156 H H Cl H Me 5.64 10.3 0.98 0.53
14 PZ-II-028 H H Cl H Ome 5.79 9.7 1.13 -0.07
15 LAU 163 H H Cl H H 5.92 − 1.26 −

16 LAU 177 H H Ome H CN 6 9.12 1.34 -0.65
17 LAU 162 H H Cl H COOEt 6.1 − 1.44 −

18 LAU 206 H H Cl H NH2 6.22 9.92 1.56 0.15
19 LAU 161 H H Cl H CN 6.4 − 1.74 −
Sep
tember 2020 | Volu
me 11 | Article
Analogs 2–19 are sorted according to a1b3 pEC50 values. The D(a1b3) and D(a1g2) represents the difference in activity of the ligand with respect to the unsubstituted scaffold CGS-
8216 (1).
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study on the reported dataset revealed that lipophilic substituents
at position R8 (ring A), as well as electron-withdrawing moieties at
the R’4 position (ring D), are favorable for a1+/b3- potency. This
is reflected by the substitution pattern found in analogs 16, 17, and
19. Interestingly, in the a1g2 PQ-SAR (Savini et al., 2001), the
opposite is observed where electron-withdrawing groups
dramatically reduce the potency. It seems that ring D in a1b3 is
pointing toward an entirely different region than in a1g2. The PQ
data set has much higher variability in the R’

4 position (nine
diverse substitutions) than at the R8 position. At the R8 position,
small hydrophobic moieties, noticeably chlorine atom, are
favorable for affinity in a1b3 as compared to bulky substituents
such as tert-butyl, indicating some steric hindrance at this
position. Whereas, in a1g2, the bulky substitutions are well
tolerated at the R8 position. In a1g2, the substitutions at the R6

position are sterically disallowed, and any substitution leads to a
dramatic loss in affinity (Siebert et al., 2018b). Whereas the large
tert-butyl substituent on position R6 (7) is tolerated at the a1+/b3-
site. For a majority of the listed PQ analogs (Table 1),
experimental data for the a1+/g2- site is available (compounds
1–14, 16, and 18). On average, the analogs exhibit four log units
higher potency at the a1+/g2- versus the a1+/b3- site. Next to this
overall trend, we analyzed the relative potency change (Da1b3 and
Da1g2 in Table 1) of the analogs compared to the unsubstituted
PQ scaffold (1) to assess substituent effects. In this analysis, the
largest relative potency difference between the two binding sites
was found for 7, 12, and 16.

Molecular Docking of PZ-II-028
In this study, we applied a docking-based strategy that
incorporates experimental activity data, as described in Table
1, to identify a common binding mode for PQs at the a1+/b3-
interface. As a first step toward identifying a binding hypothesis,
a potent ligand ‘PZ-II-028’ (14, Table 1) was docked into the
a1+/b3- pocket. Since compound 14 has been extensively
studied in different GABAA receptor subtypes, and a large
amount of experimental data is available for this ligand (Olsen
and Sieghart, 2008; Varagic et al., 2013a; Varagic et al., 2013b;
Mirheydari et al., 2014; Simeone et al., 2017; Treven et al., 2018);
hence, this ligand serves as an excellent prototype (or reference
ligand) for performing the docking studies. Molecular docking
was performed using GOLD (Verdonk et al., 2003) with the
flexible side chains option (see Methods). The distribution of 100
docking poses of compound 14 at the a1+/b3- is shown in
Figure S5. To determine which molecular features are most
relevant for binding, we performed structural interaction
fingerprint (SIFt) (Deng et al., 2004; Singh et al., 2006) analysis
of the docking poses of compound 14 using the cheminformatics
utility of Schrödinger. This tool identifies the amino acid residues
that show hydrogen bond or hydrophobic interactions with the
docking poses. The SIFt analysis revealed that the docking poses
were interacting with the amino acid residues of both a1+ and
b3- subunits, situated throughout the pocket. The major residues
involved in hydrogen bond interactions include a1Y159,
a1S204, a1S205, b3N41, and b3Q64, whereas the residues
a1Y209 and b3Y62 stimulated the binding through hydrophobic
interactions (Figure S6).
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Post-Docking Derivatization and Binding
Energy Calculations
Given the difficulties of scoring functions to correctly rank the
ligands and to improve the quality of the poses obtained from
docking into our homology model, we defined a scoring scheme
that evaluates a1+/b3- PQ docking poses for its agreement with
known PQ-SAR data. The scoring scheme for evaluating the 100
PZ-II-028 (p1-p100) poses consists of three steps: (i) analogs pose
expansion using post-docking derivatization tool, (ii) energy
minimization and binding energy calculations of the derivatized
protein-ligand complexes, and (iii) SAR congruency assessment
(i.e., calculation of correlation coefficient between the MM-GBSA
scores and experimental data) and ranking of the poses according to
the scores (see also Figure 2). The first preparatory step utilizes the
previously published post-docking derivation tool (Siebert et al.,
2018b) that results in the generation of the poses of related analogs
(or ‘analog expansion’). Here, based on the 3D coordinates of every
PZ-II-028 docking pose, an array of 18 ligand-receptor complexes
for analogs 1–13, and 15–19 (Table 1) is derived by adding
substituents to the PQ scaffold of each docking pose of 14. This
step expanded the total protein-ligand binding poses to 1900 at the
a1+/b3- from the first 100 docking poses of 14. In the second step,
the binding energy of all 1900 protein-ligand complexes was
calculated by using the Prime MM-GBSA method implemented
in Schrödinger. Briefly, this method utilizes the VSGB 2.0 implicit
solvation model (Li et al., 2011) and OPLS-2005 force field (Banks
et al., 2005) for the optimization of pose geometries and interactions
(see Methods). The optimization step allowed to eliminate any
potential ligand strain or steric clashes of the ligand atoms with the
protein residues that might have developed after post-docking
derivatization or due to the use of soft potentials while docking.
In addition to the calculation of the MM-GBSA energy values, we
also recorded the RMSD deviation of the PQ scaffold before and
after the geometric optimization. In summary, the output of the
analog expansion step is a set of 18 new energy-minimized ligand-
receptor geometries and their corresponding MM-GBSA energy
values and RMSD deviations.
SAR Congruency Coefficient (RSAR)
Calculation
To assess the congruency of a PZ-II-028 docking pose and
the resulting analog poses with existing experimental PQ SAR,
we calculated the Pearson correlation coefficient between the
predicted binding free energy (MM-GBSA) values of the
“expanded analog set” and the corresponding bioactivity data
(Table 1). Here, we refer to the correlation coefficient as the SAR
congruency coefficient (RSAR) of a given docking pose. We
calculated the RSAR for the entire pose library (p1-p100)
(Figure S7). To determine the most promising poses, we
examined a scree plot (i.e., line plot) based on the RSAR values
(Figure 6A) and identified four poses, p53, p66, p60, and p56,
that showed RSAR of -0.83, -0.79, -0.75, and -0.72 and r2 of 0.68,
0.62, 0.57, and 0.51, respectively (Figure 4A). The Leave-one-out
(LOO) cross-validation q2 follows the same trend as that of r2

e.g., p53 (0.60) < p66 (0.51) < p60 (0.47) < p56 (0.38) (Table 2).
In addition, we performed Y-scrambling tests on these four
September 2020 | Volume 11 | Article 561834
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docking poses (Rücker et al., 2007) using the QSPR/QSAR
(Quantitative structure-property/activity relationship)
Frontiers in Pharmacology | www.frontiersin.org 824
“DEMOVA” package in R [“R Core Team (2018). R: A language
and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. Available online at https://
www.R-project.org/.,” n.d.]. To this aim, we shuffled the bioactivity
values of the PQ dataset and calculated the r2yscr and the LOO q2yscr.
We obtained r2ysc and q2yscr values around 0 (P < 0.001) in all Y-
scrambling experiments that were performed. Therefore, these
results indicate that the statistical metrics obtained from SAR
congruency calculations of the docking poses are not a
consequence of spurious correlations. Despite the high RMSD
among the top-ranked poses (> 2 Å) (Table S1), they can be
broadly grouped into two geometrically different binding modes,
BM I (p53 and p56) (Figure 7A) and BM II (p66 and p60) (Figure
7B) depending upon the orientation of the PQ ring. In BM I, the PQ
ring is oriented in a manner such that the R8 substituent and the
quinoline nitrogen is pointing toward the a1+ and b3- subunits,
respectively, while in BM II the R8 substituent and the quinoline
nitrogen (N5) are directed toward the b3- and a1+ subunit. The
quantitative characteristics of the BM I and BM II poses obtained
from the SAR congruency assessment and RMSD evaluations are
shown in Table 2. While the regression plots between the predicted
binding energy and pEC50 of PQs for the four poses are shown in
Figure S8. Next, we utilized this RSAR metric to visualize the
geometrical variability of the 100 optimized reference poses of
compound 14 from a global perspective by performing classical
multidimensional scaling (MDS). The RMSD matrix of the 100
optimized poses of compound 14 representing high-dimensional
conformational space or geometric heterogeneity served as an input
for performing the dimensional reduction. The low-dimensional
representation provides a meaningful description of the global pose
space and enables the identification of docking poses that share a
similar binding orientation. Figure 6B shows theMDS projection of
the optimized poses for molecule 14 in the RSAR landscape. Docking
poses that are in close vicinity to each other share a similar binding
orientation, whereas conformationally distinct or dissimilar poses
are positioned distantly to each other. TheMDS calculations further
corroborate the geometric diversity among the top-ranked poses,
which can be seen positioned distantly to each other in the plot.
However, some less favorable poses are seen clustered near p56 and
p66 that share similar binding orientation with low RMSD (<2 Å).
A

B

FIGURE 6 | (A) The scree plot showing the SAR congruency score (RSAR) of
the 100 docking poses. Four promising poses, p53, p66, p60, and p56, were
identified from the correlation analysis. (B) Visualization of the geometric
diversity of the optimized poses of 14 in the global pose space by using
MDS. Each dot in the plot represents the docking pose, and its color
indicates the RSAR score for the analog series corresponding to the reference
pose. The coefficient is decreasing from blue to red on the color scale.
TABLE 2 | Quantitative attributes of the top-ranked docking poses (p53, p66, p60, and p56) in terms of RSAR score, root mean square error (RMSE), r2, leave-one-out
(LOO) cross-validation q2, Y-scrambling r2yscr, Y-scrambling q2yscr, and RMSD’s with respect to the starting geometry.

Pose id p53 p66 p60 p56
BM BM I BM II BM II BM I

SAR congruency coefficient (RSAR) -0.83 -0.79 -0.75 -0.72
RMSE 0.3 0.33 0.35 0.37
r2 0.68 0.62 0.57 0.51
Leave-one-out cross-validation q2 0.60 0.51 0.47 0.38
Y-scrambling (1000 iterations) avg. r2yscr 0.05 ± 0.07 0.05 ± 0.07 0.04 ± 0.06 0.05 ± 0.07
Y-scrambling (1000 iterations) avg. q2yscr 0.05 ± 0.06 0.05 ± 0.07 0.05 ± 0.07 0.05 ± 0.06
p-value P < 0.001 P < 0.001 P < 0.001 P < 0.001
Avgerage RMSD
to starting geometry (Å)

0.77 ± - 0.67 1.02 ± 1.06 0.87 ± - 0.77 0.86 ± 1.10

Maximum RMSD
to starting geometry (Å)

2.45 3.22 2.84 3.39
Se
ptember 2020 | Volume 11 | Ar
The reported p-values indicate the statistical significance of the correlation calculations (a = 0.05).
ticle 561834

https://www.R-project.org/
https://www.R-project.org/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Singh and Villoutreix a1b3 GABAA Receptor-Pyrazoloquinolinones Binding Hypothesis
The important limitation of the MDS in understanding pose
diversity is that it fails to account for the binding characteristics
of the poses that play an essential role in pose categorization and
deciphering the crucial protein-ligand contacts. Overall, p53 (BM I)
and p66 (BM II) were the two representative binding orientations of
PQs identified from the RSAR computations. Whereas p60 and p56
are of less interest due to their weak correlation with the PQ-SAR
trend, and thus they were excluded from further analysis.
Characterization of the Candidate Binding
Modes (BM I and BM II) at the a1+/b3-
Interface
The visual inspection of the best performing BM I pose, p53
for the PQ 14 revealed that the aromatic pyrazoloquinoline
scaffold is deeply buried in a sub-pocket formed by hydrophobic
and aromatic residues (a1F99, a1H101, a1V202, a1Y209, and
b3Y62) (Figures 7A and 8A). In this pose, we observed major
hydrophobic interactions of the fused ring system with the
residues a1Y209 and/or b3Y62. Also, PQ is engaged in
favorable van der Waals contacts with the protein residues
a1Y159, a1F99, and b3M115. In contrast to the favorable
orientation of the pyrazoloquinoline ring, the pending phenyl
moiety (ring D) is only poorly bound, positioned unfavorably
Frontiers in Pharmacology | www.frontiersin.org 925
close to the acidic residue b3D43, and exposed to the solvent. This
orientation of the rings is consistent with the observation of
Varagic et al. (2013b) who proposed that upon binding,
the ring D and the R4

’ substituent of PQ are located in a
hydrophilic environment, whereas the R8 substituent extends
into a hydrophobic pocket. Besides the hydrophobic
interactions, PQ is engaged in electrostatic interactions as well.
The methoxy group at the R’

4 position of the phenyl ring is
donating a hydrogen bond to the residue b3R180, while the
carbonyl group is accepting a hydrogen bond from b3Q64. The
quinolone and pyrazole nitrogens are not engaged in any polar
contacts. Docking pose p53, in addition, supports the SAR trend
where the presence of strong deactivating groups at the R’4
position in highly active PQs (pEC50 > 6) such as 16, 17, and 19
seems to reduce the electron density over the pending phenyl ring,
thus alleviating the unfavorable electrostatic interaction with
b3D43 and eventually resulting in potency gain. While the
activating effects of the amino group at the R’4 position in 18
seem to be compensated through a strong hydrogen bond
interaction with the side chain of b3T176 (Figure S9) that
might explain its high potency. The low activities of PQs 1–6
(pEC50 between 4 and 5) can be attributed to the lack of lipophilic
substituent at the R8 position that allows for favorable interactions
with the hydrophobic subpocket. However, PQ 5 is comparatively
better than the other members owing to the presence of a
hydrophobic tert-butyl group at the R8 position. The PQs 7–15
are moderately active (pEC50 between 5 and 6), and maximum
members of this group, except 7 and 10, have a lipophilic moiety
attached at the R8 position, which is engaged in hydrophobic
interactions involving a1H101, a1V202, and a1Y209. These
findings are consistent with those of Varagic and coworkers who
showed that the electron-withdrawing substituents on rings A and
D, as well as lipophilic R8 and hydrophilic R4

’ substituents, are
beneficial for high potency (Varagic et al., 2013b). Interestingly,
the favorable effect of electron-withdrawing moieties at the R’4
position in a1+/b3- (Varagic et al., 2013b) is inverted in the a1
+/g2- site (Savini et al., 2001). The two outliers of p53 with the
poorest prediction (i.e., showing high residuals) were the PQs 11
and 18. Removing these two PQs from the dataset and re-assessing
the SAR congruency increased the RSAR score from 0.83 to 0.9 and
r2 from 0.68 to 0.79 (Figure S10). This improvement in results
further indicates that p53 can very well explain the variation in the
bioactivity of the PQs. In BM II (p66) (Figures 7B and 8B) the
pyrazoloquinolinone scaffold is flipped by ~180° with respect to
BM I, resulting in an orientation where the chlorine atom at the R8

position and the quinoline nitrogen are directed toward the b3-
and a1+ subunit, respectively. Likewise to BM I, the hydrophobic
pending phenyl ring is positioned unfavorably close to the acidic
residue b3D43. In contrast to BM I, no hydrogen bond
interactions between 14 and the receptor were observed. The
protein-ligand contacts of the poses are enumerated in Table 3.

Comparison of a1+/b3- Binding Mode With
a1+/g2- Binding Mode
Recently, our coworkers elucidated the binding mode of
PQ at the high affinity a1+/g2- site (Figure 8C). Interestingly,
A

B

FIGURE 7 | Best-predicted docking poses for compound 14 in a1b3. p53
(green) and p56 (violet) roughly corresponds to BM I (A), while p60 (green) and
p66 (violet) correspond to BM II (B). In the figures, the ligand and the residues
are depicted in stick-ball and stick style, respectively. The a1+ and b3- subunits
are depicted in ribbon style and are colored yellow and red, respectively.
September 2020 | Volume 11 | Article 561834
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BM I in a1+/b3- (Figure 8A) shows a qualitatively similar
binding orientation to the PQ scaffold as in the a1+/g2- site.
In both orientations, the quinoline ring is located underneath
loop C and shows hydrophobic and/or pi-pi interactions
interaction with a1Y209, a1F99, and b3Y62 or g2F77,
Frontiers in Pharmacology | www.frontiersin.org 1026
respectively (Table 3). In contrast to the a1+/g2- site, the
quinoline nitrogen in a1+/b3- does not display hydrogen bond
interaction with the backbone of a1Y159. The altered steric and
electrostatic pocket requirements shaped by b3Q64 and b3D43
might push the quinoline scaffold in a position that impedes the
A B

D

E F

C

FIGURE 8 | (A) predicted binding mode of compound 14 (p53, BM I) (green) at the a1+/b3- interface; binding energy: -48.3 kcal mol-1 (B) predicted binding mode
of 14 (p66, BM II) (green) at the a1+/b3- interface; binding energy: -61.4 kcal mol-1 (C) predicted binding mode of 2 (green) at the a1+/g2- site. (D) binding mode of
Flumazenil (green) at the a1+/g2- interface of the a1b2g2 subtype of the GABAA receptor (PDB ID: 6D6U). (E) optimized binding mode of 4 (green) in the a1b364A
mutant; binding energy: -48.2 kcal mol-1 (b3Q64A) and -44.0 kcal mol-1 (b3Q64) (F) predicted binding mode of 14 (green) at the a1+/b1- interface; binding energy:
-73.3 kcal mol-1. In the figures, the ligand and the residues are depicted in stick-ball and stick style, respectively; the a1+, b3-, and g2- subunits are depicted in
ribbon style and are colored yellow, red, and blue, respectively. The black and blue dotted lines in the binding modes indicate hydrogen bond and p-p
interactions, respectively.
TABLE 3 | Ligand interactions with the protein residues observed in the respective binding mode as determined by the ‘protein-ligand interaction’ tool implemented
in Maestro.

Subtype Cpd a1H101 a1S204 a1Y209 b3Q64 b3Y62/g2F77 a1Y159

a1b3 (BM I) 14 Hydrophobic – Hydrophobic h-bond Hydrophobic Hydrophobic
a1b3 (BM II) 14 Hydrophobic – p-p – p-p Hydrophobic
a1g2 1 p-p – p-p – Hydrophobic Backbone

h-bond, hydrophobic
a1g2 Flumazenil h-bond, hydrophobic – p-p – p-p Hydrophobic
a1b3Q64A 4 p-p – p-p – Hydrophobic Backbone

h-bond, hydrophobic
a1b1 14 p-p h-bond p-p h-bond (b1Q64) Hydrophobic (b1Y62) Hydrophobic
September 2020 | Volum
The compound ids are indicated in bold as per Table 1.
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quinoline a1Y159 interaction in the a1+/b3- site. The significant
difference in the PQ interaction profile between the a1+/b3- and
the a1+/g2- site is understood by the orientation of the pending
phenyl moiety. While, the moiety is placed disfavorably in the a1
+/b3- site close to the acidic b3D43 residue, it shows favorable
hydrophobic interactions with the equivalent residue g2Y58
in the g2 subunit. The absence of crucial interactions in the
a1+/b3- in comparison to the a1+/g2- interface aligns with
the experimental finding of 4 log potency differences in
the two subunits.
Comparison of a1b3 CGS-Binding Modes,
BM I and II, With Flumazenil Structure
We further compared BM I and BM II of 14 at the a1+/b3- site
with the cryo-EM structure of human a1b2g2 GABAA receptor
(PDB ID: 6D6U) (Zhu et al., 2018) complexed with flumazenil
(Ro15-1788) at the benzodiazepine site (a1+/g2-). In the solved
structure, the imidazobenzodiazepine ring of flumazenil is
oriented parallel to loop C, with fluorine at the 7th position and
carboxylate group at the 3’ position is accepting a hydrogen bond
from the side chain of a1H102 and g2T142, respectively (Figure
8D). The terminal ethyl group is extending toward the solvent
between the tip of loop C and loop F. The imidazobenzodiazepine
ring is involved in two p-p interactions involving residues a1Y210
and g2F77. The residues a1Y159, g2Y58, and g2A79 are further
contributing to the binding of flumazenil via favorable
hydrophobic interactions (Figure 8D). We then superposed BM
I to the binding orientation of flumazenil (Figure S11). The
alignment revealed that the PQ ring is overlapping with the
imidazobenzodiazepine ring of flumazenil. Whereas the pending
phenyl ring of 14 and the terminal ethyl group of flumazenil are
oriented away from each other and are solvent-exposed at both
interfaces (Figure S11). Interestingly, the halogen atoms, Cl and
F, in both structures are pointing toward the hydrophobic region
of the a1+ subunit. The distance between the center of mass
(COM) of the two ligands is 0.84 Å, indicating high commonality
in the binding orientation, but with different binding strengths, at
the two homologous sites of the GABAA receptor. While in the
case of BM II, the distance between the COM of the ligands, 14
and flumazenil, is 1.81 Å (Figure S12), indicating that BM II
differs from the binding orientation offlumazenil. Also, due to the
flipping of the fused ring in BM II, the quinoline nitrogen is
occupying a position equivalent to the fluorine of flumazenil,
which is in contradiction to BM I-flumazenil superposition,
where the two halogen atoms are overlapping with each other.
Based on the analysis of two distinct BMs with the flumazenil
structure, it can be inferred that BM I is indeed more reliable than
BM II to account for the binding of PQs. This set of results is
further consistent with the new structures of the a1b3g2 subtype
(Masiulis et al., 2019) complexed with diazepam or alprazolam at
the a1+/g2- site, in which we observe a tight ligand volume
overlap and a common interaction profile hallmarked by the
ligand interactions with the residues a1H101, a1Y209, and
a1Y159. In summary, the recent structures strengthen the BM
I-like PQ binding orientation at the a1+/b3- site.
Frontiers in Pharmacology | www.frontiersin.org 1127
Analysis of a1b3Q64 Mutation
Siebert et al. reported a 40-fold increase in potency of CGS-9895
(4) in the a1b3Q64A mutant (Siebert et al., 2018a). At first sight,
this is inconsistent with BM I in which b3Q64 acts as a hydrogen
bond donor to the carbonyl-oxygen of the PQ scaffold, and the
mutation would lead to the abolishment of this interaction. On
the other hand, we observed that the large b3Q64 residue is
pushing the PQ-scaffold away from a high affinity a1+/g2-
orientation. To computationally assess the effect of the mutant
on our BM I orientation (p53), we converted the b3Q64 residue
to its gamma analog alanine in the binding pose of 4 and 14 and
then conducted in-situ ligand minimization followed by binding
free energy calculations. The geometry optimization was
performed using the OPLS-2005 force field and the Truncated
Newton Conjugate Gradient (TNCG) minimization algorithm
(see Methods). The RMSD of the poses of 4 and 14 between
the wild-type and the mutant protein was 1.5 and 1.48 Å,
respectively, indicating a considerable change in the binding
orientation after optimization. Interestingly, the mutation from
b3Q64 to its gamma analog and subsequent energy minimization
resulted in a ligand orientation that displays a more “a1g2”-like
interaction, i.e., two p-p interactions of the quinoline ring with
a1Y209 and a1H101 and one backbone hydrogen bond of the
quinoline nitrogen with a1Y159 (Figure 8E and Figure S13).
Also, the binding energy of the optimized poses in the
a1b3Q64A mutant was higher as compared to the a1b3Q64
wild-type pose. We reason that the mutation of b3Q64 to alanine
increases the ligand-binding surface area that allows the ligand to
readapt in an orientation where it can engage in favorable
interactions with the binding site residues. Overall, the results
obtained here are consistent with the experimental findings of
the increased potency of 4 in the a1b3Q64A mutant.

Extrapolation of BM I to the a1+/b1- Site
The amino acid residues at both a1+/b1- and a1+/b3- interfaces
are highly conserved and only show differences in position 41
and 180 of the b3 subunit (Figure S14). The residue b3N41 at the
a1+/b3- correspond to b1R41 at the a1+/b1-, whereas b3R180
at the a1+/b3- is equivalent to b1K180 at the a1+/b1-. Despite
these small differences in the pocket, the pEC50 of 14 is
approximately 30 times higher in the a1+/b1- compared to the
a1+/b3- interface (Simeone et al., 2017). To analyze this
experimental finding in the context of our BM I pose (p53), we
performed molecular docking of 14 at the a1+/b1- site using an
a1b1g2 GABAA homology model (Figures S1 and S15) and
generated 100 docking poses (Figure S16). From the optimized
docking poses of 14, we calculated the RMSD difference to the
best performing a1+/b3- BM I pose (p53). This led to the
identification of a docking pose that exhibited minimum
RMSD with p53 (2.2 Å) and showed higher binding energy
compared to BM I in a1b3 (Figure 8F). In addition, this pose
displayed a good overlap with the binding mode reported by
Siebert et al. (2018b) and the new GABAA structures. In the
docking pose, the quinoline ring is engaged in two p-p
interactions involving residues a1Y209 and a1H101, and the
quinoline nitrogen atom is donating a hydrogen bond to the
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backbone of a1Y159 (Figure 8F). In addition, the pyrazolone
ring (ring C) is engaged in two hydrogen bond interactions with
the side chain of the residues a1S204 and b1Q64. The residues
a1F99 and b1Y62 are additionally mediating the binding of the
ligand through hydrophobic interactions. Analogously to the a1
+/b3- interface, the pending phenyl ring is located unfavorably
close to b1D43 and is solvent-exposed. However, the negative
effects of the charged b1D43 are likely diminished by a salt-
bridge with the aforementioned b1R41 residue. Overall, the
results achieved are consistent with the increased biological
activity of PZ-II-028 for the a1b1 subtype.
DISCUSSION

The identification of a ligand-receptor complex can significantly
assist drug design programs through iterative multiparameter
ligand optimization steps. However, the experimental structural
elucidation of protein-ligand complexes is a multifaceted and
time-consuming process, and it is often unfeasible for many
membrane-bound protein targets. Here, homology modeling of a
target protein in combination with molecular docking serves as
an essential computational tool that can generate reasonable
binding hypotheses (Miteva et al., 2005; Villoutreix et al., 2013;
Ishoey et al., 2018; Lagarde et al., 2019; Singh et al., 2019b).

PQs exerts modulatory effects similar to benzodiazepines via
the extracellular a1+/b1- or a1+/b3- ligand-binding site of the
GABAA receptors. However, the molecular basis of interaction at
the a+/b- interface has remained elusive so far. To strengthen
the reliability of the selection of a docking pose for the prediction
of binding hypothesis, we herein developed an automatized
routine that was applied to a set of molecules exhibiting a
distinct SAR for the a1+/b3- subtype of the GABAA receptor.
We first docked a potent PQ 14 compound into the a1+/b3-
pocket and generated 100 diverse docking poses. To evaluate
these different binding orientations, we derived protein-ligand
complexes, via substituent placements, for 18 other PQs, 1–13
and 15–19, using the coordinates of each docking pose of 14.
This was followed by MM-GBSA refinement to optimize the
derivatized complexes and determine the protein-ligand binding
energy. Subsequently, the optimized protein-ligand complexes
were quantitatively evaluated by means of RSAR score between
the predicted binding energy and biological activity data to assess
the congruence between the analog placement and the PQ-SAR.

Our SAR guided docking pose estimation led to the
identification of one favorable binding mode (BM I, p53)
(Figure 8A) that is harmonious with the PQ-SAR as reflected
by a maximum negative RSAR score of -0.83 and a maximum r2 of
0.67. Also, BM I showed a low average and maximum RMSD of
0.75 Å and 2.45 Å to the reference pose, indicating a minimum
disparity in the binding orientation among the PQ analogs poses.
To evaluate the 40-fold increase in potency of 4 in the
a1b3Q64A mutant (Siebert et al., 2018a), we performed an in-
situ ligand minimization of BM I of 4 with b3Q64 mutated
to alanine followed by binding free energy calculations. The
optimized BM I revealed two p-p interactions with the residues
Frontiers in Pharmacology | www.frontiersin.org 1228
a1H101 and a1Y209, and a backbone hydrogen bond
interaction with the residue a1Y159, that might elucidate the
high potency of 4 in the mutant. Importantly, these were the
same set of interactions that were previously described by Siebert
et al. for PQ CGS-9895 at the a1+/g2- interface (Siebert et al.,
2018b) indicating strong coherence between the two BMs at the
homologous ligand binding interfaces. In addition, BM I showed
good overlap to the binding orientation of flumazenil at the a1
+/g2- interface of the a1b2g2 GABAA receptor further signifying
the reliability of BM I. A second, moderately performing binding
mode, BM II, pose 66, (RSAR score: -0.79, r2: 0.61) (Figure 8B)
was also identified that showed a high average and maximum
RMSD of 1.02 and 3.22 Å to the reference pose indicating greater
variability in the orientation of the poses. Furthermore, BM II
showed poor overlap with the binding mode reported by Siebert
et al. and the flumazenil structure indicating that, indeed, BM I is
more promising than BM II to account for the binding of PQs at
the a1+/b3- interface.

Taken together, our docking protocol led to the detection of
one convincing binding mode (BM I), providing a structural
rationale for the PQ-SAR (Table 1) in a1b3. In BM I, the fused
ring system show hydrophobic interactions with a1Y159, a1F99,
b3Y62, and b3M115, while the pending phenyl ring D is
extending toward the solvent, which is consistent with the
findings of Varagic et al. (2013b). The ring C is involved in a
strong hydrogen bond interaction with b3Q64 that appears to be
the main force driving the affinity apart from the contributions
through hydrophobic interactions (Figure 8A). Notably, BM I
showed the absence of backbone hydrogen bond interaction of
the quinoline nitrogen which seems to be an essential interaction
to gain affinity as suggested by Siebert et al. (2018b) In
combination with the loss of backbone interaction and
diminished hydrophobic interactions, this altogether explains
the overall low affinity of PQs at the a1+/b3- interface in
comparison to the a1+/g2- interface. Importantly, b3D43 is
revealed as a crucial residue hindering the binding of PQs at
the a1+/b3- interface due to the electrostatic repulsion between
the carboxyl group of D43 and the electron-rich areas of the
ligand. The presence of strong electron-withdrawing groups at
the R’

4 position in PQs, 16, 17, and 19, seems to reduce the
electron density over the ring D, thus decreasing the degree of the
electrostatic clash with b3D43. Additionally, these PQs are
enabled with a lipophilic group at the R8 position resulting in
strong interaction with the hydrophobic subpocket. This might
explain their high affinity compared to the reduced activity of
PQs 1–6 and moderate activity of PQs 7–15, which have either
strong or moderately activating groups substituted at the
R’

4 position. The importance of b3Q64 for PQ binding was
revealed in the b3Q64A mutant, which led to a 40-fold increase
in potency for 4. Our in silico mutagenesis and energy
calculations showed that the mutation of b3Q64 to alanine
results in the increase of binding surface area that allows the
ligand to accommodate in an energetically favorable orientation,
which might explain the high affinity of compound 4 in the
mutant protein. The optimized mutant pose and associated
interactions were found to be in good agreement with the
September 2020 | Volume 11 | Article 561834
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binding features described by Siebert et al. (2018b), which
reinforces the reliability of BM 1. The high affinity of PQs for
the a1b1 subtype compared to a1b3 can be explained by the
presence of a positively charged residue b1R41 that allows for
electrostatic interactions such as p-p or a cation-p interaction
with the ring D of the ligand and possible reduction in
electrostatic repulsion via a salt-bridge interaction with b1D43.
Whereas in the a1b3 subtype, no such interactions were
observed that have a neutral N41 in the same position. Also,
the docking pose in a1b1 shows a conserved hydrogen
bond interaction of the quinoline nitrogen with the backbone
of a1Y159 and two p-p interactions involving a1H101 and
a1Y209, that is, consistent with the findings reported by
Siebert et al., (2018b). Despite the good agreement of BM I
with the previous studies and the recent GABAA structures, there
is a need for structures with ligand bound to the a+/b- site in
order to understand the binding orientation better. Moreover,
this would allow benchmarking of docking studies against these
structures, which definitely would increase the validity of the
binding hypotheses retrieved.

However, next to SAR availability, the applicability of our
protocol strongly depends on the characteristics and the quality
of the underlying SAR. Incongruent SAR patterns, as well as an
inadequate SAR-hypersurface, may be considered as limiting
factors that impede the proposed approach. For example, a
flat SAR without any discontinuity would not carry any
discriminative potential for pose prioritization (Siebert et al.,
2018b). Here, the calculation of the RSAR scores might provide a
quick suitability assessment. In terms of target space, we believe
that due to the rigorousness of the post-docking derivatization
and subsequent SAR congruency assessments, our protocol
might be more applicable to proteins accommodating rather
tight and narrow binding pockets. Hence, in addition to RSAR

calculations, B-factors analysis (Vihinen et al., 1994), binding site
analysis, and techniques to assess protein flexibility such as
molecular dynamics (MD) simulations may provide estimates
for the suitability of our protocol at a given context.

The improvement over the previously reported SAR-Scoring
approach (Siebert et al., 2018b) is energy minimization, which
allows the energy-based tuning and mutual adaptation of
the receptor-ligand complex. The minimized protein-ligand
complexes are energetically more favorable compared to the
native unrefined complexes owing to the elimination of probable
steric clashes and close contacts of the substituents with the
protein residues that originated after derivatization. However,
the current approach also comes with the limitation that it
currently minimizes the complex into the next local minimum
necessitating further enhancement. Here, quantum mechanics-
molecular mechanics (QM-MM) optimization of the docking
poses could be considered as a methodological advancement to
the current approach that might offer global minimum
orientations of the ligand and the neighboring interacting
residues. Also, the derivatized poses can alternatively be refined
using short MD simulations to improve the quality of the poses.
This can be followed by rescoring of a pool of binding
conformations to filter the best results. Then, the best-ranked
Frontiers in Pharmacology | www.frontiersin.org 1329
poses exhibiting a similar orientation can be used for the SAR
congruency calculations to identify the promising hypotheses.
Overall, the findings attained here may be useful for designing
critical experiments that might help to establish the role of
individual amino acids, for instance, b3D43 in the ligand binding.

In summary, we showcased here a structure-based strategy
that increases the reliability of binding mode prediction for
targets for which no experimental structure is available. We
demonstrated this by applying an automatized routine to a set of
molecules for which a distinct SAR is available. The proposed
approach incorporates a rigorous sampling of docking poses,
binding free energy calculations, and a quantitative assessment of
the poses with respect to the biological activity data of the
molecules. Importantly, by applying this protocol, we have
corroborated computational predictions with PQ-SAR data and
experimental mutagenesis study and have uncovered a common
residue interaction profile of the ligands at the a1+/b3- site. The
knowledge gained from this study combined with the availability
of the cryo-EM structures of the a1b3g2 and a1b2g2 subtypes of
GABAA receptors will reinvigorate the detailed investigations of
the binding modes and the discovery of novel small molecule
modulators targeting the much-uncharted a+/b- interface using
structure- and experimental-based approaches. Finally, our
methodology for the binding mode prediction can be extended
to therapeutically relevant protein targets for which sufficient
SAR data is available, such as G protein-coupled receptors,
proteases, or kinases.
METHODS

Homology Modeling
The high-resolution X-ray structure (2.97 Å) of the human
GABAA b3 homopentamer (PDB ID: 4COF) (Miller and
Aricescu, 2014) served as the template for building the human
protein homology models of the a1b3g2 and a1b1g2 subtypes.
One hundred homology models per subtype were constructed
using MODELLER 9.14 (Sali and Blundell, 1993). We used the
previously reported sequence alignment for building the models
(Puthenkalam et al., 2016). The top-scoring model, with respect
to the DOPE score (Shen and Sali, 2006; Singh, 2016, p. 5), was
selected for the docking studies. The model was subjected to
automated structure preparation using the Protein Preparation
Wizard (Schrodinger Suite 2015, 2015) in the Schrödinger Suite
in order to optimize the hydrogen bonding network, and enable
proper protonation of titratable residues and optimal selection of
the Asn, Gln, and His side-chain orientation. Finally, the
structure was energy minimized by keeping the backbone
constrained using the OPLS-2005 force field (Weiner et al.,
1986). The stereochemical quality of the top-ranked homology
model was also evaluated via the assessment of a Ramachandran
plot computed with PROCHECK (Laskowski et al., 1993;
Laskowski et al., 2018). The Verify 3D (Eisenberg et al., 1997)
calculations were performed in Discovery Studio v. 4.0 (Dassault
Systèmes BIOVIA, n.d). This tool assesses the compatibility of
the 3D structure of a protein model with the sequence of residues
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it contains. The expected high scores are based on a statistical
analysis of high-resolution structures in the PDB. The expected
low score is 45% of the high score and is typical of grossly
misfolded structures having this sequence length. If the model
structure has a Verify score higher than the expected high score,
the structure is likely to be correct. If the overall quality score is
between the reference values, then some or all of the structure
may be incorrect, and it requires closer scrutiny. If the overall
quality is lower than the expected low score, then the structure is
almost certainly misfolded. The chains A, B, and E of the model
were deleted, and only the chain C and D were retained as they
represent the extracellular a1b3 or a1b1 subunits.

Hydrophobicity and Electrostatic Potential
Calculations
The hydrophobicity profile of the models was computed using
Discovery Studio v. 4.0 (Dassault Systèmes BIOVIA, n.d) by relying
on the Kyte-Doolittle hydrophobicity scale (Kyte and Doolittle,
1982). The adaptive Poisson Boltzmann Solver version 1.3 (APBS)
(Baker et al., 2001) was used for generating the electrostatic
potential surface (EPS), with PQR file generated from the PDB
coordinates using PDB2PQR (Dolinsky et al., 2004; Dolinsky et al.,
2007) (v. 2.0) and the AMBER forcefield (Sorin and Pande, 2005)
utilizing PROPKA (Li et al., 2005) to determine the protonation
state and radius of the individual atoms at pH 7.0. The pH-specific
PQR file was subsequently used to calculate the electrostatic surface
charge distribution with a Linearized Poisson-Boltzmann (PB)
equation and cubic B-spline discretization of the charge
distributions (Im et al., 1998). PB calculations were performed at
298 K with a dielectric constant of 78.0 for water and 4.0 for the
protein interior. The ion concentrations were set to 0.015Mwith an
ionic radius of 2.0 Å. Ion accessibility was defined using inflated van
der Waals radii. The dielectric coefficient was defined using the
molecular surface definition with simple harmonic average
smoothing (Baker et al., 2001). The resulting electrostatic surface
was visualized by Chimera V. 1.11 (Pettersen et al., 2004).

Binding Pocket Analysis
The SiteMap module of Schrödinger was used to analyze the
binding site (Schrödinger Release 2015-1, 2015c). This tool
investigates the binding pockets by using grid points, called
site points, and then employs the van der Waals (vdW) and
electrostatic interactions of a probe positioned at each point to
create field maps. The probe simulates a water molecule with a
vdW radius of 1.6 Å. SiteMap partitions the solvent accessible
surface into three types of regions: hydrophobic, hydrophilic,
and mixed character regions. The hydrophilic region is further
divided into hydrogen bond donor, hydrogen bond acceptor, and
metal-binding regions. The hydrogen bond donor and acceptor
properties indicate the degree to which a ligand might be
expected to donate and accept hydrogen bonds, respectively.

Molecular Docking
The 3D structure of the ligand ‘PZ-II-28’ 14 was built in Maestro
and then minimized using the OPLS-2005 force field (Banks
et al., 2005). The molecular docking simulations of 14 into the
active site of the a1b3 and a1b1 subtype were performed by
Frontiers in Pharmacology | www.frontiersin.org 1430
using GOLD v.5.2.2 (Jones et al., 1997). The putative binding
pocket was defined by a cutoff distance of 11.5 Å around the
residue a1S204 of the C-loop at both a1+/b3- and a1+/b1-. Ten
residues were selected with flexible side chains (b1R41/b3N41,
b1/3D43, b1/3Y62, b1/3Q64, a1H101, a1Y159, a1S204, a1S205,
a1T206, and a1Y209), and a soft potential was considered to
increase the backbone flexibility of the C-loop residues a1S204,
a1S205, a1T206, and a1G207. One hundred docking poses
were collected from both sites to ensure convergence of
conformational sampling. The docking pose of compound 4
and 14 in the mutant protein were minimized through TNCG
(truncated Newton conjugate gradient) minimization algorithm
(Zhu et al., 2007) with maximum iteration steps set to 2500 and
with a convergence gradient of 0.05. The entire structure except
for the ligand and the mutated residue was constrained by
applying a force constant of 200 kcal/mol/Å2.

Structural Interaction Fingerprint (SIFt)
Analysis
The “Interaction Fingerprints Panel” of Maestro was used for
deriving the different molecular interactions between the binding
site residues and the ligand in the docking poses as described
previously (Deng et al., 2004; Singh et al., 2006). This method
describes the presence or absence of noncovalent interactions
(hydrogen bond and hydrophobic interactions) between the
ligand and the residues by using bits. In this study, a distance
cutoff of 5 Å between heavy atoms was defined for the binding
site, and the interacting set comprises the residues that contain
atoms within the specified cutoff distance from the ligand atoms.
An interaction matrix is then constructed, including the bits with
appropriate information of the defined chemical interactions.

Post-Docking Derivatization
Post-docking derivatization was performed using the
“r_groups_enumerate” utility of Schrödinger (Schrödinger
Release 2015-1, 2015). This tool allows the addition and
deletion of atoms over a given core molecular scaffold and
sources for each of the R groups (analog substituents). Briefly,
each analog substituent was defined by a structure file and with
one or more attachment atoms defined by the core molecule
atom indices. For each docking pose of compound 14 at the a1
+/b3- an array of derivatives of compounds 1–13 and 15–19
(Table 1) was constructed using the initial coordinates of the PQ
14 scaffold.

Multidimensional Scaling (MDS)
The cheminformatics tool “clustering of conformers” of
schrödinger was used to compute the rmsd matrix of the 100
docking poses for compound 14. The matrix served as input for
MDS to visualize the geometric similarity between poses. The
MDS was conducted using the “canvasMDS” utility of
Schrödinger (Schrödinger Release 2015-1, 2015a). The first two
dimensions were used to visualize the pose space.

MM-GBSA Calculations
The molecular mechanics−generalized Born surface area (MM-
GBSA) method was used to calculate the binding free energy and
September 2020 | Volume 11 | Article 561834

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Singh and Villoutreix a1b3 GABAA Receptor-Pyrazoloquinolinones Binding Hypothesis
geometry optimization of the docking poses. The binding energy
(DGbind) can be expressed by equation 1, where Gcomplex, Gprotein,
and Gligand signifies the free energy of the complex, energy of the
protein without the ligand and energy of the unbound ligand,
respectively.

DGbind = Gcomplex − (Gprotein − Gligand)

The calculations were performed using the Maestro
GUI “Binding Energy Estimation” panel in Prime with the
ligand and residues within 5 Å of the minimized ligand. The
free energy of the complex, protein, or ligand is a sum of
nonbonded electrostatic interactions, van der Waals, internal
strain, and solvation energy terms. These parameters were
calculated by using the VSGB2.0 implicit solvation model and
OPLS-2005 (Li et al., 2011; Banks et al., 2005). The entropic
term associated with the protein or ligand is not considered by
default. However, the solvent entropy term is implemented in
the VSGB2.0 (Li et al., 2011). The ligand in the unbound state
is minimized in SGB solvent but is not otherwise sampled. In
the calculation of the complex, the ligand is minimized in the
context of the receptor. The residues within 5 Å of the ligand
were minimized, while the rest of the protein is held fixed in all
calculations. The protein and ligand optimization were limited
to local energy minimization. The MM-GBSA energies were
computed with and without the inclusion of ligand strain. The
ligand strain energy is the difference between two energies: the
energy of the ligand as it is in the complex and the energy of
the extracted ligand, minimized, starting from the geometry in
the refined complex.
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Humulone Modulation of GABAA
Receptors and Its Role in Hops
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Ali Y. Benkherouf, Kim Eerola, Sanna L. Soini and Mikko Uusi-Oukari*

Integrative Physiology and Pharmacology, Institute of Biomedicine, University of Turku, Turku, Finland

Humulus lupulus L. (hops) is a major constituent of beer. It exhibits neuroactive
properties that make it useful as a sleeping aid. These effects are hypothesized to
be mediated by an increase in GABAA receptor function. In the quest to uncover
the constituents responsible for the sedative and hypnotic properties of hops, recent
evidence revealed that humulone, a prenylated phloroglucinol derivative comprising 35–
70% of hops alpha acids, may act as a positive modulator of GABAA receptors at low
micromolar concentrations. This raises the question whether humulone plays a key
role in hops pharmacological activity and potentially interacts with other modulators
such as ethanol, bringing further enhancement in GABAA receptor-mediated effects
of beer. Here we assessed electrophysiologically the positive modulatory activity of
humulone on recombinant GABAA receptors expressed in HEK293 cells. We then
examined humulone interactions with other active hops compounds and ethanol on
GABA-induced displacement of [3H]EBOB binding to native GABAA receptors in rat
brain membranes. Using BALB/c mice, we assessed humulone’s hypnotic behavior
with pentobarbital- and ethanol-induced sleep as well as sedation in spontaneous
locomotion with open field test. We demonstrated for the first time that humulone
potentiates GABA-induced currents in α1β3γ2 receptors. In radioligand binding to
native GABAA receptors, the inclusion of ethanol enhanced humulone modulation of
GABA-induced displacement of [3H]EBOB binding in rat forebrain and cerebellum as
it produced a leftward shift in [3H]EBOB displacement curves. Moreover, the additive
modulatory effects between humulone, isoxanthohumol and 6-prenylnaringenin were
evident and corresponded to the sum of [3H]EBOB displacement by each compound
individually. In behavioral tests, humulone shortened sleep onset and increased the
duration of sleep induced by pentobarbital and decreased the spontaneous locomotion
in open field at 20 mg/kg (i.p.). Despite the absence of humulone effects on
ethanol-induced sleep onset, sleep duration was increased dose-dependently down
to 10 mg/kg (i.p.). Our findings confirmed humulone’s positive allosteric modulation of
GABAA receptor function and displayed its sedative and hypnotic behavior. Humulone
modulation can be potentially enhanced by ethanol and hops modulators suggesting a
probable enhancement in the intoxicating effects of ethanol in hops-enriched beer.

Keywords: GABAA receptors, humulone, ethanol, allosteric modulation, radioligand binding, electrophysiology,
sleep
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INTRODUCTION

Hops, the resinous female flowers of the plant Humulus lupulus
L., are widely used as a major ingredient for beer brewing.
The lupulin glands of hops secrete yellow powder of prenylated
phloroglucinol derivatives, known as alpha acids, which are
essential for foam stability, bitterness and preservation of beer
(Verzele and De Keukeleire, 1991; Van Cleemput et al., 2009).
These alpha acids mainly consist of humulone (Figure 1A,
35–70% of total alpha acids), cohumulone (20–65%), and
adhumulone (10–15%) (Neve, 1991; Verzele and De Keukeleire,
1991; Ntourtoglou et al., 2020). The therapeutic potential of alpha
acids has been investigated for their wide range of bioactivity
against bacteria, osteoporosis, angiogenesis, inflammation and
cancer as comprehensively reviewed (Van Cleemput et al., 2009;
Karabín et al., 2016). Furthermore, alpha acids were found to
exhibit sedative and hypnotic properties (Zanoli et al., 2005;
Schiller et al., 2006), indicating their major role in hops’ sleep-
promoting activity previously reported in animal models (Bravo
et al., 1974; Lee et al., 1993; Franco et al., 2012a, 2014) and
humans (Vonderheid-Guth et al., 2000; Dimpfel and Suter, 2008;
Franco et al., 2012b). This activity is attributed to the positive
modulation of γ-aminobutyric acid type A (GABAA) receptor
function demonstrated earlier with hops extracts (Aoshima
et al., 2006; Sahin et al., 2016) and alpha acid fractions
(Benkherouf et al., 2020).

GABAA receptors, members of the Cys-loop superfamily of
ligand-gated ion channels, are responsible for the fast-acting
inhibitory synaptic transmission in the brain (Uusi-Oukari and
Korpi, 2010; Sigel and Steinmann, 2012; Speigel et al., 2017).
These heteropentameric protein complexes assemble from 8
subunit classes encoded by 19 distinct genes: α1-α6, β1-β3, γ1-
γ3, δ, ε, π, θ, and ρ1-ρ3 (Korpi et al., 2002; Rudolph and
Möhler, 2006; Whiting, 2006; Goetz et al., 2007). Upon receptor
activation, the intrinsic chloride channel is opened leading to
chloride ion influx, which hyperpolarizes the membrane potential
resulting in neuron inhibition (Olsen and Sieghart, 2008). Hence,
the modulation of GABAA receptor function is an important
mechanism to induce and maintain sedation, sleep and anesthesia
as well as alcohol intoxication (Sieghart, 1995; Aguayo et al., 2002;
Wallner et al., 2006a; Förstera et al., 2016).

In the quest to uncover the constituents responsible for the
sedative and hypnotic properties of hops, we earlier isolated
hops fractions with semipreparative liquid chromatography
and revealed individual components that modulate [3H]EBOB
binding to native GABAA receptors with variable potency. The
humulone fraction was found to display potent modulatory
activity at low micromolar concentrations in rat forebrain
membranes (IC50 = 3.2 ± 0.4 µM) with insensitivity to
flumazenil antagonism and low potency on the benzodiazepine
binding site (Benkherouf et al., 2020). This prompted further
exploration of its role in hops enhancement of GABAA receptor
function. Given that humulone dietary intake in humans occurs
mainly through hopped beer consumption, this raises the
question whether humulone potentially interacts with other
modulators such as ethanol and hops flavonoids, bringing further
enhancement in GABAA receptor-mediated effects of beer.

Here, we assessed the modulatory activity of humulone
using electrophysiological measurements in recombinant
GABAA receptors expressed in HEK293 cells. We
further examined humulone-ethanol enhancements with
[3H]ethynylbicycloorthobenzoate (EBOB) binding assay in
native and recombinant GABAA receptors and tested humulone
interactions with other bioactive hops modulators. We finally
evaluated humulone’s hypnotic and sedative behavior using
pentobarbital/ethanol-induced sleep and open field tests in
BALB/cAnNRj mice.

MATERIALS AND METHODS

Reagents
The radioligand [propyl-2,3-3H]ethynylbicycloorthobenzoate
([3H]EBOB, specific activity 48 Ci/mmol) was purchased
from Perkin Elmer Life and Analytical Sciences (Boston, MA,
United States). GABA and picrotoxin were obtained from
Sigma Chemical Co. (St. Louis, MO, United States). Humulone
was purchased from Specs (Zoetermeer, Netherlands), 6-
prenylnaringenin and isoxanthohumol were purchased
from PhytoLab (Vestenbergsgreuth, Germany), and sodium
pentobarbital solution for injection (Mebunat Vet R©, 60 mg/mL)
was from Orion Corporation (Espoo, Finland). Ethanol was from
Altia (Rajamäki, Finland).

Animals
Native male Sprague-Dawley rats (11–13 weeks of age) used in
binding assays and male BALB/cAnNRj mice (9–11 weeks of
age) used in behavioral tests, were both purchased from the
University of Turku Central Animal Laboratory (UTUCAL).
The animals were housed in standard conditions (12 h light-
dark cycle at 21 ± 1◦C and humidity 65%) and they had
access to standard rodent chow food and water ad libitum.
Animal care and maintenance were according to the Finnish
Act on Animal Experimentation (62/2006), European legislation
(2010/63/EU), and OECD Principles of Good Laboratory
Practice [ENV/MC/CHEM(98)17]. Rats were euthanized by
decapitation; their fore/midbrain and cerebellum were dissected,
frozen on dry ice, and stored at −70◦C. All experimental
procedures in this study were carried out under the approval
of the Animal Experiment Board in Finland (license number:
ESAVI/ 25715/ 2018).

Recombinant GABAA Receptor
Expression in HEK293 Cells
Human embryonic kidney (HEK) 293 cells (Sigma- Aldrich,
St Louis, MO, United States) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum (Gibco, Gaithersburg, MD; United States), 50 U/mL
penicillin and 50 µg/mL streptomycin (Sigma-Aldrich, St Louis,
MO, United States) under standard growth conditions at 37◦C,
95% humidity and 5% CO2. The cells were divided and plated
on 150 mm culture dishes for binding assays and 12 mm
coverslips in 24-well cell culture plates for electrophysiology 24 h
before transfection.
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The cells were transiently transfected with rat cDNAs
encoding GABAA receptor subunits (α1, L08490; α6, L08495;
β3, X15468; γ2S, L08497; δ, L08496) in pRK5 plasmids under
the control of CMV promoter (Uusi-Oukari et al., 2000). The
plasmids were used in 1:1 and 1:1:1 ratio for transfections
containing α1β3γ2S, α6β3, α6β3γ2S, and α6β3δ receptor
subtypes. For radioligand binding, CaPO4 precipitation method
was used essentially as described earlier (Lüddens and Korpi,
1997). The integration of γ2 subunit in the assembled receptors
was verified using [3H]Ro 15–4513 binding in principle as
described in Uusi-Oukari and Korpi (1990) (Supplementary
Figure S1). For electrophysiology, K4 R© transfection system
(Biontex, München, Germany) was used according to the
manufacturer’s protocol to increase expression efficiency and cell
viability. The plasmid pWPI containing EGFP marker (Addgene,
12254) was co-transfected to identify the green fluorescent
transfected cells in electrophysiological recordings. The medium
was changed 24 h after transfection and all experiments were
performed 48 h after transfection.

HEK293 Cell Electrophysiology
Whole-cell electrophysiology was performed for moderately
EGFP positive single cells. The cells were routinely clamped
at –60 mV using an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA, United States) and the Strathclyde
Electrophysiology Software Package WinWCP (University of
Strathclyde, United Kingdom). Patch pipettes (3–5 M�) were
pulled from the thin-wall borosilicate glass tubing (1.5/1.12 mm;
OD/ID) (WPI, Sarasota, FL, United States) on a P-87 Flaming
Brown micropipette puller (Sutter Instrument Company, Rafael,
CA, United States), and filled with an internal solution containing
the following (in mM) 150 CsCl, 2 MgCl2, 1.1 EGTA, 2 Mg-ATP,
10 HEPES, pH 7.4 adjusted with 1 mM CsOH.

The cells were continuously perfused with external HEK-
Krebs solution containing (in mM): 140 NaCl, 4.7 KCl, 1.2 MgCl2,
2.52 CaCl2, 11 glucose, and 5 HEPES, pH 7.4 adjusted with 1 mM
NaOH. GABA (1 µM) and humulone (10 µM) were prepared
as stock solutions and diluted to the desired concentrations with
the external solution on the day of the experiment and bath-
applied for 1 min. The external solution and drug solutions were
driven by gravity at the flow rate of 5 mL/min and the current
responses were recorded at room temperature (20–22◦C). Peak
currents were measured directly from the baseline to the peak
response and normalized to that induced by GABA alone for
each recorded cell.

[3H]EBOB Binding Assay
Rat fore/midbrain and cerebellar membranes were prepared
according to Squires and Saederup (2000) modified protocol
as described previously (Benkherouf et al., 2019). Frozen
membranes were thawed, washed once by centrifugation at
20,000 g for 10 min at +4◦C in the assay buffer (50 mM Tris-
HCl, 120 mM NaCl, pH 7.4), and finally resuspended in the same
buffer. The protein concentrations of brain membranes were
determined with the Bio-Rad Coomassie blue dye-based protein
assay kit (Hercules, CA, United States) as per the manufacturer’s
protocol. Transfected HEK293 cells were harvested 48 h after

transfection using a detaching buffer (10 mM Tris-HCl, 0.15 M
NaCl, 2 mM EDTA) and centrifuged at 20,000 g for 10 min at
+4 ◦C. The resulting pellets were suspended in the assay buffer
for binding assays.

Triplicate samples of rat fore/midbrain and cerebellar
membranes were incubated at room temperature with shaking
for 120 min in assay buffer with [3H]EBOB (1 nM) and different
concentrations of GABA (50 nM–20 µM) in the presence of
humulone (1 µM) or ethanol (30 mM) or both in a total volume
of 400 µL. In humulone concentration series with recombinant
α6β3, α6β3γ2S, and α6β3δ receptors, HEK293 cell membranes
were incubated in the same above conditions for 120 min with
[3H]EBOB (1 nM) and different concentrations of humulone (30
nM–30 µM) in the presence or absence of ethanol (30 mM).
Since 1 nM [3H]EBOB contains up to 0.39 mM ethanol, EtOH-
free [3H]EBOB was prepared by dry evaporating [3H]EBOB,
solubilizing it in 5 µL DMSO and further in the appropriate assay
buffer volume. Picrotoxin (100 µM) was used to determine the
non-specific binding in all assays.

Membrane samples were filtered through Whatman GF/B
glass fiber filters (Whatman International Ltd., Maidstone,
United Kingdom) using a Brandel Cell Harvester (model M-24,
Gaithersburg, MD, United States). The filters were rinsed three
times with 5 mL of ice-cold 10 mM Tris-HCl, pH 7.4 buffer. Air-
dried filters were immersed in 3 mL of Hidex AquaLight Beta
scintillation liquid and radioactivity was determined in Hidex 600
SL liquid scintillation counter (Hidex, Turku, Finland).

Pentobarbital- and Ethanol-Induced
Sleep Tests
To evaluate the hypnotic activity of humulone, male
BALB/cAnNRj mice (9–11 weeks of age) were pretreated
intraperitoneally (i.p.) with either 10 or 20 mg/kg humulone
(solubilized in 40% propylene glycol/5% Tween 80) or vehicle
(40% propylene glycol/5% Tween 80) before sleep induction
with either pentobarbital sodium or ethanol. Pentobarbital
sodium (35 mg/kg, i.p.) or ethanol (3.5 g/kg, i.p.) diluted
in 0.9% physiological saline was administered 45 min after
humulone/vehicle treatment. As an index of drug-induced
CNS inhibition, sleep latency (time between pentobarbital
administration and loss of righting reflex) and duration of
sleep (time between loss and recovery of righting reflex) were
measured with a chronometer for each mouse. The recovery of
the righting reflex was confirmed by the ability of the mice to
re-right 3 times within 1 min. The drugs were freshly prepared
before use, and the total injection volume (13 mL/kg) was
retained constant.

Open Field Test
Male BALB/cAnNRj mice (9–11 weeks of age) were habituated to
the testing room in their home cages for 1 h before treatment.
Animals were randomly assigned to three groups where each
mouse was injected i.p. with either 10 or 20 mg/kg humulone or
vehicle (control) 45 min before the test. Each mouse was then
placed individually into the center of a brightly illuminated white
Plexiglass arena (50 × 50 × 38 cm) and recorded continuously
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for 15 min with Ethovision version 13 tracking system (Noldus,
Wageningen, The Netherlands). The parameters of locomotor
activity such as distance and velocity were quantified and
analyzed for the whole and subsections of the arena. All arena
surfaces were thoroughly cleaned with 70% ethanol and dried
between each tested subject.

Statistical Analysis
Data presentation, curve fitting and statistical analysis were
performed using GraphPad Prism 8 software package (GraphPad,
San Diego, CA, United States). Concentration series data were
fitted with a sigmoidal dose-response (variable Hill Slope)
equation using non-linear least squares regression to estimate
the IC50 (half-maximal inhibitory concentration) values for non-
competitive radioligand binding. Statistical comparisons were
made with One-way ANOVA followed by relevant (Dunnett’s or
Tukey’s) post hoc tests for multiple comparisons. To evaluate the
statistical difference between only two groups, Student’s t-test was
selected. All data were expressed as Means ± SEM and p-values
of less than 0.05 denoted a statistically significant difference.

RESULTS

Modulation of GABA-Induced Currents
by Humulone in Recombinant GABAA
Receptors
Given the well-established role of α1 subunit in GABAA receptor-
mediated sedative effects (Rudolph et al., 1999; McKernan
et al., 2000), the functional interaction of humulone with
GABAA receptor complex was confirmed electrophysiologically
in recombinant α1β3γ2 GABAA receptors expressed in HEK293
cells. Using whole-cell patch-clamp recordings, we assigned a
submaximal concentration of GABA at 1 µM to highlight the
potentiating effect of humulone. Transfected HEK293 cells were
voltage-clamped at −60 mV, and receptors were activated upon
1 min application of GABA (1 µM) in the presence or absence of
humulone (10 µM). GABA-induced currents were significantly
potentiated by humulone as illustrated in representative current
traces (Figure 1B). Peak current amplitudes were normalized to
that induced by the presence of 1 µM GABA alone (Figure 1C),
where the calculated mean of humulone potentiation was
158± 41% (p < 0.01, n= 8 cells).

Humulone-Ethanol Interaction in
[3H]EBOB Binding With Native GABAA
Receptors
We examined ethanol enhancement of humulone’s modulatory
effects on [3H]EBOB binding to forebrain and cerebellar
membranes. GABA concentration series indicated that in the
presence of low humulone concentration (1 µM), further
inclusion of ethanol (30 mM) produces a leftward shift of GABA-
induced [3H]EBOB displacement curve (Figure 2). Analysis with
One-way ANOVA followed by Tukey’s post hoc test showed
that ethanol decreased the IC50 of GABA-induced [3H]EBOB
displacement from 5.48 ± 0.09 µM to 4.60 ± 0.08 µM in the

forebrain (p < 0.01) and to a higher extent from 2.40 ± 0.06 µM
to 1.80± 0.07 µM in the cerebellum (p < 0.01) (Table 1).

We assessed the influence of γ and δ subunits on humulone’s
modulatory effects using [3H]EBOB binding in recombinant
α6β3γ2, α6β3δ, and α6β3 receptors expressed in HEK293
cells. As shown in Figure 3A, humulone potentiated GABA-
induced [3H]EBOB displacement dose-dependently in all tested
receptor subtypes. This potentiation was evident with humulone
at concentrations down to 1 µM in α6β3δ receptors, while
such effect in α6β3, α6β3γ2 receptors was only observed with
humulone at 10 µM concentration and above. The IC50 values
of humulone in the presence of GABA (3 µM) indicated higher
inhibition potency in α6β3δ receptor subtype (8.45 ± 0.92
µM) compared to α6β3γ2 (49.03 ± 10.11 µM) and α6β3
(56.85 ± 12.79 µM) (p < 0.01), with no statistically significant
difference between α6β3γ2 and α6β3 receptor subtypes (One-way
ANOVA followed by Tukey’s post hoc test).

We then verified whether humulone modulation is sensitive
to low ethanol dose (30 mM) in recombinant α6β3, α6β3γ2,
and α6β3δ receptors as observed in forebrain and cerebellum.
Humulone (1 µM) effect on [3H]EBOB displacement induced
by GABA (3 µM) was absent in α6β3 and α6β3γ2 receptor
subtypes and co-incubation with ethanol did not alter this
state (unpaired t-test) (Figures 3B,C). Similarly, ethanol alone
showed no effect on GABA-induced [3H]EBOB displacement and
did not significantly enhance humulone modulation in α6β3δ

receptor subtype (One-way ANOVA followed by Tukey’s post hoc
test) (Figure 3D).

The Additive Modulation of [3H]EBOB
Binding by Humulone and Other Hops
Compounds With Native GABAA
Receptors
We evaluated the interactions between humulone and
other reported hops compounds active at GABAA receptors
(Benkherouf et al., 2020) to modulate [3H]EBOB binding to
GABAA receptors at low micromolar concentrations. In the
presence of 3 µM GABA, combination of 6-prenylnaringenin
(6PN) and isoxanthohumol (IXN) at 1 µM led to an additive
potentiation of GABA-induced [3H]EBOB displacement
(p < 0.01) in rat forebrain. Further co-incubation with
humulone significantly increased this potentiation observed with
6PN+IXN combination (p < 0.01) (Figure 4). These additive
effects corresponded with the sum of [3H]EBOB displacement by
each compound individually as shown in Table 2.

Sleep-Enhancing Actions of Humulone in
Pentobarbital- and Ethanol-Induced
Sleep in Mice
The effects of humulone pre-treatment on the latency and
duration of sleep induced by sodium pentobarbital (35 mg/kg,
i.p.) and ethanol (3.5 g/kg) in mice are presented in Figure 5.
Humulone at 20 mg/kg dose significantly decreased the latency
(p < 0.01) and prolonged the duration of sleep (p < 0.001)
induced by pentobarbital compared to the control group. These
effects were not observed at a lower humulone dose of 10 mg/kg.
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FIGURE 1 | Enhancement of GABA-induced currents by humulone in recombinant α1β3γ2 GABAA receptors expressed in HEK293 cells and voltage-clamped at
−60 mV, pH 7.4. (A) Chemical structures of humulone and GABA. (B) Representative current traces of receptor activation upon 1 min application of a submaximal
concentration of GABA (1 µM) in the presence or absence of humulone (10 µM). (C) Bar graph illustrating the peak current amplitude normalized to that induced by
the presence of 1 µM GABA alone. Each vertical bar represents mean ± SEM, n = 8 cells recorded. **p < 0.01 for the significance of difference from GABA only
application (paired t-test).

On the other hand, despite humulone showed no effect on the
onset of sleep induced by ethanol, it significantly increased sleep
duration dose-dependently at both 10 mg/kg (p < 0.05) and
20 mg/kg (p < 0.001) compared to control.

The Effects of Humulone on
Spontaneous Locomotor Behavior in
Mice
Open field test was carried out to evaluate the spontaneous
locomotor activity in humulone-treated mice as an index for
sedation (Figure 6). Two doses of humulone were assessed (10
and 20 mg/kg, i.p.) for their effects, 45 min after administration
over a 15 min observation period. One-way ANOVA followed

by Dunnett’s post hoc test revealed a significant effect of the
higher dose of humulone on the tested locomotor parameters.
Mice treated with humulone at 20 mg/kg traveled a shorter
total distance (p < 0.01) with lower average velocity (p < 0.01)
compared to the vehicle control group. However, the significant
difference in these two parameters was not observed with
humulone at 10 mg/kg dose vs. control.

DISCUSSION

In the present study, we demonstrated electrophysiologically
for the first time humulone’s positive allosteric modulation of
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FIGURE 2 | GABA concentration curve of [3H]EBOB displacement in
forebrain (A) and cerebellar (B) membranes with humulone (1 µM) in the
presence or absence of EtOH (30 mM). All values represent the mean ± SEM,
n = 3, measured in triplicates.

GABAA receptor function, displayed its sedative activity and
enhancement of pentobarbital and ethanol hypnotic effects. This
activity can be presumably enhanced by ethanol and GABAAR-
active hops modulators as suggested by our [3H]EBOB binding
results in brain membranes.

We reported earlier that humulone potentiates GABA-
induced [3H]EBOB displacement in native GABAA receptors at
low micromolar concentrations (Benkherouf et al., 2020). Hence,
it was essential to demonstrate humulone’s ability in modulating
of GABAA receptor function using electrophysiological
measurements. The results indicate a significant potentiation

of non-saturating GABA-induced currents by humulone (10
µM) in the highly abundant α1β3γ2 receptor subtype (Wisden
et al., 1992; Fritschy and Mohler, 1995), which contains α1
subunit that plays a key role in GABAA receptor-mediated
sedative effects (Rudolph et al., 1999; McKernan et al., 2000).
This confirms humulone’s mode of action as a positive allosteric
modulator of GABAA receptors, in accordance with the
published reports on the enhancement of GABA-induced
currents by hops extracts (Aoshima et al., 2006; Sahin et al.,
2016). The correlation between electrophysiology and [3H]EBOB
binding results supports the latter’s advantage in assessing
drug enhancement of GABAA receptor function as, similarly,
confirmed with [35S]TBPS (Im and Blakeman, 1991; Sieghart,
1995; Atucha et al., 2009).

Since humulone dietary intake occurs mainly through beer
consumption, this prompted further exploration into humulone-
ethanol interaction in GABAA receptors using [3H]EBOB
binding assay, given the evident potentiating effect of humulone
on the duration of sleep induced by ethanol. Despite ethanol
solely neither displaces nor modulates [3H]EBOB binding at
low millimolar concentrations (<30 mM) (Supplementary
Figure S2; Höld et al., 2000; Zhao et al., 2014), it was found
to enhance humulone modulation of [3H]EBOB binding in
both forebrain and cerebellar membranes. However, the extent
of such humulone non-competitive synergy with ethanol was
11.2% higher in cerebellum compared to forebrain (Table 1).
The cerebellum is a major center for motor coordination and
control, where it plays an important role in the acute and chronic
effects of alcohol (Eidelberg et al., 1971; Seiger et al., 1983;
Engblom et al., 1991; Luo, 2015; Valenzuela and Jotty, 2015).
Excessive alcohol consumption is associated with cerebellar
ataxia and postural instability, which can persist with long-term
exposure as a consequence of cerebellar volume reduction and
vermis damage (Sullivan et al., 2002; Sullivan and Pfefferbaum,
2005; Jaatinen and Rintala, 2008). Moreover, α6βxδ GABAA
receptors are highly expressed in cerebellum and found to display
high sensitivity to ambient GABA and ethanol (Wisden et al.,
1992; Quirk et al., 1995; Saxena and Macdonald, 1996; Pirker
et al., 2000; Sundstrom-Poromaa et al., 2002; Wallner et al.,
2003; Hanchar et al., 2005). However, α6βxδ low millimolar
sensitivity to ethanol remains controversial as several groups
reported opposing findings (Borghese et al., 2006; Yamashita
et al., 2006; Korpi et al., 2007; Baur et al., 2009). Nevertheless,
since α6-containing GABAA receptors are expressed almost
exclusively in cerebellar granule cells (Jechlinger et al., 1998;
Nusser et al., 1998; Pirker et al., 2000; Pöltl et al., 2003), we

TABLE 1 | Effects of GABA on [3H]EBOB binding in rat forebrain and cerebellar membranes with humulone in the presence or absence of ethanol (EtOH).

Membrane IC50 (µM)

GABA GABA + 1 µM Humulone GABA + 1 µM Humulone + 30 mM EtOH

Forebrain 6.73 ± 0.18 5.48 ± 0.09** 4.60 ± 0.08

Cerebellum 2.89 ± 0.09 2.40 ± 0.06** 1.80 ± 0.07

The IC50 values represent mean ± SEM (n = 3, measured in triplicates).
**p < 0.01, significantly different from the corresponding IC50 of GABA alone and GABA+Humulone+EtOH (One-way ANOVA followed by Tukey’s post hoc test).
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FIGURE 3 | Modulation of GABA-induced [3H]EBOB displacement in recombinant α6β3, α6β3γ2 and α6β3δ GABAA receptors expressed in HEK293 cells.
(A) Displacement curves of [3H]EBOB (1 nM) binding as % control with 5 concentrations of humulone in the presence of GABA (3 µM). (B–D) GABA (3 µM)-induced
[3H]EBOB (1 nM) binding as % control with humulone (1 µM) in the presence or absence of EtOH (30 mM). Control is the maximal [3H]EBOB binding in the presence
of 3 µM GABA alone. All values represent the mean ± SEM, n = 3–6, measured in triplicates; n.s for the non-significance of difference from the corresponding
control value (One-way ANOVA followed by Tukey’s post hoc test).

assessed their involvement in humulone-ethanol interactions
observed in cerebellar membranes.

Based on our results, humulone was able to modulate
[3H]EBOB binding in recombinant α6β3δ receptors in the
absence of ethanol with exceptional higher potency compared to
α6β3γ2 and α6β3. While the incorporation of γ2 subunit into
α6β3 receptor subtype did not significantly alter humulone’s
modulatory behavior (Figure 3A), δ subunit led to an increase
in humulone potency by 5.8 and 6.7 fold compared to α6β3γ2
and α6β3 receptors, respectively. These findings indicate a key
role of δ subunit in the execution of humulone’s low micromolar
effects on extrasynaptic GABAA receptors, an important target
for anesthetics (propofol), sleep-promoting drugs (gaboxadol),
neurosteroids (allopregnanolone), and alcohol (Brickley and
Mody, 2012; Houston et al., 2012). Nevertheless, humulone’s
modulation of α6-containing GABAA receptors suggests
behavioral implications in motor coordination which deserve
further investigation based on the role of α6 subunit in mediating
alcohol and benzodiazepine-induced ataxia (Korpi et al., 1999;
Hanchar et al., 2005).

Given the demonstrated low potency of ethanol in [3H]EBOB
displacement (IC50 = 370 ± 4 mM) (Höld et al., 2000;
Zhao et al., 2014), our results show that GABA-induced
[3H]EBOB binding was unaffected by the presence of ethanol
at 30 mM in α6β3, α6β3γ2, and α6β3δ receptor subtypes.
Moreover, in contrast to our observations in this study with
forebrain and cerebellar membranes, the co-incubation of
ethanol (30 mM) with humulone (1 µM) did not enhance
humulone-mediated [3H]EBOB displacement in α6β3δ receptor
subtype as well as α6β3γ2 and α6β3. An electrophysiological
study showed a comparable observation where low ethanol
dose did not influence the chloride channel kinetics in
recombinant α1β2γ2 GABAA receptors expressed in HEK293
cells (Akk and Steinbach, 2003). In the same study, co-application
of ethanol with the neurosteroid 3α-hydroxy-5α-androstane-
17β-carbonitrile (ACN) increased the open probability of the
channel, but it did not influence receptor affinity or the extent
of channel opening, which are determinant states for [3H]EBOB
displacement and modulation of GABAA receptor function.
Furthermore, ethanol sensitivity at low millimolar doses in
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FIGURE 4 | Additive potentiation of GABA-induced [3H]EBOB displacement
in rat forebrain with humulone combined with 6PN and IXN at 1 µM. Control is
the maximal [3H]EBOB binding in the presence of 3 µM GABA alone. Each
vertical bar represents the mean ± SEM, n = 3, measured in
triplicates.###p < 0.001, ##p < 0.01 for the significance of difference from the
corresponding individual compounds, **p < 0.01 for the significance of
difference between 6PN+IXN+Hum and 6PN+IXN (One-way ANOVA followed
by Tukey’s post hoc test).

recombinant δ-containing GABAA receptors remains debatable
as previously reviewed (Förstera et al., 2016). Ethanol was
reported to bind competitively to [3H]Ro 15–4513 binding site
in α4/6βxδ receptors (Hanchar et al., 2006; Wallner et al.,
2006b; Santhakumar et al., 2007), but neither [3H]Ro 15–4513
binding nor its displacement by ethanol have been detected
in α4/6βxδ receptors by other groups (Borghese and Harris,
2007; Korpi et al., 2007). The complexity of ethanol actions on
native GABAA receptors and the involvement of presynaptic
mechanisms and protein kinase phosphorylation (PKC and PKA)
in modulating ethanol sensitivity renders a precise simulation
in expression systems challenging (Harris et al., 1995; Freund
and Palmer, 1997; Weiner et al., 1997; Aguayo et al., 2002;
Carta et al., 2004). Hence, despite the relatively high potency
of humulone on α6β3δ GABAA receptor subtype, its role in
the cerebellar ethanol-humulone synergy is yet inconclusive.
Nevertheless. it was evident that humulone exhibits a very weak
displacement in [3H]Ro 15–4513 binding to native αβγ2 GABAA
receptors and its modulatory effect on [3H]EBOB binding is
insensitive to flumazenil antagonism (Benkherouf et al., 2020).
Hence, our observed non-competitive synergistic effect with
ethanol in brain membranes and humulone’s differential potency
in recombinant receptors further confirms that the humulone
modulatory site is not the classical benzodiazepine binding site
in the α+γ2- interface.

In this paper, we found that the modulatory activity of
IXN, the most abundant flavonoid in beer, can be additively
enhanced by another flavonoid, 6PN, which was detected in
beer as well (Stevens et al., 1999). Interestingly, we noted
that humulone interacts with these modulators leading to
further potentiation that corresponds to the sum of [3H]EBOB

TABLE 2 | [3H]EBOB displacement normalized to the maximum radioligand
binding in the presence of 3 µM GABA alone.

Compound (1 µM) [3H]EBOB displacement (%)

Hum 13.5 ± 1.5

6PN 14.2 ± 1.4

IXN 14.4 ± 0.9

6PN+IXN 25.9 ± 2.6

6PN+IXN+Hum 38.1 ± 2.9

Values represent mean ± SEM (n = 3, measured in triplicates).

displacement by each compound individually. These findings
correlate with the earlier proposed differences between 6PN
and IXN in molecular docking at GABAA receptor α1β2γ2
isoform where a higher binding free energy was predicted
for 6PN at both α1+β2- and α1+γ2- interfaces (Benkherouf
et al., 2020). Consistently, 6PN was remarkably more efficient
than IXN and humulone in displacing [3H]Ro 15–4513
binding to the classical benzodiazepine binding site in GABAA
receptors suggesting a favorable binding site for 6PN at
α1+γ2- interface (Benkherouf et al., 2019, 2020). However,
it is unlikely that 6PN additive modulation with IXN and
humulone occurs via α1+γ2- interface due to 6PN insensitivity
to flumazenil antagonism and hence the lack of involvement
of the classical benzodiazepine site in its allosteric activity. The
modulatory enhancements between 6PN and IXN may still
occur via α1+β2- interface since molecular docking revealed
additional receptor residues interacting with 6PN but not
with IXN: Lys156, Gln204 and Ser205 (Benkherouf et al.,
2020). The positive modulatory interactions between hops
prenylflavonoids and humulone was similarly noted between
some flavonoids and other positive modulators acting on
GABAA receptors. For instance, apigenin (chamomile) and
(–)-epigallocatechin gallate (green tea) were found to potentiate
diazepam modulation in recombinant α1β1γ2 receptors
(Campbell et al., 2004). Furthermore, flavonoid positive
modulators from Valeriana species such as 6-methylapigenin
and linarin act synergistically with hesperidin and valerenic
acid, respectively, displaying enhancements in sleep induction
in vivo (Marder et al., 2003; Fernández et al., 2004). Supported
by the fact that positive allosteric modulators binding to
different binding sites may exhibit additive effects (Visser
et al., 2003; McMahon and France, 2005; Paronis, 2006),
we propose that hops neuroactivity may involve more than
one compound leading to enhanced potentiation of GABAA
receptors function.

Humulone alpha acid appears to play a significant role
in hops sedative and hypnotic behavior. It was demonstrated
earlier that alpha acid extract increases pentobarbital-induced
sleep duration in rats with no alteration in sleep onset (Zanoli
et al., 2005). On the other hand, our results with mice showed
that humulone increased sleep duration and decreased sleep
onset as well. Consistently, humulone component in alpha
acid extract at 21 mg/kg was shown to increase the duration
of sleep induced by ketamine in mice with no additional
effect noted at 42 mg/kg (Schiller et al., 2006). These doses
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FIGURE 5 | Effects of humulone on sleep latency, in seconds (s) and duration of sleep, in minutes (min) induced by pentobarbital sodium (35 mg/kg, i.p.) (A,B) and
ethanol (3.5 g/kg, i.p.) (C,D) in mice. Each vertical bar represents the mean ± SEM, n = 6–7 mice/group. ***p < 0.001, **p < 0.01, *p < 0.05 for the significance of
difference from the corresponding vehicle control group (One-way ANOVA followed by Dunnett’s post hoc test).

FIGURE 6 | Effects of acute humulone exposure (10 and 20 mg/kg) on the locomotor activity of mice in open field test. Distance traveled (A) and velocity (B) were
recorded during 15 min observation period, 45 min after intraperitoneal administration of humulone or vehicle. Each vertical bar represents the mean ± SEM,
n = 7–11 mice/group. **p < 0.01 for the significance of difference from the corresponding vehicle control group (One-way ANOVA followed by Dunnett’s post hoc
test).
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were below humulone’s LD50 values documented for rodents:
1,500 mg/kg/b.w. p.o.; 600 mg/kg/b.w. i.m. (rats) (Bejeuhr, 1993).
We further confirmed humulone’s hypnotic effects with ethanol
to rule out the possibility of pharmacokinetic interactions with
humulone leading to enhancement in pentobarbital-induced
sleep. Interestingly, humulone at a lower dose of 10 mg/kg
increased the duration of sleep induced by ethanol but not by
pentobarbital. The Human Equivalent Dose (HED) based on
body surface area for 10 mg/kg in mice is 0.81 mg/kg (Nair and
Jacob, 2016). Noting that humulone solubility is 14 mg/L in beer
and was detected up to 28 mg/L (Fritsch and Shellhammer, 2007),
the dose of 10 mg/kg is comparable to a 60 kg human consuming
2 L of hopped beer with a humulone concentration of 24.2 mg/L
(Hahn et al., 2018). Despite humulone did not alter the onset of
sleep induced by ethanol, the evident increase in the duration
of sleep could be attributed to the synergistic interaction with
ethanol on native GABAA receptors as discussed above.

As an index for sedation, an early study reported that
100 and 200 mg/kg of alpha acid extract containing 36%
of humulone decreased locomotor activity in open field
test and showed no indications for anxiolytic activity in
elevated plus maze test (Schiller et al., 2006). Correspondingly,
our results displayed a similar effect on locomotion and
at a lower humulone dose of 20 mg/kg. This is not a
likely alteration in anxiety behavior since no differences
in open field were noted in the time spent in periphery
and center between all tested mice groups (Supplementary
Figure S3). On the other hand, in rats, the decrease in
locomotion was not observed with alpha acid extract at
10 and 20 mg/kg (Zanoli et al., 2005). The presence of
several weak modulators that potentially compete for the same
binding site as humulone may reduce the potency of alpha
acids. This is because alpha acids contain cohumulone and
adhumulone, which are structurally very similar to humulone
and display weak modulatory effects on GABAA receptors
(Benkherouf et al., 2020).

CONCLUSION

In conclusion, humulone, a major compound in hops, exhibits
sedative/hypnotic effects and acts as a positive allosteric
modulator of GABAA receptors. This supports humulone’s
substantial role in hops sleep-promoting activity and brings
further insight into the probable mode of action for this
behavior. Hops flavonoids such as IXN and 6PN may potentiate
humulone effects via additive mechanisms on GABAA receptors.
Moreover, the displayed humulone non-competitive synergy

with ethanol in GABAA receptors may contribute to further
enhancement in alcohol intoxication with high-hopped beer.
Hence, the implication of this on alcohol drinking patterns
and reward in humans needs further investigation. Nevertheless,
the identification of neuroactive compounds from hops and
understanding their interactions advance the development of safe
and efficacious remedies for insomnia and sleep disturbances.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the National
Animal Experiment Board in Finland.

AUTHOR CONTRIBUTIONS

AB: investigation, methodology, formal analysis, data
curation, visualization, project management, writing—
original draft, writing—review and editing. KE: investigation,
methodology, writing—review and editing. SS: investigation,
methodology, writing—review and editing. MU-O:
conceptualization, resources, methodology, formal analysis,
validation, funding acquisition, supervision, writing—review
and editing. All authors have participated sufficiently in the
work to take public responsibility for the content, including
participation in the concept, design, analysis, writing, or revision
of the manuscript.

FUNDING

This study was financially supported by the Finnish Foundation
for Alcohol Studies (AB and MU-O) and Turku Drug Research
Doctoral Programme (AB).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2020.594708/full#supplementary-material

REFERENCES
Aguayo, L. G., Peoples, R. W., Yeh, H. H., and Yevenes, G. E. (2002). GABA(A)

receptors as molecular sites of ethanol action. Direct or indirect actions? Curr.
Top. Med. Chem. 2, 869–885. doi: 10.2174/1568026023393426

Akk, G., and Steinbach, J. H. (2003). Low doses of ethanol and a neuroactive steroid
positively interact to modulate rat GABAA receptor function. J. Physiol. 546,
641–646. doi: 10.1113/jphysiol.2002.032300

Aoshima, H., Takeda, K., Okita, Y., Hossain, S. J., Koda, H., and Kiso, Y. (2006).
Effects of beer and hop on ionotropic gamma-aminobutyric acid receptors.
J. Agric. Food Chem. 54, 2514–2519. doi: 10.1021/jf051562a

Atucha, E., Hammerschmidt, F., Zolle, I., Sieghart, W., and Berger, M. L.
(2009). Structure-activity relationship of etomidate derivatives at the
GABA(A) receptor: comparison with binding to 11beta-hydroxylase.
Bioorg. Med. Chem. Lett. 19, 4284–4287. doi: 10.1016/j.bmcl.2009.
05.065

Frontiers in Neuroscience | www.frontiersin.org 10 October 2020 | Volume 14 | Article 59470843

https://www.frontiersin.org/articles/10.3389/fnins.2020.594708/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2020.594708/full#supplementary-material
https://doi.org/10.2174/1568026023393426
https://doi.org/10.1113/jphysiol.2002.032300
https://doi.org/10.1021/jf051562a
https://doi.org/10.1016/j.bmcl.2009.05.065
https://doi.org/10.1016/j.bmcl.2009.05.065
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-594708 October 9, 2020 Time: 17:8 # 11

Benkherouf et al. Humulone Modulation of GABAA Receptors

Baur, R., Kaur, K. H., and Sigel, E. (2009). Structure of α6β3δ GABAA receptors and
their lack of ethanol sensitivity. J. Neurochem. 111, 1172–1181. doi: 10.1111/j.
1471-4159.2009.06387.x

Bejeuhr, G. (1993). Hagers Handbuch der Pharmazeutischen Praxis: 5. Berlin:
Springer. doi: 10.1007/978-3-642-57881-6

Benkherouf, A. Y., Logrén, N., Somborac, T., Kortesniemi, M., Soini, S. L., Yang,
B., et al. (2020). Hops compounds modulatory effects and 6-prenylnaringenin
dual mode of action on GABAA receptors. Eur. J. Pharmacol. 873:172962.
doi: 10.1016/j.ejphar.2020.172962

Benkherouf, A. Y., Soini, S. L., Stompor, M., and Uusi-Oukari, M. (2019). Positive
allosteric modulation of native and recombinant GABAA receptors by hops
prenylflavonoids. Eur. J. Pharmacol. 852, 34–41. doi: 10.1016/j.ejphar.2019.
02.034

Borghese, C. M., and Harris, R. A. (2007). Studies of ethanol actions
on recombinant δ-containing γ-aminobutyric acid type A receptors yield
contradictory results. Alcohol 41, 155–162. doi: 10.1016/j.alcohol.2007.
03.006

Borghese, C. M., Stórustovu, S. Í., Ebert, B., Herd, M. B., Belelli, D., Lambert, J. J.,
et al. (2006). The δ subunit of γ-aminobutyric acid type A receptors does not
confer sensitivity to low concentrations of ethanol. J. Pharmacol. Exp. Ther. 316,
1360–1368. doi: 10.1124/jpet.105.092452

Bravo, L., Cabo, J., Fraile, A., Jimenez, J., and Villar, A. (1974). Pharmacodynamic
study of the lupulus’ (Humulus lupulus L.) tranquilizing action. Boll. Chim.
Farm. 113, 310–315.

Brickley, S. G., and Mody, I. (2012). Extrasynaptic GABA(A) receptors: their
function in the CNS and implications for disease. Neuron 73, 23–34. doi: 10.
1016/j.neuron.2011.12.012

Campbell, E. L., Chebib, M., and Johnston, G. A. R. (2004). The dietary
flavonoids apigenin and (–)-epigallocatechin gallate enhance the positive
modulation by diazepam of the activation by GABA of recombinant GABAA
receptors. Biochem. Pharmacol. 68, 1631–1638. doi: 10.1016/j.bcp.2004.
07.022

Carta, M., Mameli, M., and Valenzuela, C. F. (2004). Alcohol enhances GABAergic
transmission to cerebellar granule cells via an increase in golgi cell excitability.
J. Neurosci. 24, 3746–3751. doi: 10.1523/JNEUROSCI.0067-04.2004

Dimpfel, W., and Suter, A. (2008). Sleep improving effects of a single
dose administration of a valerian/hops fluid extract - a double blind,
randomized, placebo-controlled sleep-EEG study in a parallel design using
electrohypnograms. Eur. J. Med. Res. 13, 200–204. doi: 10.1556/aphysiol.99.
2012.2.6

Eidelberg, E., Bond, M. L., and Kelter, A. (1971). Effects of alcohol on cerebellar
and vestibular neurones. Arch. Int. Pharmacodyn. Ther. 192, 213–219.

Engblom, A. C., Holopainen, I., and Akerman, K. E. (1991). Ethanol-induced Cl-
flux in rat cerebellar granule cells as measured by a fluorescent probe. Brain Res.
568, 55–60. doi: 10.1016/0006-8993(91)91378-e

Fernández, S., Wasowski, C., Paladini, A. C., and Marder, M. (2004). Sedative
and sleep-enhancing properties of linarin, a flavonoid-isolated from Valeriana
officinalis. Pharmacol. Biochem. Behav. 77, 399–404. doi: 10.1016/j.pbb.2003.
12.003

Förstera, B., Castro, P. A., Moraga-Cid, G., and Aguayo, L. G. (2016). Potentiation
of gamma aminobutyric acid receptors (GABAAR) by ethanol: how are
inhibitory receptors affected? Front. Cell. Neurosci. 10:114. doi: 10.3389/fncel.
2016.00114

Franco, L., Bravo, R., Galán, C., Rodriguez, A. B., Barriga, C., and Cubero, J. (2014).
Effect of non-alcoholic beer on Subjective Sleep Quality in a university stressed
population. Acta Physiol. Hung. 101, 353–361. doi: 10.1556/aphysiol.101.20
14.3.10

Franco, L., Sánchez, C., Bravo, R., Rodriguez, A., Barriga, C., and Juánez, J. C.
(2012a). The sedative effects of hops (Humulus lupulus), a component of beer,
on the activity/rest rhythm. Acta Physiol. Hung. 99, 133–139. doi: 10.1556/
APhysiol.99.2012.2.6

Franco, L., Sánchez, C., Bravo, R., Rodriguez, A. B., Barriga, C., Romero, E., et al.
(2012b). The sedative effect of non-alcoholic beer in healthy female nurses. PLoS
One 7:e37290. doi: 10.1371/journal.pone.0037290

Freund, R. K., and Palmer, M. R. (1997). Beta adrenergic sensitization of gamma-
aminobutyric acid receptors to ethanol involves a cyclic AMP/protein kinase A
second-messenger mechanism. J. Pharmacol. Exp. Ther. 280, 1192–1200.

Fritsch, A., and Shellhammer, T. H. (2007). Alpha-acids do not contribute
bitterness to lager beer. J. Am. Soc. Brew. Chem. 65, 26–28. doi: 10.1094/asbcj-
2007-0111-03

Fritschy, J. M., and Mohler, H. (1995). GABAA-receptor heterogeneity in the adult
rat brain: differential regional and cellular distribution of seven major subunits.
J. Comp. Neurol. 359, 154–194. doi: 10.1002/cne.903590111

Goetz, T., Arslan, A., Wisden, W., and Wulff, P. (2007). GABA(A) receptors:
structure and function in the basal ganglia. Prog. Brain Res. 160, 21–41. doi:
10.1016/s0079-6123(06)60003-4

Hahn, C. D., Lafontaine, S. R., Pereira, C. B., and Shellhammer, T. H. (2018).
Evaluation of nonvolatile chemistry affecting sensory bitterness intensity of
highly hopped beers. J. Agric. Food Chem. 66, 3505–3513. doi: 10.1021/acs.jafc.
7b05784

Hanchar, H. J., Chutsrinopkun, P., Meera, P., Supavilai, P., Sieghart, W., Wallner,
M., et al. (2006). Ethanol potently and competitively inhibits binding of the
alcohol antagonist Ro15-4513 to α4/6β3δ GABAA receptors. Proc. Natl. Acad.
Sci. U.S.A. 103, 8546–8551. doi: 10.1073/pnas.0509903103

Hanchar, H. J., Dodson, P. D., Olsen, R. W., Otis, T. S., and Wallner, M. (2005).
Alcohol-induced motor impairment caused by increased extrasynaptic GABAA
receptor activity. Nat. Neurosci. 8, 339–345. doi: 10.1038/nn1398

Harris, R. A., McQuilkin, S. J., Paylor, R., Abeliovich, A., Tonegawa, S., and Wehner,
J. M. (1995). Mutant mice lacking the gamma isoform of protein kinase C
show decreased behavioral actions of ethanol and altered function of gamma-
aminobutyrate type A receptors. Proc. Natl. Acad. Sci. U.S.A. 92, 3658–3662.
doi: 10.1073/pnas.92.9.3658

Höld, K. M., Sirisoma, N. S., Ikeda, T., Narahashi, T., and Casida, J. E. (2000).
α-Thujone (the active component of absinthe): γ-Aminobutyric acid type A
receptor modulation and metabolic detoxification. Proc. Natl. Acad. Sci. U.S.A.
97, 3826–3831. doi: 10.1073/pnas.070042397

Houston, C. M., McGee, T. P., Mackenzie, G., Troyano-Cuturi, K., Rodriguez,
P. M., Kutsarova, E., et al. (2012). Are extrasynaptic GABAA receptors
important targets for sedative/hypnotic drugs? J. Neurosci. 32, 3887–3897. doi:
10.1523/JNEUROSCI.5406-11.2012

Im, W. B., and Blakeman, D. P. (1991). Correlation between
gamma-aminobutyric acidA receptor ligand-induced changes in
t-butylbicyclophosphoro[35S]thionate binding and 36Cl- uptake in rat
cerebrocortical membranes. Mol. Pharmacol. 39, 394–398.

Jaatinen, P., and Rintala, J. (2008). Mechanisms of ethanol-induced degeneration
in the developing, mature, and aging cerebellum. Cerebellum 7, 332–347. doi:
10.1007/s12311-008-0034-z

Jechlinger, M., Pelz, R., Tretter, V., Klausberger, T., and Sieghart, W. (1998).
Subunit composition and quantitative importance of hetero-oligomeric
receptors: GABAA receptors containing alpha6 Subunits. J. Neurosci. 18, 2449–
2457. doi: 10.1523/jneurosci.18-07-02449.1998

Karabín, M., Hudcová, T., Jelínek, L., and Dostálek, P. (2016). Biologically active
compounds from hops and prospects for their use. Comp. Rev. Food Sci. Food
Saf. 15, 542–567. doi: 10.1111/1541-4337.12201

Korpi, E. R., Debus, F., Linden, A., Malécot, C., Leppä, E., Vekovischeva, O.,
et al. (2007). Does ethanol act preferentially via selected brain GABAA receptor
subtypes? The current evidence is ambiguous. Alcohol 41, 163–176. doi: 10.
1016/j.alcohol.2007.03.007

Korpi, E. R., Gründer, G., and Lüddens, H. (2002). Drug interactions at GABA(A)
receptors. Prog. Neurobiol. 67, 113–159.

Korpi, E. R., Koikkalainen, P., Vekovischeva, O. Y., Mäkelä, R., Kleinz, R., Uusi-
Oukari, M., et al. (1999). Cerebellar granule-cell-specific GABAA receptors
attenuate benzodiazepine-induced ataxia: evidence from α6-subunit-deficient
mice. Eur. J. Neurosci. 11, 233–240. doi: 10.1046/j.1460-9568.1999.00421.x

Lee, K. M., Jung, J. S., Song, D. K., Kräuter, M., and Kim, Y. H. (1993). Effects of
Humulus lupulus extract on the central nervous system in mice. Planta Med.
59:A691. doi: 10.1055/s-2006-959980

Lüddens, H., and Korpi, E. R. (1997). Methods for transient expression of hetero-
oligomeric ligand-gated ion channels. Methods Mol. Biol. 83, 55–63. doi: 10.
1385/0-89603-495-X:55

Luo, J. (2015). Effects of ethanol on the cerebellum: advances and prospects.
Cerebellum 14, 383–385. doi: 10.1007/s12311-015-0674-8

Marder, M., Viola, H., Wasowski, C., Fernández, S., Medina, J. H., and Paladini,
A. C. (2003). 6-methylapigenin and hesperidin: new valeriana flavonoids with

Frontiers in Neuroscience | www.frontiersin.org 11 October 2020 | Volume 14 | Article 59470844

https://doi.org/10.1111/j.1471-4159.2009.06387.x
https://doi.org/10.1111/j.1471-4159.2009.06387.x
https://doi.org/10.1007/978-3-642-57881-6
https://doi.org/10.1016/j.ejphar.2020.172962
https://doi.org/10.1016/j.ejphar.2019.02.034
https://doi.org/10.1016/j.ejphar.2019.02.034
https://doi.org/10.1016/j.alcohol.2007.03.006
https://doi.org/10.1016/j.alcohol.2007.03.006
https://doi.org/10.1124/jpet.105.092452
https://doi.org/10.1016/j.neuron.2011.12.012
https://doi.org/10.1016/j.neuron.2011.12.012
https://doi.org/10.1016/j.bcp.2004.07.022
https://doi.org/10.1016/j.bcp.2004.07.022
https://doi.org/10.1523/JNEUROSCI.0067-04.2004
https://doi.org/10.1556/aphysiol.99.2012.2.6
https://doi.org/10.1556/aphysiol.99.2012.2.6
https://doi.org/10.1016/0006-8993(91)91378-e
https://doi.org/10.1016/j.pbb.2003.12.003
https://doi.org/10.1016/j.pbb.2003.12.003
https://doi.org/10.3389/fncel.2016.00114
https://doi.org/10.3389/fncel.2016.00114
https://doi.org/10.1556/aphysiol.101.2014.3.10
https://doi.org/10.1556/aphysiol.101.2014.3.10
https://doi.org/10.1556/APhysiol.99.2012.2.6
https://doi.org/10.1556/APhysiol.99.2012.2.6
https://doi.org/10.1371/journal.pone.0037290
https://doi.org/10.1094/asbcj-2007-0111-03
https://doi.org/10.1094/asbcj-2007-0111-03
https://doi.org/10.1002/cne.903590111
https://doi.org/10.1016/s0079-6123(06)60003-4
https://doi.org/10.1016/s0079-6123(06)60003-4
https://doi.org/10.1021/acs.jafc.7b05784
https://doi.org/10.1021/acs.jafc.7b05784
https://doi.org/10.1073/pnas.0509903103
https://doi.org/10.1038/nn1398
https://doi.org/10.1073/pnas.92.9.3658
https://doi.org/10.1073/pnas.070042397
https://doi.org/10.1523/JNEUROSCI.5406-11.2012
https://doi.org/10.1523/JNEUROSCI.5406-11.2012
https://doi.org/10.1007/s12311-008-0034-z
https://doi.org/10.1007/s12311-008-0034-z
https://doi.org/10.1523/jneurosci.18-07-02449.1998
https://doi.org/10.1111/1541-4337.12201
https://doi.org/10.1016/j.alcohol.2007.03.007
https://doi.org/10.1016/j.alcohol.2007.03.007
https://doi.org/10.1046/j.1460-9568.1999.00421.x
https://doi.org/10.1055/s-2006-959980
https://doi.org/10.1385/0-89603-495-X:55
https://doi.org/10.1385/0-89603-495-X:55
https://doi.org/10.1007/s12311-015-0674-8
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-594708 October 9, 2020 Time: 17:8 # 12

Benkherouf et al. Humulone Modulation of GABAA Receptors

activity on the CNS. Pharmacol. Biochem. Behav. 75, 537–545. doi: 10.1016/
s0091-3057(03)00121-7

McKernan, R. M., Rosahl, T. W., Reynolds, D. S., Sur, C., Wafford, K. A., Atack,
J. R., et al. (2000). Sedative but not anxiolytic properties of benzodiazepines
are mediated by the GABAA receptor α1 subtype. Nat. Neurosci. 3, 587–592.
doi: 10.1038/75761

McMahon, L. R., and France, C. P. (2005). Combined discriminative stimulus
effects of midazolam with other positive GABAA modulators and GABAA
receptor agonists in rhesus monkeys. Psychopharmacology 178, 400–409. doi:
10.1007/s00213-004-2022-4

Nair, A. B., and Jacob, S. (2016). A simple practice guide for dose conversion
between animals and human. J. Basic Clin. Pharm. 7, 27–31. doi: 10.4103/0976-
0105.177703

Neve, R. A. (1991). Hops. Dordrecht: Springer. doi: 10.1007/978-94-011-
3106-3

Ntourtoglou, G., Tsapou, E. A., Drosou, F., Bozinou, E., Lalas, S., Tataridis, P., et al.
(2020). Pulsed electric field extraction of α and β-acids from pellets of Humulus
lupulus (Hop). Front. Bioeng. Biotechnol. 8:297. doi: 10.3389/fbioe.2020.
00297

Nusser, Z., Sieghart, W., and Somogyi, P. (1998). Segregation of different GABAA
receptors to synaptic and extrasynaptic membranes of cerebellar granule cells.
J. Neurosci. 18, 1693–1703. doi: 10.1523/JNEUROSCI.18-05-01693.1998

Olsen, R. W., and Sieghart, W. (2008). International union of pharmacology. LXX.
subtypes of gamma-aminobutyric acid(A) receptors: classification on the basis
of subunit composition, pharmacology, and function. Update. Pharmacol. Rev.
60, 243–260. doi: 10.1124/pr.108.00505

Paronis, C. A. (2006). Modulating GABA modulators. Br. J. Pharmacol. 147,
237–238. doi: 10.1038/sj.bjp.0706552

Pirker, S., Schwarzer, C., Wieselthaler, A., Sieghart, W., and Sperk, G. (2000).
GABAA receptors: immunocytochemical distribution of 13 subunits in the
adult rat brain. Neuroscience 101, 815–850. doi: 10.1016/s0306-4522(00)
00442-5

Pöltl, A., Hauer, B., Fuchs, K., Tretter, V., and Sieghart, W. (2003). Subunit
composition and quantitative importance of GABAA receptor subtypes in the
cerebellum of mouse and rat. J. Neurochem. 87, 1444–1455. doi: 10.1046/j.1471-
4159.2003.02135.x

Quirk, K., Whiting, P. J., Ragan, C. I., and McKernan, R. M. (1995).
Characterisation of delta-subunit containing GABAA receptors from rat
brain. Eur. J. Pharmacol. 290, 175–181. doi: 10.1016/0922-4106(95)
00061-5

Rudolph, U., Crestani, F., Benke, D., Brünig, I., Benson, J. A., Fritschy, J., et al.
(1999). Benzodiazepine actions mediated by specific gamma-aminobutyric
acid(A) receptor subtypes. Nature 401, 796–800. doi: 10.1038/44579

Rudolph, U., and Möhler, H. (2006). GABA-based therapeutic approaches: GABAA
receptor subtype functions. Curr. Opin. Pharmacol. 6, 18–23. doi: 10.1016/j.
coph.2005.10.003

Sahin, S., Eulenburg, V., Kreis, W., Villmann, C., and Pischetsrieder, M. (2016).
Three-step test system for the identification of novel GABAA receptor
modulating food plants. Plant Foods Hum. Nutr. 71, 355–360. doi: 10.1007/
s11130-016-0566-1

Santhakumar, V., Wallner, M., and Otis, T. S. (2007). Ethanol acts directly
on extrasynaptic subtypes of GABAA receptors to increase tonic inhibition.
Alcohol 41, 211–221. doi: 10.1016/j.alcohol.2007.04.011

Saxena, N. C., and Macdonald, R. L. (1996). Properties of putative cerebellar
gamma-aminobutyric acidA receptor isoforms. Mol. Pharmacol. 49, 567–579.

Schiller, H., Forster, A., Vonhoff, C., Hegger, M., Biller, A., and Winterhoff, H.
(2006). Sedating effects of Humulus lupulus L. extracts. Phytomedicine 13,
535–541. doi: 10.1016/j.phymed.2006.05.010

Seiger, A., Sorensen, S. M., and Palmer, M. R. (1983). Cerebellar role in
the differential ethanol sensitivity of long sleep and short sleep mice.
Pharmacol. Biochem. Behav. 18(Suppl. 1), 495–499. doi: 10.1016/0091-3057(83)
90224-1

Sieghart, W. (1995). Structure and pharmacology of gamma-aminobutyric acidA
receptor subtypes. Pharmacol. Rev. 47, 181–234.

Sigel, E., and Steinmann, M. E. (2012). Structure, function, and modulation of
GABA(A) receptors. J. Biol. Chem. 287, 40224–40231. doi: 10.1074/jbc.R112.
386664

Speigel, I., Bichler, E. K., and García, P. S. (2017). The influence of regional
distribution and pharmacologic specificity of GABAAR subtype expression on
anesthesia and emergence. Front. Syst. Neurosci. 11:58. doi: 10.3389/fnsys.2017.
00058

Squires, R., and Saederup, E. (2000). Additivities of compounds that increase the
numbers of high affinity [3H]muscimol binding sites by different amounts
define more than 9 GABA(A) receptor complexes in rat forebrain: implications
for schizophrenia and clozapine research. Neurochem. Res. 25, 1587–1601. doi:
10.1023/a:1026666419725

Stevens, J. F., Taylor, A. W., and Deinzer, M. L. (1999). Quantitative analysis
of xanthohumol and related prenylflavonoids in hops and beer by liquid
chromatography–tandem mass spectrometry. J. Chromatogr. A 832, 97–107.
doi: 10.1016/S0021-9673(98)01001-2

Sullivan, E. V., Desmond, J. E., Lim, K. O., and Pfefferbaum, A. (2002). Speed and
efficiency but not accuracy or timing deficits of limb movements in alcoholic
men and women. Alcohol Clin. Exp. Res. 26, 705–713. doi: 10.1111/j.1530-0277.
2002.tb02595.x

Sullivan, E. V., and Pfefferbaum, A. (2005). Neurocircuitry in alcoholism: a
substrate of disruption and repair. Psychopharmacology 180, 583–594. doi: 10.
1007/s00213-005-2267-6

Sundstrom-Poromaa, I., Smith, D. H., Gong, Q. H., Sabado, T. N., Li, X., Light,
A., et al. (2002). Hormonally regulated α4β2δ GABAA receptors are a target for
alcohol. Nat. Neurosci. 5, 721–722. doi: 10.1038/nn888

Uusi-Oukari, M., Kleinz, R., Mäkelä, R., Lüddens, H., and Korpi,
E. R. (2000). Quantification of GABAA receptor subunit mRNAs
by non-radioisotopic competitive RT-PCR utilizing plate-based EIA
methodology. J. Neurosci. Methods 95, 65–73. doi: 10.1016/s0165-0270(99)
00158-2

Uusi-Oukari, M., and Korpi, E. R. (1990). Diazepam sensitivity of the binding
of an imidazobenzodiazepine, [3H]Ro 15-4513, in cerebellar membranes from
two rat lines developed for high and low alcohol sensitivity. J. Neurochem. 54,
1980–1987. doi: 10.1111/j.1471-4159.1990.tb04901.x

Uusi-Oukari, M., and Korpi, E. R. (2010). Regulation of GABAA receptor subunit
expression by pharmacological agents. Pharmacol. Rev. 62, 97–135. doi: 10.
1124/pr.109.002063

Valenzuela, C. F., and Jotty, K. (2015). Mini-review: effects of ethanol on GABAA
receptor-mediated neurotransmission in the cerebellar cortex–recent advances.
Cerebellum 14, 438–446. doi: 10.1007/s12311-014-0639-3

Van Cleemput, M., Cattoor, K., De Bosscher, K., Haegeman, G., De Keukeleire,
D., and Heyerick, A. (2009). Hop (Humulus lupulus)-derived bitter acids as
multipotent bioactive compounds. J. Nat. Prod. 72, 1220–1230. doi: 10.1021/
np800740m

Verzele, M., and De Keukeleire, D. (1991). Chemistry and Analysis of Hop and Beer
Bitter Acids. Amsterdam: Elsevier Science.

Visser, S. A. G., Wolters, F. L. C., Gubbens-Stibbe, J., Tukker, E., van
der Graaf, P. H., Peletier, L. A., et al. (2003). Mechanism-based
pharmacokinetic/pharmacodynamic modeling of the electroencephalogram
effects of GABAA receptor modulators: in vitro-in vivo correlations.
J. Pharmacol. Exp. Ther. 304, 88–101. doi: 10.1124/jpet.102.042341

Vonderheid-Guth, B., Todorova, A., Brattström, A., and Dimpfel, W. (2000).
Pharmacodynamic effects of valerian and hops extract combination (Ze 91019)
on the quantitative-topographical EEG in healthy volunteers. Eur. J. Med. Res.
5, 139–144.

Wallner, M., Hanchar, H. J., and Olsen, R. W. (2003). Ethanol enhances alpha 4
beta 3 delta and alpha 6 beta 3 delta gamma-aminobutyric acid type A receptors
at low concentrations known to affect humans. Proc. Natl. Acad. Sci. U.S.A. 100,
15218–15223. doi: 10.1073/pnas.2435171100

Wallner, M., Hanchar, H. J., and Olsen, R. W. (2006a). Low dose acute alcohol
effects on GABAA receptor subtypes. Pharmacol. Ther. 112, 513–528. doi: 10.
1016/j.pharmthera.2006.05.004

Wallner, M., Hanchar, H. J., and Olsen, R. W. (2006b). Low-dose alcohol actions
on alpha4beta3delta GABAA receptors are reversed by the behavioral alcohol
antagonist Ro15-4513. Proc. Natl. Acad. Sci. U.S.A. 103, 8540–8545. doi: 10.
1073/pnas.0600194103

Weiner, J. L., Valenzuela, C. F., Watson, P. L., Frazier, C. J., and Dunwiddie,
T. V. (1997). Elevation of basal protein kinase C activity increases
ethanol sensitivity of GABAA receptors in rat hippocampal CA1 pyramidal

Frontiers in Neuroscience | www.frontiersin.org 12 October 2020 | Volume 14 | Article 59470845

https://doi.org/10.1016/s0091-3057(03)00121-7
https://doi.org/10.1016/s0091-3057(03)00121-7
https://doi.org/10.1038/75761
https://doi.org/10.1007/s00213-004-2022-4
https://doi.org/10.1007/s00213-004-2022-4
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1007/978-94-011-3106-3
https://doi.org/10.1007/978-94-011-3106-3
https://doi.org/10.3389/fbioe.2020.00297
https://doi.org/10.3389/fbioe.2020.00297
https://doi.org/10.1523/JNEUROSCI.18-05-01693.1998
https://doi.org/10.1124/pr.108.00505
https://doi.org/10.1038/sj.bjp.0706552
https://doi.org/10.1016/s0306-4522(00)00442-5
https://doi.org/10.1016/s0306-4522(00)00442-5
https://doi.org/10.1046/j.1471-4159.2003.02135.x
https://doi.org/10.1046/j.1471-4159.2003.02135.x
https://doi.org/10.1016/0922-4106(95)00061-5
https://doi.org/10.1016/0922-4106(95)00061-5
https://doi.org/10.1038/44579
https://doi.org/10.1016/j.coph.2005.10.003
https://doi.org/10.1016/j.coph.2005.10.003
https://doi.org/10.1007/s11130-016-0566-1
https://doi.org/10.1007/s11130-016-0566-1
https://doi.org/10.1016/j.alcohol.2007.04.011
https://doi.org/10.1016/j.phymed.2006.05.010
https://doi.org/10.1016/0091-3057(83)90224-1
https://doi.org/10.1016/0091-3057(83)90224-1
https://doi.org/10.1074/jbc.R112.386664
https://doi.org/10.1074/jbc.R112.386664
https://doi.org/10.3389/fnsys.2017.00058
https://doi.org/10.3389/fnsys.2017.00058
https://doi.org/10.1023/a:1026666419725
https://doi.org/10.1023/a:1026666419725
https://doi.org/10.1016/S0021-9673(98)01001-2
https://doi.org/10.1111/j.1530-0277.2002.tb02595.x
https://doi.org/10.1111/j.1530-0277.2002.tb02595.x
https://doi.org/10.1007/s00213-005-2267-6
https://doi.org/10.1007/s00213-005-2267-6
https://doi.org/10.1038/nn888
https://doi.org/10.1016/s0165-0270(99)00158-2
https://doi.org/10.1016/s0165-0270(99)00158-2
https://doi.org/10.1111/j.1471-4159.1990.tb04901.x
https://doi.org/10.1124/pr.109.002063
https://doi.org/10.1124/pr.109.002063
https://doi.org/10.1007/s12311-014-0639-3
https://doi.org/10.1021/np800740m
https://doi.org/10.1021/np800740m
https://doi.org/10.1124/jpet.102.042341
https://doi.org/10.1073/pnas.2435171100
https://doi.org/10.1016/j.pharmthera.2006.05.004
https://doi.org/10.1016/j.pharmthera.2006.05.004
https://doi.org/10.1073/pnas.0600194103
https://doi.org/10.1073/pnas.0600194103
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-594708 October 9, 2020 Time: 17:8 # 13

Benkherouf et al. Humulone Modulation of GABAA Receptors

neurons. J. Neurochem. 68, 1949–1959. doi: 10.1046/j.1471-4159.1997.6805
1949.x

Whiting, P. J. (2006). GABA-A receptors: a viable target for novel anxiolytics? Curr.
Opin. Pharmacol. 6, 24–29. doi: 10.1016/j.coph.2005.08.005

Wisden, W., Laurie, D. J., Monyer, H., and Seeburg, P. H. (1992). The distribution
of 13 GABAA receptor subunit mRNAs in the rat brain. I. Telencephalon,
diencephalon, mesencephalon. J. Neurosci. 12, 1040–1062. doi: 10.1523/
JNEUROSCI.12-03-01040.1992

Yamashita, M., Marszalec, W., Yeh, J. Z., and Narahashi, T. (2006). Effects of
ethanol on tonic GABA currents in cerebellar granule cells and mammalian
cells recombinantly expressing GABA(A) receptors. J. Pharmacol. Exp. Ther.
319, 431–438. doi: 10.1124/jpet.106.106260

Zanoli, P., Rivasi, M., Zavatti, M., Brusiani, F., and Baraldi, M. (2005). New insight
in the neuropharmacological activity of Humulus lupulus L. J. Ethnopharmacol.
102, 102–106. doi: 10.1016/j.jep.2005.05.040

Zhao, C., Hwang, S. H., Buchholz, B. A., Carpenter, T. S., Lightstone, F. C., Yang, J.,
et al. (2014). GABAA receptor target of tetramethylenedisulfotetramine.
Proc. Natl. Acad. Sci. U.S.A. 111, 8607–8612. doi: 10.1073/pnas.140737
9111

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Benkherouf, Eerola, Soini and Uusi-Oukari. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 13 October 2020 | Volume 14 | Article 59470846

https://doi.org/10.1046/j.1471-4159.1997.68051949.x
https://doi.org/10.1046/j.1471-4159.1997.68051949.x
https://doi.org/10.1016/j.coph.2005.08.005
https://doi.org/10.1523/JNEUROSCI.12-03-01040.1992
https://doi.org/10.1523/JNEUROSCI.12-03-01040.1992
https://doi.org/10.1124/jpet.106.106260
https://doi.org/10.1016/j.jep.2005.05.040
https://doi.org/10.1073/pnas.1407379111
https://doi.org/10.1073/pnas.1407379111
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnmol-13-552787 October 13, 2020 Time: 17:29 # 1

ORIGINAL RESEARCH
published: 19 October 2020

doi: 10.3389/fnmol.2020.552787

Edited by:
Helene TRICOIRE-LEIGNEL,
Université d’Angers, France

Reviewed by:
Muddanna Sakkattu Rao,
Kuwait University, Kuwait

Jinsoo Seo,
Daegu Gyeongbuk Institute

of Science and Technology (DGIST),
South Korea

*Correspondence:
Gong-ping Liu

liugp111@mail.hust.edu.cn
Rong-Hong Ma

ronghma@126.com
Dan-Ju Luo

danjuluo86@163.com;
395393924@qq.com

†These authors have contributed
equally to this work

Received: 17 April 2020
Accepted: 19 August 2020

Published: 19 October 2020

Citation:
Sun D-s, Zhong G, Cao H-X,

Hu Y, Hong X-Y, Li T, Li X, Liu Q,
Wang Q, Ke D, Liu G-p, Ma R-H and

Luo D-J (2020) Repeated Restraint
Stress Led to Cognitive Dysfunction

by NMDA Receptor-Mediated
Hippocampal CA3 Dendritic Spine

Impairments in Juvenile
Sprague-Dawley Rats.

Front. Mol. Neurosci. 13:552787.
doi: 10.3389/fnmol.2020.552787

Repeated Restraint Stress Led to
Cognitive Dysfunction by NMDA
Receptor-Mediated Hippocampal
CA3 Dendritic Spine Impairments in
Juvenile Sprague-Dawley Rats
Dong-sheng Sun1†, Gang Zhong2†, Hong-Xia Cao3†, Yu Hu4, Xiao-Yue Hong4, Ting Li4,
Xiao Li4, Qian Liu4, Qun Wang4, Dan Ke4, Gong-ping Liu4,5* , Rong-Hong Ma6* and
Dan-Ju Luo7*

1 Institute of Anesthesiology & Pain (IAP), Department of Anesthesiology, Taihe Hospital, Hubei University of Medicine,
Shiyan, China, 2 Department of Otorhinolaryngology, Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China, 3 Department of Pathology, Tongji Hospital, Tongji Medical College, Huazhong University
of Science and Technology, Wuhan, China, 4 Department of Pathophysiology, School of Basic Medicine
and the Collaborative Innovation Center for Brain Science, Key Laboratory of Ministry of Education of China for Neurological
Disorders, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, 5 Co-innovation Center
of Neuroregeneration, Nantong University, Nantong, China, 6 Department of Clinical Laboratory, Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology, Wuhan, China, 7 Department of Pathology, Union
Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

Although numerous studies have indicated that chronic stress causes cognitive
dysfunction with the impairment of synaptic structures and functions, the relationship
between cognitive deficits induced by repeated restraint stress and the level of NMDA
receptors in the subregion of the hippocampus has been relatively unknown until now.
In this study, 3-week-old male Sprague-Dawley rats were exposed to repeated restraint
stress for seven consecutive days, their cognitive functions were evaluated through
behavioral tests, and then they were sacrificed for electrophysiological, morphological,
and biochemical assays. Chronic repeated restraint stress led to cognitive and
electrophysiological impairments, with a reduced density of dendritic spines. We also
found that the protein level of NMDA receptors only increased in the hippocampal
CA3 region. Nevertheless, repeated restraint stress-induced cognitive and synaptic
dysfunction were effectively reversed by Ro25-6981, an inhibitor of the GluN2B receptor.
These findings suggest that repeated restraint stress-induced synaptic and cognitive
deficits are probably mediated through NMDA receptors.

Keywords: chronic stress, cognitive dysfunction, NMDA receptors, CA3 region, hippocampus, synaptic
impairment

INTRODUCTION

Stress induces dramatic changes in the hippocampal structure and function (McEwen, 2000b; Vyas
et al., 2002), as well as severely influences mood and cognitive functions (Kim and Diamond, 2002;
de Kloet et al., 2005). Many studies have reported that stress reinforced long-term depression (LTD),
a major form of synaptic plasticity-related to learning and memory through N-methyl-D-aspartate
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receptors (NMDA-receptor) in the hippocampal CA1 region
(Kim et al., 1996; de Kloet et al., 1999; McEwen et al., 2012).
A complex series of prominent cellular and molecular changes
occur in the brain exposed to chronic stress, which is associated
with cognitive dysfunction (Nasca et al., 2015; Zhou et al., 2018).
Chronic stress leads to cognitive deficits and growth inhibition
of neuronal dendrites, while the deleterious effects caused by
chronic stress are reversed after phosphatase PDE2 inhibition (Xu
et al., 2015). Some studies have reported that chronic repeated
stress suppressed the neurogenesis in the hippocampal dentate
gyrus (DG), reduced hippocampal DG long-term potentiation
(LTP), and induced atrophy of hippocampal DG, as well as
resulted in shrinkage and debranching of dendrites in the
hippocampal CA3 region (McEwen, 2000a; Nasca et al., 2015;
Zhou et al., 2018). Further studies showed that chronic restraint
stress induced the retraction of the apical dendrite involved
in the modulation of NMDA receptors in the hippocampal
CA3 region (Christian et al., 2011), increased hippocampal
glutamate uptake and release (Fontella et al., 2004), and enhanced
metabotropic glutamate receptor-mediated LTD (Sengupta et al.,
2016). In addition, chronic restraint stress was reported to
induce atrophy of the CA1 hippocampus (Sandi and Pinelo-
Nava, 2007; Lupien et al., 2009), reduce hippocampal CA1-LTP
(Bhagya et al., 2017), and cause apoptosis of neurons and the
reduction of dendritic spine density in the hippocampus CA1
region (Huang et al., 2015).

The N-methyl-D-aspartic acid receptor is a subtype of the
ionotrophic glutamate receptor and is principally distributed
in the neuronal postsynaptic membrane (McBain and Mayer,
1994). It is made up of two subunits: NMDA-receptor subunit
NR1 (GluN1) and NMDA-receptor subtype 2 (GluN2) that
contain multiple subtypes (GluN2A, GluN2B, GluN2C, and
GluN2D) (Randall and Thayer, 1992; McEwen, 2000b). The
NMDA receptor not only plays a key role in the function of the
nervous system involved in the regulation of neuron growth and
excitability as well as mediation of neurite growth and synaptic
plasticity, but is also closely associated with the formation of
neural circuits (Olney, 1986; McEwen, 2000a; Xu et al., 2015),
which is of vital importance in the processes of learning and
memory (Tsien, 2000). The NMDA receptor is also crucial for
dynamic maintenance of synaptic stability correlating with the
preservation of remote memories (Cui et al., 2004). However, a
high glutamate level causes over-activation and overexpression
of the NMDA receptor; and impairs the structure and function
of the brain (Olney, 1986). Many studies have found that over-
activation of the NMDA receptor causes excitatory toxicity,
which results in neuronal death and degeneration (Donohue
et al., 2006; Huang et al., 2015; Bhagya et al., 2017). Consequently,
NMDA receptor-mediated excitatory neurotoxicity may play
a vital role in cognitive impairment and neuronal synaptic
degeneration correlating with stress. However, the relationship
between cognitive deficits induced by repeated restraint stress
and the level of NMDA receptors in the subregion of the
hippocampus has not been clear until now.

In the present study we investigated the effect of chronic
repeated restraint stress on Sprague-Dawley rats (SD, 3-week-
old) for seven consecutive days on the structure and function

of the hippocampal regions and its underlying molecular
mechanism. We found that repeated restraint stress exposure led
to cognitive dysfunction with reduced dendritic spines density
and LTP, and enhancement of LTD. NMDA receptor protein
levels increased only in the CA3 region of the hippocampus.
Nevertheless, these cognitive and LTD deficits were partially
reversed by treatment with a GluN2B inhibitor.

MATERIALS AND METHODS

Animals
We obtained 3-week-old male SD rats (weighing 100 ± 20 g)
from the Laboratory Animal Center of Huazhong University of
Science and Technology. All rats were housed in polypropylene
cages and kept in a stable ambient temperature (23 ± 1◦C)
with a regulated 12/12 h (light/dark) cycle. Food and drink were
available ad libitum. The animal experimental procedure was
conducted according to the “Policies on the Use of Animals and
Humans in Neuroscience Research,” and approved by the Ethics
Committee of Tongji Medical College, Huazhong University of
Science and Technology.

Repeated-Stress Procedure
The repeated-stress procedure on rats was conducted as
previously described (Mozhui et al., 2010). Briefly, rats were
placed in air-assessable cylinders (the container size was similar
to the animal size, which made the animal almost immobile in
the container) for 2 h daily (14:00 to 16:00) for seven consecutive
days. The control rats were not exposed to chronic repeated stress
and remained undisturbed in the home cage.

Morris Water Maze (MWM) Test
The learning and spatial memory abilities of rats were assessed
by the Morris water maze (MWM) test 24 h after stress exposure
cessation. A circular pool (60 cm high and 160 cm in diameter)
full of water (22 cm in depth) was used for the MWM test. The
water in the pool was opacified by using dry milk and the water
temperature was kept at 22–24◦C. The pool was virtually divided
into four quadrants. A circular platform (10 cm diameter) was
submerged 1.5 cm below the water level in a fixed point in one
of the quadrants (Platform quadrant). For spatial learning, rats
were trained to search the platform hidden in water for 5 d
(four trials per day) in a row from 14:00 to 20:00. Experimental
operators let the rats face the wall of the pool and start from
one of the four quadrants, and allowed the animals to search for
the platform for 60 s in each trial. If the animals climbed onto
the hidden platform in the allotted time, the training trial was
automatically terminated, and then the rats stayed there for 30 s.
If the animals could not find the hidden platform at the allocated
time (60 s), the operators guided them to the platform and kept
them there for 30 s. The escape latency and swimming path of
each rat were recorded using a video camera (Ethovision, Noldus
Information Technology, Beijing, China) fixed to the ceiling. For
spatial memory, the operators removed the platform and the time
spent in each quadrant and the total times crossing the place
where the escape platform was located were recorded.
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Novel Object Recognition (NOR) Test
The recognition memory of the rats was assessed using the novel
object recognition (NOR) test. Briefly, the rats were placed in
the arena to explore two identical objects (cylindrical) located
in opposite corners of the arena for 10 min in the acquisition
trial. After 24 h, the novel object test was performed. One of the
two cylindrical objects was replaced with a cubical object (novel
object). The animals were permitted to explore both objects for
10 min. An overhanging camera connected to a computer was
used to record the behavior and the exploration time on each
object for each rat, and object investigation ratio (the time spent
exploring the novel object or familiar object divided by the total
10 min during the test trial), discrimination ratio (the difference
in time spent exploring the novel and familiar objects divided by
the total time spent exploring both objects during the test trial),
and exploration time (the total exploration time on both objects
during acquisition trial) were analyzed using a software system.

Fear Condition (Fear Memory) Test
A fear condition test was performed as described previously in
our lab (Jin et al., 2017). The animals were placed in a sound-
attenuated chamber with a metal grid floor. In the training
phase (1st day) each animal was placed in the chamber for
3 min to habituate the testing environment and then three
consecutive foot shocks with 1-min interval (0.5 mA, 2 s
duration) was delivered. After the last foot shock was completed,
the rat was returned to the cage. In the fear conditioning
testing phase (2nd day), each rat was placed in the same
chamber and stayed there for 3 min without any stimulus.
A video camera fixed onto the chamber was used to record
the freezing time (freezing, defined as a lack of movement
except for heart beat and respiration, associated with a crouching
posture). The freezing time was measured by software. The
ratio of freezing time during the training/test phase was defined
as the freezing time divided by the total time during the
training/test phase.

Electrophysiological Measure
Rats were deeply anesthetized and the brain was removed,
following which coronal slices (300-µm thick) were cut by a
Leica vibratome in ice-cold artificial cerebrospinal fluid (aCSF)
containing: NaCl 126 mM, KCl 3.0 mM, MgCl2 1.0 mM, CaCl2
2.0 mM, NaH2PO4 1.25 mM, NaHCO3 26 mM, and glucose
10 mM, saturated with 95% O2, 5% CO2 (pH 7.4). Afterward,
the slices were transferred into an incubation chamber filled with
oxygenated aCSF to recover for 1 h before measurement. Slices
were laid down in a chamber with an 8 × 8 microelectrode
array in the bottom planar (each 50 × 50 µm in size,
with an interpolar distance of 450 µm) and kept submerged
in aCSF (4 mL/min) with nylon silk glued to a platinum
ring. The MED64 system (Alpha MED Sciences, Panasonic,
Osaka, Japan) was used to acquire signals as described in
the previous report (Li et al., 2019). The field excitatory
postsynaptic potentials (fEPSPs) were elicited by stimulating
the mossy fiber in the dentate hilus and recorded in CA3.
Stimulation intensity was adjusted to evoke fEPSP slopes that

were 40% of the maximal size. LTP was induced by applying
one train of high-frequency stimulation (HFS; 100 Hz, 1 s
duration at test strength). LTD was induced by applying a
900 train of low-frequency stimulation (1 Hz, 15 min duration
at test strength). AP-5 (2-amino-5-phosphopentanoic acid, an
NMDA receptor inhibitor, Sigma) 50 µM, PEAQX ([[[(1S)-1-
(4-Bromophenyl) ethyl] amino] (1,2,3,4-tetrahydro-2,3-dioxo-
5-quinoxalinyl)methyl] phosphonic acid tetrasodium hydrate,
a GluN2A inhibitor, Sigma) 0.5 µM, or Ro25-6981 (GluN2B
inhibitor, Sigma) 0.5 µM was present in aCSF 10 min before and
during LFS stimulation.

Microinfusion
To investigate the effect of Ro25-6981 on cognition, rats were
microinfused with Ro25-6981 in the CA3 region 30 min
before restraint stress. For the microinfusion experiments,
guide cannulas were implanted into the CA3 region bilaterally.
After implantation, the guide cannula was secured to the
skull with three skull screws and dental acrylic and closed
with an obturator. Ro25-6981 (0.5 µM) or equal volume of
normal saline was administered by stereotactic intracerebral
injection (1 µl for 5 min) via a guide cannula and retained
for 10 min after injection. Following restraint stress, the
rats were subjected to the novel object recognition and
fear condition test.

Golgi Staining
The effect of exposure to repeated restraint stress on the
morphology of hippocampal neurons were investigated by
Golgi-Cox impregnation using a GD Rapid Golgi Stain
Kit (FD NeuroTechnologies). Briefly, the rats were deeply
anesthetized and perfused with 500 ml of phosphate buffer
saline. After 5 min, brains were quickly removed, and then
immersed in impregnation solution (equal volumes of solutions
A and B, containing HgCl2, Cr2K2O7, and CrK2O4) and
stored at 20◦C. The impregnation solution was replaced
every 2 days. After 3 weeks, brains were dehydrated in
30% sucrose solution for 5 d. A Leica vibrates microtome
was used to section the brain sagittally (50 µm), and the
sections were mounted on gelatin-coated microscope slides. The
slides were immersed in distilled water for 1 min, ammonia
solution for 30 min in the dark, Kodak fixing solution for
30 min in the dark, distilled water for 1 min, 50%, 70%,
and 95% alcohol for 1 min each, 100% alcohol for 5 min
(three times), and CXA solution (xylene:chloroform:anhydrous
ethanol = 1:1:1) for 5 min in turn. Subsequently, the
sections were sealed with neutral balsam and dried in
a fume hood. A light microscope (Nikon) was used to
image the sections.

The density of the spine was measured on apical tertiary
dendritic segments of the CA1 and CA3 pyramidal neuron, and
tertiary dendrites of DG neurons. For the spine analysis, a Zeiss
AxioImager microscope with a 63× oil immersion objective was
used to acquire the images of the dendritic segments, and a
previously reported method in our lab was used to analyze the
spine morphology (Jin et al., 2018). Though it could not assess
the spine density in a 3-dimensional manner, the method focused
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on spines parallel to the plane of sectioning. When treatment
groups were analyzed identically, the method facilitated a direct
comparison, though the total number of spines may have
been underestimated. The linear spine density, presented as the
number of spines per 10 µm of dendrite length, was calculated
by the Image J software. Data from 5 to 7 neurons per rat were
averaged and used for statistical analysis.

RNA Extraction and Quantitative
Real-Time PCR
TRIzol reagents were used to isolate total RNA from the
fresh hippocampus of rats according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, United States)
and a reverse transcription reagent kit (Takara, Dalian,
China) was used to transcribe RNA into cDNA. The
produced cDNA (2 µl) was used for real-time PCR
with primer: 5′-AGAGCCCGACCCTAAAAAGAA-
3′ and 5′-CCCTCCTCCCTCTCAATAGC-3′ for
GluN1, 5′-TGAGAATTGCTCGGTGTCTG-3′ and
5′-ACCTGGCACTGTAG GAATGG-3′ for GluN2A,
5′-GGCTACGGCTACACATGGAT-3′ and 5′-
CCTCT TCTCGTGGGTGTTGT-3′ for GluN2B,
and 5′-TGTTACCAACTGGGACGACA-3′ and
5-ACCTGGGTCATCTTTTCACG-3′ for β-actin.

Western Blotting
The rats were decapitated under deep anesthesia and the
tissue of hippocampal CA1, CA3, or DG regions were quickly
dissected from the brain on ice. The hippocampal tissues were
homogenized in ice-cold buffer (containing Tris 10 mM, NaCl
50 mM, Na3VO4 0.5 mM, NaF 50 mM, EDTA 1 mM, and PMSF
1 mM) plus a protease-inhibitor cocktail (Sigma P8340). Later,
the extract was sonicated 15 times by a probe-type sonicator after
boiling for 10 min. The BCA protein assay kit (Pierce) was used
to measure the protein concentration of the sample. The samples
were stored at−80◦C.

For western blotting, an equal quantity of protein from each
sample was subjected to 10% SDS-PAGE. Subsequently, the
proteins were transferred onto nitrocellulose membranes and
blocked with non-fat milk (5%) for 1 h. The blots were incubated
with primary antibodies listed in Table 1 at 4◦C for 12 h, and then
incubated with goat anti-mouse or anti-rabbit IgG conjugated
to IRDye (diluted as 1:10,000, 800CW, Licor Biosciences,
United States) for 1 h at room temperature. Finally, an Odyssey

infrared imaging system (Li-Cor Biosciences, United States) was
used to visualize and analyze the immunoreactive bands.

Statistical Analysis
The data were expressed as mean ± SEM or mean ± SD and
analyzed by one-way analysis of variance followed by Bonferroni’s
post hoc tests or Student’s unpaired t-test with the SPSS version
18.0 statistical software (SPSS Inc., Chicago, IL, United States).
Statistical significance was considered as a p-value of < 0.05.

RESULTS

Repeated Restraint Stress Led to
Cognitive Dysfunction in SD Rats
To investigate the effects of repeated restraint stress on learning
and memory functions, the MWM test was first performed
24 h after stress exposure cessation. The representative images
of swim trace during the training or test phase are shown as
Figures 1A and B. We found that escape latency (time taken
to escape onto the platform) in rats exposed to restraint stress
significantly increased on the fourth and fifth day compared
with the control during the training trial (Figure 1C), indicating
that repeated restraint stress exposure weakened the learning
ability of the animals. Similarly, repeated restraint stress notably
increased the escape latency to find the target zone when the
platform was located earlier (Figure 1D), as well as significantly
decreased the number of crossing and the time spent in the target
quadrant during the memory probe test phase (Figures 1E,F).
The swimming speed (mean swimming speed of days 1–5) had
no significant change (Figure 1G), which meant that the animals
had no motor deficits.

To further prove repeated restraint stress-induced cognitive
deficits, we next conducted a novel object recognition and
fear conditioning test. We found that repeated restraint stress
exposure impaired the recognition memory as revealed by a
NOR test, which showed a significant decrease in the time
exploring the novel object (the object investigation ratio and
discrimination ratio) and no difference in the exploration time
in repeatedly stressed rat compared to control rats (Figure 2).
Meanwhile, the freezing time was significantly reduced in the
animals administrated with repeated restraint stress (Figure 3),
which was measured by the contextual fear conditioning test.
These findings suggest that repeated restraint stress induces
learning and memory deficits.

TABLE 1 | Antibodies used in the study.

Antibody Specific Type WB Source

GluN2A N-methyl-D-aspartate receptor subtype 2A pAb 1:1,000 Abcam

GluN2B N-methyl-D-aspartate receptor subtype 2B pAb 1:1,000 Abcam

GluN N-methyl-D-aspartate receptor subunit NR1 mAb 1:1,000 Millipore

GluA1 AMPA-selective glutamate receptor 1 pAb 1:1,000 Thermo

GluA2 AMPA-selective glutamate receptor 1 mAb 1:1,000 Abcam

Pan C-terminus of human Cadherins mAb 1:500 Abcam

DM1A α-tubulin mAb 1:1,000 Sigma
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FIGURE 1 | Repeated restraint stress exposure led to cognitive deficits detected by the MWM test. The representative swimming trace of the rats during training (A)
and memory test (B) in the water maze. Escape latency (time taken to escape onto the platform) during training (C). During test, escape latency (D), the time spent
in quadrant (E), and the numbers crossing the site where the platform placed (No. of crossing) (F). The swimming speed (mean swimming speed of days 1–5) of the
control and rats exposed to repeated stress in the MWM test (G). OPP, opposite quadrant; AL, adjacent left quadrant; Targ, target quadrant; AR, adjacent right
quadrant. All data were expressed as mean ± SEM (n = 8 rats each group). *p < 0.05, **p < 0.01 vs Ctrl.

FIGURE 2 | Repeated restraint stress exposure impaired recognition memory detected by the NOR test. The representative heat map for the rats moving in novel
object recognition test (A). F, the familiar object; N, the novel object. The object investigation ratio (the time spent in exploring the novel object or familiar object
divided by the total 10 min during the test trial) (B) (**p < 0.01 vs Novel), discrimination ratio (the difference in time spent in exploring the novel and familiar objects
divided by the total time spent in exploring both objects during the test trial) (C), and exploration time (the total exploration time on both objects during acquisition
trial) (D). All data were expressed as mean ± SEM (n = 8 rats each group). *p < 0.05 vs Ctrl.

Repeated Restraint Stress Increased the
Expression of NMDA Receptors in the
Hippocampal CA3, but Not CA1 and DG
Regions
To investigate the molecular mechanisms underlying the
repeated restraint stress-induced cognitive dysfunction, we
measured NMDA receptor expression in the hippocampus

of rats. The total level of GluN1, GluN2A, or GluN2B was
significantly increased in the hippocampus of rats exposed
to repeated restraint stress, compared with the control
(Figures 4A,B). Similarly, mRNA levels of the NMDA receptors
were also increased (Figure 4C) under repeated restraint stress
conditions. Further we measured NMDA receptor expression in
different hippocampal regions. We found that repeated restraint
stress significantly increased the total protein and mRNA levels
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FIGURE 3 | Repeated restraint stress impaired fear memory ability detected
by contextual fear condition test. The ratio of freezing time during training
phase (A) and test phase (B). All data were expressed as mean ± SEM (n = 8
rats each group). *p < 0.05 vs Ctrl.

of GluN1, GluN2A, and GluN2B in the hippocampal CA3 region
(Figures 4D–F).

In contrast to the hippocampal CA3 region, stress did not
significantly alter the protein (Figures 5A–D) and mRNA levels
(Figures 5E,F) of NMDA receptors in the hippocampal CA1
and DG regions. These data suggest that repeated restraint

stress specifically influenced the level of NMDA receptors
in the CA3 region.

Dendritic Plasticity Was Impaired in the
Hippocampal CA3 Region by Repeated
Restraint Stress
The increased protein level of the NMDA receptor may induce
excitatory neurotoxicity. In order to explore the neurobiological
mechanism of the repeated restraint stress-induced cognitive
dysfunction, we measured LTP and LTD in CA3 by stimulating
the mossy fiber of dentate hilus in acute hippocampal slices.
Compared with the control, a significantly attenuated LTP was
detected in the rats exposed to repeated restraint stress after HFS
(Figures 6A,B). Additionally, repeated restraint stress induced
a significantly enhanced LTD after low-frequency stimulation
(Figures 6C,D).

The spines of the dendritic branches are the structural and
functional units, which are tightly associated with learning and
memory function. Thus, Golgi impregnation was used to verify
the structural changes after exposure to restraint stress. We found
that the dendritic spine density in the hippocampal CA3 region
significantly decreased in rats exposed to repeated restraint stress
compared with the control (Figure 7A), while they had no

FIGURE 4 | Repeated restraint stress increased NMDA receptor protein levels in the hippocampal CA3 region. The protein and mRNA levels of
N-methyl-D-aspartate receptor subtype 1 (GluN1), N-methyl-D-aspartate receptor subtype 2A (GluN2A), N-methyl-D-aspartate receptor subtype 2B (GluN2B),
AMPA-selective glutamate receptor 1 (GluA1), and AMPA-selective glutamate receptor 2 (GluA2) in the hippocampus estimated by western blotting (A,B) or
qRT-PCR (C) methods, respectively. The total protein or mRNA levels of N-methyl-D-aspartate receptor subtype 1 (GluN1), N-methyl-D-aspartate receptor subtype
2A (GluN2A), and N-methyl-D-aspartate receptor subtype 2B (GluN2B) in the hippocampal CA3 region estimated by western blotting (D,E) or qRT-RCR (F)
methods, respectively. Relative intensity is expressed as the level of each protein against the level of DM1A, which was quantified using the Image J software. Data
were expressed as mean ± SD (n = 3 rats each group). *p < 0.05, **p < 0.01, ***p < 0.001 vs Ctrl.
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FIGURE 5 | Repeated restraint stress failed to change the protein level of NMDA receptors in the hippocampal CA1 and DG regions. The protein levels of
N-methyl-D-aspartate receptor subtype 1 (GluN1), N-methyl-D-aspartate receptor subtype 2A (GluN2A), and N-methyl-D-aspartate receptor subtype 2B (GluN2B) in
the hippocampal CA1 (A,B) or DG (C,D) region estimated by western blotting. The total mRNA levels of N-methyl-D-aspartate receptor subtype 1 (GluN1),
N-methyl-D-aspartate receptor subtype 2A (GluN2A), and N-methyl-D-aspartate receptor subtype 2B (GluN2B) in the hippocampal CA1 (E) or DG (F) region
estimated by qRT-PCR methods. Relative intensity is expressed as the level of each protein against the level of DM1A, which was quantified using the Image J
software.

significant change in the CA1 and DG areas (Figures 7B,C).
These findings suggest that repeated restraint stress impaired
dendrite spine plasticity.

Repeated Restraint Stress-Induced LTD
Enhancement in the Hippocampal CA3
Region and Cognitive Dysfunction Was
Blocked by an Inhibitor of GluN2B
To ascertain which subunit of the NMDA receptor was
responsible for repeated restraint stress-induced synaptic
impairments, we again measured LTP and LTD at the mossy

fiber-CA3 circuit of a pre-intervention brain slice from
rats exposed to chronic restraint stress with AP-5 (NMDA
receptor inhibitor), PEAQX (GluN2A inhibitor), or Ro25-
6981 (GluN2B inhibitor). We found that AP-5 (NMDA
receptor inhibitor) pre-intervention failed to ameliorate
the impairments of LTP induced by HFS (Figures 8A,B),
while repeated restraint stress-induced enhancement of LTD
was blocked after AP-5 pre-intervention (Figures 8C,D). In
addition, we further found that the inhibitor of GluN2B (Ro25-
6981), but not GluN2A (PEAQX) pre-intervention, blocked
the enhancement of repeated restraint stress-induced LTD
(Figures 8E–H).
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FIGURE 6 | Repeated restraint stress attenuated LTP and enhanced LTD. Effects of repeated restraint stress exposure in LTP, which was elicited by stimulating the
mossy fiber in the dentate hilus and recorded in CA3 (A), and quantitative analyses for normalized fEPSPs 80–90 min after HFS (B). Effects of repeated stress
exposure in LTD (C), and quantitative analyses for normalized fEPSPs 80–90 min after LFS (D). Data were expressed as mean ± SD (n = 4 rats each group).
***p < 0.001 vs Ctrl.

We further detected the effects of Ro25-6981 (GluN2A
inhibitor) on cognitive defects. Results showed a significant
increase in the ratio of time spent on novel object exploration

FIGURE 7 | Repeated restraint stress decreased the density of dendritic
spines in the hippocampal CA3 region. Representative dendritic spine images
and quantitative analyses of dendritic spine density in the hippocampal
neurons of CA3 (A), CA1 (B), or DG regions (C). Scale bars = 10 µm. Data
were expressed as mean ± SD (5 to 7 neurons per rat, four rats each group).
**p < 0.01 vs Ctrl.

and freezing time of the repeated restraint stressed rats, compared
with control rats. Thus Ro25-6981 can ameliorate the behavioral
deficit induced by stress (Figure 9).

DISCUSSION

Numerous studies have found that stress is a crucial regulatory
factor for cognitive function, which can lead to poor
outcomes including depression and cognitive impairment
(Sandi and Pinelo-Nava, 2007; Lupien et al., 2009; Aznar
and Knudsen, 2011). As a major structure of the brain
associated with cognition and mood, the hippocampus is
extremely susceptible to chronic stress exposure (Lupien
et al., 2009). Herein, our results showed that repeated stress
exposure for seven consecutive days severely impaired the
learning and memory function of SD rats. Meanwhile,
repeated stress exposure was found to significantly impair
dendritic spine plasticity, as well as increase the NMDA
receptor level in the hippocampal CA3 region. Conversely,
cognitive dysfunction and impairment of the dendritic spine
plasticity induced by repeated stress exposure were partially
reversed after administrating an inhibitor of the NMDA
receptor GluN2B.

Compared with chronic unpredictable stress, chronic restraint
stress exposure more significantly induced neuronal dendritic
atrophy in the hippocampal CA3 region (Vyas et al., 2002), as
shown by significantly decreased dendrite length and branching
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FIGURE 8 | Repeated restraint stress-induced enhancement of LTD was blocked by AP-5 or Ro25-6981. Pretreating with NMDAR antagonist AP-5 (A) failed to
rescue the attenuation of LTP in slices from rats exposed to repeated stress, and quantitative analyses (B) for normalized fEPSPs 80–90 min after HFS. The
facilitation of LTD was blocked in slices from rats exposed to repeated stress by pretreating with AP-5 (C,D) or selective GluN2B antagonist Ro25-6981 (G,H).
Pretreating with GluN2A antagonist PEAQX had no effect on LTD in slices from rats exposed to repeated stress (E,F). All data were expressed as mean ± SD (n = 4
rats each group). Ctrl + Vec: pretreating slice from control rats with vehicle; RS + Vec: pretreating slice from rats exposed to repeated stress with vehicle; RS + AP-5:
pretreating slice from rats exposed to repeated stress with AP-5; RS + PEAQX: pretreating slice from rats exposed to repeated stress with PEAQX; RS + Ro25:
pretreating slice from rats exposed to repeated stress with Ro25-6981. ***p < 0.001 vs Ctrl; ###p < 0.001 vs RS.
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FIGURE 9 | Repeated restraint stress-induced memory deficits were reversed
by the inhibition of GluN2B. The object investigation ratio (A) and
discrimination ratio (B) of rats during a novel object recognition test. The
freezing time ratio of rats during the training phase (C) and test phase (D)
detected by a contextual fear condition test. All data were expressed as
mean ± SEM (n = 8 rat each group). Ctrl: rats untreated + vehicle; RS + Vec:
rats injected with vehicle and exposed to repeated stress; RS + Ro25: rats
injected with Ro25-6981 and exposed to repeated stress. *p < 0.05,
***p < 0.001 vs Ctrl + Vec; ###p < 0.001 vs RS + Vec.

number in the hippocampal CA3 region. NMDA receptors
play critical roles in neuronal plasticity and memory abilities
(Scannevin and Huganir, 2000; Newcomer and Krystal, 2001).
Some studies have indicated that chronic restraint stress resulted
in an increase in glutamate release (Gilad et al., 1990; Lowy
et al., 1993), which may trigger the morphologic changes of
neuronal synapse related to stress via activation of an NMDA
receptor (Magariños and McEwen, 1995). NMDA receptor-
mediated excitotoxicity induced by the excessive release of
glutamate (Tapia, 1996) is considered to be one of the major
underlying mechanism for atrophy of neuronal dendrites, which
is caused by chronic exposure to restraint stress. Furthermore,
Christian et al. (2011) found that selective deletion of the
NMDA receptor in CA3 pyramidal neurons restricted dendrites
retraction, which indicated that chronic stress-induced retraction
of the hippocampal neuron dendrites requires NMDA receptors
of the hippocampal CA3 region. Consistent with previous
reports, we also found that chronic restraint stress exposure
significantly reduced the density of dendritic spines and increased
the NMDA receptor protein level in the hippocampal CA3
region, which is probably associated with NMDA receptor-
mediated neuroexcitotoxicity.

The increased protein level of the NMDA receptor may induce
excitatory neurotoxicity, which plays a vital role in neuronal
synaptic degeneration (Donohue et al., 2006; Huang et al., 2015;
Bhagya et al., 2017). LTP and LTD are the two most widely

used neurophysiological measures, which are considered to be
the foundation of learning and memory (Malenka and Bear,
2004). One study found that either glucocorticoid-induced or
stress exposure for 14 consecutive days showed impairment of
LTP (Park et al., 2015). Moreover, other researchers found that
behavioral stress through a blockade of glutamate uptake, led
to the activation of an NMDA receptor, which impaired LTP
and facilitated the LTD of a hippocampal CA1 neuron (Yang
et al., 2005). In addition, chronic immobilization stress was
found to stably enhance the metabotropic glutamate receptor-
dependent LTD in the hippocampal CA1 region (Sengupta
et al., 2016). In our study, chronic repeated restraint stress
impaired the neuronal LTP and facilitated the induction of
neuronal LTD in the hippocampal CA3 region. Meanwhile,
we also noticed that AP-5 (an NMDA receptor inhibitor) pre-
intervention failed to significantly ameliorate the impairment of
the hippocampal CA3 LTP, indicating that impairment of LTP
caused by repeated restraint stress exposure probably involves
other signaling pathways except NMDA receptors, which needs
further investigation. However, the enhanced effect of LTD
induced by repeated restraint stress exposure was blocked after
AP-5 pre-intervention, suggesting that repeated restraint stress-
induced LTD was partly mediated by the NMDA receptor.

To further study the underlying mechanism of enhancement
of LTD induced by repeated restraint stress exposure, we used
PEAQX (GluN2A inhibitor) and Ro25-6981 (GluN2B inhibitor)
as a pre-intervention. We found that the GluN2A-inhibition
by PEAQX pre-intervention failed to affect the induction and
maintenance of LTD in rats exposed to repeated stress, while the
induction of LTD was blocked by Ro25-6981 (GluN2B inhibitor).
Massey et al. reported that the activation of GluN2A-containing
NMDA receptors was required to induce cortical LTP, while the
activation of GluN2B-containing NMDA receptors was required
to induce cortical LTD (Massey et al., 2004). Thus, our present
findings suggest that repeated restraint stress-induced LTD was
probably mediated through GluN2B activation.

Cumulative works indicate that chronic stress markedly
affects the hippocampal morphology. Repeated stress causes the
shortening and debranching of dendrites in the hippocampal
CA3 region and suppresses neurogenesis of DG granule
neurons, reduces hippocampal DG-LTP, and induces atrophy of
hippocampal DG (McEwen, 2000a; Nasca et al., 2015; Zhou et al.,
2018). In the CA1 area, the structural changes reported after
chronic stress include alterations in the lengths of the terminal
dendritic segments of pyramidal cells, reduction of dendritic
spine density, and hippocampal CA1-LTP (Huang et al., 2015;
Bhagya et al., 2017). The induced structural and functional
changes in different hippocampal regions depend upon the type,
intensity, and duration of the stressor. Also, the age of the suffered
animal, for example childhood, adolescence, adulthood or aging
has an impact on brain structures involved in cognition. Animal
genus (rat or mouse) or strain (SD or Wistar rat) is another
important factor.

By the way, chronic stress-induced hippocampal
neuroanatomical and functional changes through glutamate-
mediated excitotoxicity, which imply that increased levels of
surface NMDA receptors, not total levels, may correlate with
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neurotoxicity in chronic restraint stress models. In a future
study, we will investigate the NMDA receptor level on surface
membranes and the underlying mechanisms.

In conclusion, chronic repeated restraint stress exposure-
induced cognitive dysfunction is mediated through impaired
dendritic plasticity, as well as an increased level of NMDA
receptors in the CA3 area of the hippocampus in SD rats.
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The Z-Drugs Zolpidem, Zaleplon, and
Eszopiclone Have Varying Actions on
Human GABAA Receptors Containing
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γ-Aminobutyric-acid type A (GABAA) receptors expressing the γ1 or γ3 subunit are
only found within a few regions of the brain, some of which are involved in sleep.
No known compounds have been reported to selectively target γ1- or γ3-containing
GABAA receptors. Pharmacological assessments of this are conflicting, possibly due
to differences in experimental models, conditions, and exact protocols when reporting
efficacies and potencies. In this study, we evaluated the modulatory properties of five
non-benzodiazepine Z-drugs (zaleplon, indiplon, eszopiclone, zolpidem, and alpidem)
used in sleep management and the benzodiazepine, diazepam on human α1β2γ

receptors using all three γ subtypes. This was accomplished using concatenated
GABAA pentamers expressed in Xenopus laevis oocytes and measured via two-
electrode voltage clamp. This approach removes the potential for single subunits to
form erroneous receptors that could contribute to the pharmacological assessment
of these compounds. No compound tested had significant effects on γ1-containing
receptors below 10 µM. Interestingly, zaleplon and indiplon were found to modulate γ3-
containing receptors equally as efficacious as γ2-containing receptors. Furthermore,
zaleplon had a higher potency for γ3- than for γ2-containing receptors, indicating
certain therapeutic effects could occur via these γ3-containing receptors. Eszopiclone
modulated γ3-containing receptors with reduced efficacy but no reduction in potency.
These data demonstrate that the imidazopyridines zaleplon and indiplon are well suited
to further investigate potential γ3 effects on sleep in vivo.

Keywords: GABAA receptors, Z-drugs, modulators, γ1 subunit, γ3 subunit, zolpidem, zaleplon, eszopiclone

INTRODUCTION

γ-Aminobutyric-acid type A (GABAA) receptors are ligand-gated ion channels that mediate most
inhibitory responses in the brain. These receptors are made up of five building block subunits,
and in mammals, there are nineteen identified subunits, α1-6, β1-3, γ1-3, δ, ε, θ, π, and ρ1-3
(Sieghart and Savic, 2018). Receptors typically form from two α, two β, and one of either γ or δ

with the most widely expressed combination made from two α1, two β2/3, and one γ2, denoted
as α1β2/3γ2 (Olsen and Sieghart, 2008). Distinctive GABAA receptor subtypes are found based
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on their cellular and anatomical locations and behave differently
in response to agonists and modulating compounds.

Each GABAA subunit contains a principal side (+) and a
complimentary side (−). GABA binding within the β(+) and
α(−) interface induces a conformational change in the receptor
channel allowing Cl− ions to pass into the cell to hyperpolarize
neurons and make action potentials less likely (Figure 1).
Benzodiazepines and Z-drugs allosterically modulate GABAA
receptors making the frequency of Cl− channel opening more
likely. These drugs bind to the interface within the α(+) and γ(−)
(Sigel and Buhr, 1997; Zhu et al., 2018) to reduce the brain’s
excitability and thus are primarily prescribed for their effects
as anxiolytics, hypnotics, anti-epileptics, and muscle relaxants.
Z-drugs are the most commonly prescribed treatment for
insomnia and compared with benzodiazepines they more closely
induce normal physiological sleep (Klimm et al., 1987; Fleming
et al., 1988). However, it is still not precisely characterized which
regions Z-drugs act on to induce sleep.

While three γ subunits exist, the actions of benzodiazepines
and Z-drugs have typically been associated with the γ2 subunit
with little information available for γ1 and γ3 subunits. The γ1 or
γ3-subunits are found in at most 10 or 15% of GABAA receptors,
respectively (Quirk et al., 1994; Benke et al., 1996; Sieghart and
Sperk, 2002). Temporally, the γ2 subunit is expressed throughout
all stages of development, while γ1 subunit expression peaks
around birth and γ3 subunit expression peaks in 2-week old
animals (Laurie et al., 1992; Allen Institute for Brain Science,
2008) GABAA receptors with a γ1 subunit have been detected
mainly in the amygdala, basal ganglia, hypothalamus, thalamus,
and in astrocytes, while receptors with γ3 subunits show some

FIGURE 1 | A schematic diagram of a concatenated pentamer GABAA

receptor construct. Linkers concatenating subunits are shown as arrows. The
GABA binding site (orange arrowhead) is shown between the β2(+) and α(–)
interfaces and the benzodiazepine binding site (gray arrowhead) is between
the α1(+) and γ(–) interfaces.

expression in the basal ganglia, thalamus, and midbrain (Bovolin
et al., 1992; Quirk et al., 1994; Pirker et al., 2000; Sieghart
and Sperk, 2002; Hertz and Chen, 2010). The thalamus and
hypothalamus regions are intricately involved in the maintenance
of the sleep-wake cycle (Gent et al., 2018) and Z-drugs have been
shown to affect clusters of nuclei in these regions (Jia et al., 2009;
Kumar et al., 2011; Uygun et al., 2016). Hence, it is a genuine
possibility that γ1- or γ3-containing receptors could also play
a role in the hypnotic effects of Z-drugs. Indeed the interface
between α(+)/γ(−) is believed to be sensitive to benzodiazepine
binding in both γ1 and γ3 containing receptors, though some
ligands might have lower potencies and/or efficacies because of
amino acid sequence differences (Knoflach et al., 1991; Sieghart,
1995; Khom et al., 2006).

Although some Z-drugs have been evaluated on γ1 or γ3-
containing GABAA receptors, it is difficult to conclude any
clear effects mediated from these subunits as there is conflicting
literary evidence of the modulative ability of Z-drugs. This
may be due to differences in experimental models, conditions,
and exact protocols reported for efficacy and potencies of
these compounds. Furthermore, studies that utilize Xenopus
laevis oocytes to investigate the pharmacology of Z-drugs have
conflicting results potentially due to using single subunit cRNAs
to express recombinant receptors. Using single subunit cRNAs
in a heterologous expression system can potentially result
in a mix of receptor populations. For example, if unlinked
cRNAs for α1, β2, and γ subunits are injected into a cell,
there is potential for GABAA receptors to assemble from only
α1 and β2 with two different stoichiometries [i.e., (α1)2(β2)3
or (α1)3(β2)2], potentially confounding results. Therefore, our
group has recently optimized receptor concatenation technology
to ensure a single receptor subtype population with assembly in
the correct orientation (Liao et al., 2019).

In the present study, we systematically evaluated the
pharmacology of five Z-drugs including the pyrazolopyrimidines
(zaleplon and indiplon), cyclopyrrolones (zopiclone and its
isolated S-enantiomer eszopiclone), and imidazopyridines
(zolpidem and alpidem), along with diazepam on γ1, γ2, and
γ3 concatenated pentameric GABAA receptors (Figure 2).
We found that zaleplon, indiplon, and eszopiclone show
comparable efficacy and potency on γ3 as γ2-containing
receptors. Furthermore, zolpidem and alpidem modulate γ2
receptors with exclusive selectivity at concentrations below
10 µM. These data clarify conflicting observations and provide
further insight into the receptor subtype populations targeted
by Z-drugs, and identifies zaleplon, indiplon, and possibly
eszopiclone as useful tools for further studies that understand the
role γ3-containing receptors in sleep.

MATERIALS AND METHODS

Materials
GABA, diazepam, alpidem, and all salts and chemicals not
specifically mentioned were purchased from Sigma-Aldrich.
Zolpidem was purchased from Chemieliva (Yubei District,
Chongqing, China), zaleplon was purchased from Alomone Labs
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FIGURE 2 | Chemical structures and classes of the drugs used in this study.

(Jerusalem, Israel), eszopiclone was purchased from Clearsynth
(NJ, United States), and indiplon was purchased from Tocris
(VIC, Australia). Human cDNA for α1 β2, γ1,2,3 GABAA
receptor subunits were gifts from Saniona A/S. Oligonucleotides
were purchased from Sigma-Aldrich. Restriction enzymes,
Q5 polymerase, T4 DNA ligase, and 10-beta competent
Escherichia coli were from New England Biolabs (Ipswich, MA,
United States). Collagenase A was purchased from Roche (Basel,
Switzerland). DNA purification kits were from Qiagen (Hilden,
Germany). The QuickChange II Site-Directed Mutagenesis Kit
was from Agilent Technologies (Santa Clara, CA, United States).
The mMessage mMachine T7 transcription kit–were purchased
from Thermo Fisher Scientific (Waltham, MA, United States).

Molecular Biology
To ensure homogenous receptor populations and subunit
orientation, we used concatenated receptors expressed in X. laevis
oocytes. Concatenated pentameric constructs were created using
the subunits γx-β2-α1-β2-α1 (where x = 1, 2, or 3). A detailed

description of the creation of concatenated receptor constructs
has been previously described (Liao et al., 2019). Briefly, natural
restriction sites BamHI, HindIII, and KpnI restriction sites in
the γ1, 2, 3, β2, or α1 subunits were removed through silent
mutations using site-directed mutagenesis. Linker sequences of
13 amino acids inserted between the natural C-terminal in the
transmembrane segment 4 of the γ subunit and the N-terminal
leucine anchor of the β subunit through standard PCR reactions
and subunit cDNA ligated together (corresponding to a total
linker length of 28 total amino acids between subunits) This
was found to be an optimal length for relatively pure receptor
expression and orientation without compromising function
(Liao et al., 2019). Inserted linker lengths are as follows γx-
13a-β2-27a-α1-18a-β2-27a-α1. E. coli bacteria were hosts for
plasmid amplification and plasmid purification was performed
using standard kits. RNA was produced from DNA using the
mMessage mMachine T7 Transcription kit (Thermo Fisher
Scientific, Waltham, MA, United States), but due to the size
of the pentameric constructs (>10 kb), guanosine triphosphate
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concentration was increased to give a final cap analog to
guanosine triphosphate ratio of 2:1.

Expression of GABAA Receptors in
X. laevis Oocytes
The collection and preparation of oocytes were done as
previously described (Ahring et al., 2016). Briefly, ovarian
lobes were removed from anesthetized adult X. laevis following
protocol approval by the Animal Ethics Committee of The
University of Sydney (AEC No. 2016/970) in accordance with the
National Health and Medical Research Council of Australia code
for the care and use of animals. Oocytes were prepared by slicing
lobes into small pieces and defolliculated through collagenase A
treatment. Stage V and VI oocytes were injected with around
50 nL of 0.5 ng/nL RNA for each concatenated construct or α1/β2
subunits in a 1:1 ratio and incubated for 3–4 days at 18◦C in
modified Barth’s solution (96 mM NaCl, 2.0 mM KCl, 1 mM
MgCl2, 1.8 mM CaCl2, 5 mM HEPES, 2.5 mM sodium pyruvate,
0.5 mM theophylline, and 100 µg/mL gentamicin; pH 7.4).

Electrophysiological Recordings Using
Two-Electrode Voltage Clamp
This technique was performed as previously described (Ahring
et al., 2016, 2018; Liao et al., 2019). Briefly, oocytes sit in a
custom-built chamber and continuously perfused with a saline
solution, ‘ND96’ (96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM
CaCl2, and 10 mM HEPES; pH 7.4). Glass electrode pipettes were
filled with 3 M KCl, with resistances ranging from 0.4 to 2 M�.
Oocytes were clamped to −60 mV using an Axon GeneClamp
500B amplifier (Molecular Devices). Currents were filtered at
20 Hz with a four-pole low pass Bessel filter (Axon GeneClamp
500 B) and digitized by a Digidata 1440A (Molecular Devices).
Sampling was taken at 200 Hz and analyzed using pClamp 10.2
suite (Molecular Devices).

Stock solutions of 3.16 M GABA in ultrapure water and
drug solutions of 100 mM in DMSO were stored at −20◦C and
aliquoted to avoid repeated freeze-thaw cycles. Each recording
day, a fresh stock was used to prepare dilutions. The maximal
concentration of DMSO in final drug ND96 solutions was<0.1%.

Experimental Design
GABA concentration-response curves were determined for
each construct as follows. To ensure RNA expression and
reproducibility, a set of control applications were first applied
consisting of three applications of 40 µM GABA, one 316 µM
application, and three more 40 µM applications. After this, ten
solutions of GABA each increasing in concentration by a factor of
3.16 were used starting with 100 nM and ending with 3.16 mM.
Applications lasted for 30 s and were followed by 2–5 min of
washout. EC50 and EC10 were calculated from this curve.

The drug modulation experiments were done as follows. Like
the GABA dose-response curves, first, a set of three control
applications were run consisting of GABA EC10, then a maximal
response of GABA 3.16 mM, followed by three more GABA EC10.
Before the application of modulators, EC10 was confirmed by
comparing the ratio of the current of the last control application
to the maximal response current. For each drug, 6 concentrations

increasing by a factor of 10, ranging from 0.1 nM to 10 µM,
were co-applied with GABA EC10 for 30 s followed by 2–
5 min of washout.

Data and Statistical Analysis
The final dataset was from a minimum of four experiments
and a minimum of two different X. laevis donors. Raw traces
were analyzed using pClamp 10.2. Episodic traces for each
application were overlaid and the baseline was subtracted.
Peak current amplitude was quantified by measuring maximum
inward current for each response. Peak current amplitudes (I)
were fitted to the Hill equation and normalized to the maximal
fitted response (Imax). The calculated Emax response is expressed
as a percentage of the current obtained through GABA EC10
(actual GABA control percentage for each experiment is listed in
Table 1). The Emax response and EC50 values were calculated by
using non-linear regression to fit the data to the Hill equation
in a monophasic model with three variables (top, bottom, EC50)
using GraphPad Prism 8. Efficacy at infinitely low compound
concentration was set to 0, and the slope was constrained
to 1. For GABA concentration-response curves, the slope was
unconstrained and listed in Table 1. Means are reported ± one
SD. To compare differences in Emax response, EC50 values within
drug groups and across γ3 and γ2 receptors, or to compare γ1/3
receptor responses at 10 µM with binary α1β2 receptors, one-
way ANOVAs were run with Sidak multiple comparisons test. F
tests, respectively, are [F (7, 48) = 32.77, p < 0.0001] and [F (7,
48) = 75.69, p < 0.0001], and [F (14,57) = 48.68, p < 0.0001]. All
reported statistically significant comparisons within the results
section are p< 0.01.

RESULTS

GABA Response of Concatenated γ1-,
γ2-, and γ3-Containing GABAA
Receptors
To ensure homogenous receptor populations and subunit
orientation, we used concatenated receptors expressed in X. laevis
oocytes. Concatenated pentameric constructs were created using
the subunits γ-β2-α1-β2-α1 (where γ = γ1, γ2, or γ3). Subunits
were linked with artificial linker sequences optimized to give
relatively pure receptor expression and orientation without
compromising function (Liao et al., 2019).

We first measured the concentration-response for GABA
on each construct (Figure 3A). Upon visual inspection
of representative traces (Figure 3B), γ1 and γ2 receptors
presented similar current decay profiles at the highest GABA
concentrations while the γ3 receptor showed a shorter current
decay time. This could indicate that γ3 receptors undergo a
higher degree of desensitization upon prolonged GABA exposure
than the γ1 and γ2 receptor counterparts.

The three receptor subtypes presented EC50 values in the
range of 42–153 µM with γ3 being the most sensitive and
γ1 being the least sensitive to GABA. The value for the γ2-
containing concatenated receptor (EC50 of 111 µM) is in good
agreement with Liao et al. (2019). Previously reported GABA
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TABLE 1 | Potency and efficacy of Z-drugs on GABAA receptors with varying γ subunits.

GABAA Construct Zaleplon Indiplon Zolpidem Alpidem Eszopiclone Diazepam

γ1 (α1β2γ1) Mean GABAControl (%) 10.7 ± 4 9.6 ± 4 10.6 ± 4 10.8 ± 4 12.5 ± 4 12.2 ± 4

Emax (%) No fit No fit No fit No fit No fit No fit

Modulation at 10 µM 126 ± 3 22 ± 7 15 ± 6 44 ± 10 18 ± 19 43 ± 6

EC50 No fit No fit No fit No fit No fit No fit

Log(EC50) No fit No fit No fit No fit No fit No fit

n value 6 4 5 5 5 5

γ2 (α1β2γ2) Mean GABAControl (%) 8.2 ± 3 8.5 ± 2 9.5 ± 2 10.4 ± 3 8.6 ± 3 9.3 ± 3

Emax (%) 307 ± 34 231 ± 18 487 ± 66 512 ± 80 356 ± 37† 284 ± 23†

Modulation at 10 µM 305 ± 59 238 ± 31 484 ± 124 542 ± 176 349 ± 70 272 ± 46

EC50 203 nM* 13.1 nM∗ 230 nM 502 nM 301 nM 139 nM*

Log(EC50) −6.69 ± 0.2* −7.88 ± 0.2* −6.64 ± 0.3 −6.3 ± 0.4 −6.52 ± 0.2 −6.86 ± 0.2*

n value 6 8 5 7 6 5

γ3 (α1β2γ3) Mean GABAControl (%) 10.7 ± 2 12 ± 1 10.2 ± 4 10.3 ± 1 10 ± 2 10.4 ± 2

Emax (%) 277 ± 26 263 ± 18 No fit No fit 207 ± 20† 168 ± 24†

Modulation at 10 µM 262 ± 53 249 ± 14 101 ± 37 126 ± 16 199 ± 26 156 ± 35

EC50 56 nM* 47.8 nM* No fit No fit 554 nM 1920 nM*

Log(EC50) −7.25 ± 0.2* −7.32 ± 0.2* No fit No fit −6.26 ± 0.2 −5.72 ± 0.3*

n value 8 7 5 8 8 8

Mean values shown ± SD, no fit indicates data could not fit to hill equation.
†Post hoc test p ≤ 0.0001 comparing Emax (%) within drug groups for γ2 vs. γ3 receptors {one-way ANOVA [F (7,48) = 32.77, p < 0.0001]}.
∗Post hoc test p ≤ 0.0001 comparing Log(EC50) within drug groups for γ2 vs. γ3 receptors {one-way ANOVA [F (7,48) = 75.69, p < 0.0001]}.

FIGURE 3 | (A) Normalized GABA concentration-response curves of α1β2γx receptors (x = 1,2,3) expressed as concatenated pentamers in Xenopus laevis oocytes
measured via two-electrode voltage clamp. Oocytes were injected with 50 nL of 0.5 ng/nL cRNA for each concatenated construct. Datapoints are depicted as
means ± SD (n = 12–14). Data were fitted by non-linear regression to the Hill equation with an unconstrained Hill slope. Log(EC50) and Hill slope parameters are as
follows; γ1 Log(EC50) = –3.82 ± 0.07 Hill slope = 1.22 ± 0.32, γ2 Log(EC50) = –3.96 ± 0.10 Hill slope = 1.19 ± 0.55, γ3 Log(EC50) = –4.38 ± 0.07 Hill
slope = 1.36 ± 0.63. (B) Representative traces of each construct with indicated concatenated subunit combination. Application bars designate 30 s application time
and concentrations of GABA are indicated at the peak of each trace.

EC50 values using single subunit injections of GABAA γ1, 2,
3 cRNAs in X. laevis oocytes show substantial variations in
obtained GABA potencies ranging from 5–100 µM, but generally,
γ3 receptors appear more sensitive to GABA (Knoflach et al.,
1991; Wafford et al., 1993; Ebert et al., 1994; Khom et al., 2006;
Esmaeili et al., 2009).

Comparing the Efficacy of Modulators
Between GABAA Receptor Subtypes
Positive allosteric modulators work by increasing the open-state
probability of a receptor in the presence of an endogenous

ligand (GABA). If the receptor is already at its maximal open-
state probability, then the modulator will have no additional
effect. For all γ-containing GABAA receptors, applications of
high concentrations of GABA (>1 mM) are typically able
to reach activation levels close to the maximal open-state
probability, hence, modulators show no efficacy under conditions
with high GABA concentrations. Whereas allosteric modulators,
by definition, should not gate the receptor in the absence
of GABA, substantial modulatory efficacies can be observed
as GABA concentrations are lowered toward zero. Therefore,
any efficacy of modulators described in percent will depend
entirely on the selected concentration of the endogenous ligand.
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Low concentrations of GABA co-applied with modulators will
yield large modulatory percent changes. Conversely, higher
concentrations of GABA co-applied with modulators give small
percent changes.

For our experiments, we selected to co-apply modulators with
a GABAcontrol concentration that yields 10% of the maximum
response (EC10) at the given receptor. Modulator efficacy is
reported as a percent change of evoked current amplitude
relative to the GABAcontrol application alone. To directly compare
modulator efficacy across different receptors, it was critical that
each experiment is run as close as possible to the EC10 of
that receptor subtype. Due to GABA potency variations both
between batches of oocytes and between individual oocytes,
each experiment began with a full GABA concentration-response
to determine EC10. Then for each oocyte, a set of 3 control
applications at EC10 followed by a max GABA application,
followed by three more EC10 applications were applied to confirm
that the chosen GABAcontrol concentration yielded ∼10% of
the maximum response. Any oocytes responding outside this
narrow range (10% ± 5) were discarded before continuing with
modulator experiments. GABAcontrol variation is reported in
Table 1.

Modulatory Potency and Efficacy of
Z-Drugs and Diazepam on GABAA γ1-,
γ2-, and γ3-Containing Receptors
We examined the modulatory effects of the non-benzodiazepines
‘Z-drugs’ (zaleplon, indiplon, eszopiclone, zolpidem, and
alpidem) and the benzodiazepine, diazepam on GABAA receptors
with varying γ subunits (Figures 4A–C). Representative traces
for each compound and receptor subtype are shown in
Figures 4D–F. Concentrations ranging from 10−10 to 10−5 M
were co-applied with GABA EC10. Full experimental results with
Log(EC50) ± SD are listed in Table 1. Unless stated otherwise, all
reported statistically significant comparisons have a p< 0.01.

Pyrazolopyrimidines
The pyrazolopyrimidines, zaleplon and indiplon, showed
a reverse potency preference for γ2 and γ3 receptors
(Figures 5A,B). Zaleplon had a ∼4-fold greater potency at
γ3 receptors compared with γ2 (EC50 of approximately 50 vs.
200 nM), while indiplon had a ∼4-fold greater potency for
γ2 vs. γ3 (10 vs. 45 nM). Neither compound had statistically
significant different efficacies when γ2 was replaced by γ3 with
Emax both in the range of ∼250–300%. On γ1 receptors, neither
compound showed sufficient potency to enable fitting to the Hill
equation within the concentration range tested. At the highest
concentration applied (10 µM), zaleplon elicited a modulatory
response of 125% and indiplon, 20%.

In support of these findings, previous competitive binding
studies using Ro15-4513 have suggested that zaleplon binds to γ3
GABAA receptors with an eightfold higher affinity than when γ2
is present (Dämgen and Lüddens, 1999). However, efficacy and
potency have only been studied for the α2β2γ3 receptor which
shows 10-fold less potency than what we have seen on α1β2γ3
with an EC50 of ∼500 nM.

Eszopiclone and Diazepam
The cyclopyrrolone, eszopiclone, and the benzodiazepine,
diazepam modulated both γ2 and γ3 containing receptors with
varying potency and efficacies and did not significantly modulate
γ1 containing receptors (Figures 5C,D). Substituting the γ3
receptor for γ2 had no statistically significant difference on
eszopiclone’s potency (in the range of 300–500 nM), but diazepam
had a ∼15-fold reduction (1900 vs. 150 nM). Both compounds
had ∼1.5-fold reductions in Emax when γ3 replaced γ2 (300 vs.
200%). At 10 µM, eszopiclone modulated γ1 receptors by 20%
and diazepam by 40% above GABA EC10.

No literary data are available for eszopiclone, however, the
racemic mixture zopiclone has been investigated. In a competitive
binding study from Dämgen and Lüddens (1999), a marginal
reduction in binding affinity was observed for zopiclone when
γ3 was replaced by γ2. Yet, in another study zopiclone was
observed to modulate α1β2γ3 receptors with comparable efficacy
and potency to that of α1β2γ2 (Davies et al., 2000). Hence,
eszopiclone and zopiclone seem to behave in a similar fashion at
γ2- and γ3 containing receptors A previous study of diazepam on
recombinant α1β2γ3 GABAA receptors shows good agreement
for the potency (EC50 of 1.95 µM), but they observed no
reduction in Emax comparing α1β2γ2 vs. α1β2γ3 receptors
(Lippa et al., 2005).

Imidazopyridines
The imidazopyridines, zolpidem, and alpidem were selective for
the γ2 subunit, not showing significant potencies to be able to
estimate an EC50 from fitting to the Hill equation for γ1 and
γ3 receptors (Figures 5E,F). Zolpidem and alpidem had Emax
on γ2 receptors ranging from 475–550%. Zolpidem’s EC50 on γ2
receptors was 230 nM and alpidem’s 500 nM. On γ3 receptors,
both compounds had a measured response at concentrations of
10 µM of near 125% of GABA EC10. Neither compound showed
robust efficacy on γ1 containing receptors. At 10 µM, zolpidem
elicited a response of 15% and alpidem 40% above GABAcontrol.
Overall this data indicates that zolpidem’s pharmacological
activity is likely to be related only to the γ 2 subunit.

Zolpidem’s selectivity for the γ2 subunit below 10 µM
correlates with previous studies both on the binding for the
γ1 (Benke et al., 1996) and γ3 subunit (Herb et al., 1992;
Lüddens et al., 1994; Tögel et al., 1994; Hadingham et al.,
1995; Sieghart, 1995; Dämgen and Lüddens, 1999), and with
measurements in oocytes showing 20% or less efficacy (Wafford
et al., 1993; Mckernan et al., 1995; Khom et al., 2006). These
observations contrast with studies using HEK293 cells expressing
α1βγ1 receptors observing zolpidem potentiating near 50–
75% (Puia et al., 1991) and with an EC50 around 200 nM
(Esmaeili et al., 2009).

α1β2 Binary Receptors
To investigate whether the modulation observed at high
compound concentrations on γ1 or γ3 receptors was specific to
the γ subunit, 10 µM of each compound was applied to α1β2
binary receptors. Potentiation values are depicted along with the
respective values at the γ-containing receptors in Figure 6. All
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FIGURE 4 | Modulatory actions of zaleplon, indiplon, eszopiclone, diazepam, zolpidem, and alpidem, on GABA evoked Cl− currents measured in human (A)
α1β2γ1, (B) α1β2γ2, and (C) α1β2γ3 GABAA receptors expressed in Xenopus laevis oocytes measured via two-electrode voltage-clamp. The data are expressed as
a percentage potentiation of GABA EC10 and are means ± SD (n = 4–8 from at least 2 separate Xenopus laevis donors). Data points were fitted to the Hill equation
with bottom set to 0 and slope constrained to 1. (D–F) Representative traces illustrating modulator concentration-response experiments.

6 tested compounds elicited small responses on α1β2 receptors,
with mean values ranging from 10–35%. Zaleplon was the only
compound to show significantly higher γ1 receptor modulation
above the value seen for α1/β2 receptors (p< 0.01) indicating that
potentiation observed is specific to the γ1 subunit. Importantly,
all tested compounds showed significantly higher potentiation
values at γ3 receptors compared with α1β2 receptors (p < 0.01)
indicating that modulation is specific to γ 3.

DISCUSSION

In this study, we examined the effectiveness of the Z-drugs
(zaleplon, indiplon, eszopiclone, zolpidem, and alpidem) and
the benzodiazepine, diazepam on GABAA receptors containing
γ1, γ2, or γ3 subunits under highly controlled experimental
conditions. We used concatenated pentamers expressed in
Xenopus laevis oocytes to reduce the potential of confounding
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FIGURE 5 | Modulatory actions of (A) zaleplon, (B) indiplon, (C) eszopiclone, (D) diazepam, (E) zolpidem, and (F) alpidem, on GABA evoked Cl− currents measured
in human α1β2γ1, α1β2γ2, and α1β2γ3 GABAA receptors expressed in Xenopus laevis oocytes measured via two-electrode voltage-clamp. The data are expressed
as a percentage potentiation of GABA EC10 and are means ± SD (n = 4–8 from at least 2 separate Xenopus laevis donors). Data points were fitted to the Hill
equation with bottom set to 0 and slope constrained to 1.

mixed receptor populations arising when single subunits are
injected (Boileau et al., 2002; Sigel et al., 2006; Ahring et al.,
2016; Liao et al., 2019). Furthermore, all experiments were
performed identically for each oocyte. Modulators were co-
applied with a GABAcontrol concentration eliciting 10% of the
maximum response.

α1β2γ2 Receptors
All the tested drugs are efficient and potent modulators of
γ2 receptors. Maximum efficacies ranged from 250–500% with
the most and least efficacious being alpidem and indiplon,
respectively. Potencies ranged from 10–500 nM with the most
and least potent being indiplon and alpidem, respectively. In
general, our results are within the range of variation from
previous studies (Puia et al., 1991; Davies et al., 2000; Sanna et al.,
2002; Petroski et al., 2006).

α1β2γ1 Receptors
None of the Z-drugs exhibited sufficient potency within the
tested concentration range to allow reliable fitting of the data
to the Hill equation at γ1 receptors. At the highest tested

concentration (10 µM) zaleplon had an efficacy of 125%. This
contrasts the structurally similar compound, indiplon which at
the same concentration did not affect α1β2γ1 receptors. Notably,
zaleplon’s modulation was likely specific to the γ1 subunit,
as the same concentration applied to α1/β2 receptors only
elicited 25% above GABAcontrol. It remains a possibility that even
higher concentrations of zaleplon could reveal further robust
modulation at γ1-containing receptors. However, we generally
chose to limit the concentration range tested to a maximum of
10 µM to avoid issues with compound solubility and potential
interfering efficacies from binding to secondary modulatory
sites as previously described for diazepam (Walters et al., 2000;
Sieghart, 2015; Masiulis et al., 2019).

There is some discrepancy regarding γ1-containing receptors
and zolpidem in the literature. Several studies observed that
zolpidem displays no binding (Benke et al., 1996), or low
maximum efficacies below 20% in α1βγ1 (Khom et al., 2006)
and α2βγ1 receptors (Wafford et al., 1993; Mckernan et al.,
1995) expressed in X. laevis oocytes. In contrast, other studies
using HEK293 cells expressing α1βγ1 receptors observe zolpidem
potentiations of near 50–75% (Puia et al., 1991) with an EC50
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FIGURE 6 | Modulatory actions of 10 µM (A) zaleplon, (B) indiplon, (C) eszopiclone, (D) diazepam, (E) zolpidem, and (F) alpidem, on GABA evoked Cl− currents
measured in human α1β2γ1, α1β2γ2, α1β2γ3, and binary α1β2 GABAA receptors expressed in Xenopus laevis oocytes measured via two-electrode voltage-clamp.
Data are expressed as percentage potentiation of GABA EC10 and are means ± SD (n = 3–8 from at least 2 separate Xenopus laevis donors). One-way ANOVA with
post hoc Sidak multiple comparisons test were calculated between all compounds on γ1 vs. α1β2 and between zolpidem and alpidem on γ3 vs. α1β2; *p < 0.01.

around 200 nM (Esmaeili et al., 2009). Differences in the
experimental protocol, expression systems, assembling receptor
populations, or chosen GABA control concentration may
account for some of these divergences. Nevertheless, our data
showing that zolpidem and the structurally similar compound,
alpidem have negligible effects on concatenated pentameric
α1β2γ1 receptors align with the findings that these compounds
do not modulate γ1-containing receptors.

While definitive high-resolution crystal or Cryo-EM
structures of GABAA receptors with bound diazepam exist
(Zhu et al., 2018), they are still lacking for Z-drugs. Mutational
studies and molecular modeling have provided insights into
the nature of the important amino acids determining Z-drugs’
binding within the α1(+)–γ2(−) interface. The necessary His101
residue on the α1(+) interface is a well-characterized component
of the benzodiazepine binding site (Wieland et al., 1992; Benson
et al., 1998; Mckernan et al., 2000), but there are also important
residues on the γ2(−) side. The amino acids Met130 and Phe77
have interactions with zolpidem, and mutating one or more of
these abolishes binding (Buhr and Sigel, 1997; Wingrove et al.,
1997). These residues are not present on the γ1 subunit, yet
introducing them into the γ1 subunit does not fully restore
zolpidem binding (Wingrove et al., 1997). Furthermore, the

γ2 Phe77 mutation when expressed in the mouse eliminated
zolpidem (but not flurazepam) dependent sedation and decreases
motor exploration (Cope et al., 2004). Overall, our data pose the
question of whether any of the tested drugs bind efficiently to
α1-γ1 interfaces within the tested concentration range.

α1β2γ3 Receptors
Zaleplon, indiplon, and eszopiclone modulate γ3-containing
GABAA receptors at therapeutically relevant doses while
diazepam, zolpidem, and alpidem do not. On α1β2γ3 receptors,
zaleplon has equal efficacy compared with α1β2γ2, and a four-
fold increase in potency. The structurally similar indiplon was
also equally as efficacious on γ3- as γ2 containing receptors,
but with reduced potency indicating that small differences in
pyrazolopyrimidines can alter selectivity preferences between
γ3- and γ2-containing GABAA subunits. Eszopiclone potentiates
α1β2γ3 receptors with equal potency to α1β2γ2, but with a 1.5-
fold reduction in efficacy. Overall these data indicate that even
though classes of Z-drugs are quite similar, the arylamide moiety
located at C4 of the pyrazolopyrimidines may be important for
binding to the γ 3 subunit.

Interestingly, high concentrations of zolpidem and alpidem
potentiated GABA at γ3 receptors. This effect is specific to
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the γ3 subunit, as the same concentration applied to α1/β2
receptors elicited little response. Previous competitive binding
studies using high-affinity benzodiazepine site ligands such as
flunitrazepam or Ro-154513 have indicated that zolpidem has no
binding to the classical γ3 receptor benzodiazepine site (Herb
et al., 1992; Lüddens et al., 1994; Tögel et al., 1994; Hadingham
et al., 1995; Sieghart, 1995; Dämgen and Lüddens, 1999).

Implications for Z-Drugs Hypnotic Effect
While clinical studies observing the pharmacokinetics and
pharmacodynamics of Z-drug mediated sleep are extensive, there
have been relatively few studies comparing how hypnotic drugs
target specific brain areas to induce sleep. Within the thalamus
and hypothalamus are clusters of nuclei that relay information
from subcortical structures to the cortex and both these regions
are important for sleep-wake maintenance. The thalamic reticular
nucleus generates characteristic sleep EEG firing rhythms, and
the lateral hypothalamus is part of an ascending pathway
stimulating cortical activity and wakefulness (Saper et al., 2001;
Gent et al., 2018). Interestingly, eszopiclone but not zolpidem
modulates GABAergic postsynaptic potentials in the thalamic
reticular nucleus (Jia et al., 2009) and suppresses activity in the
lateral hypothalamus (Kumar et al., 2011) to bring about sleep.
Both of these regions contain a wider variety of GABAA subunits
including the γ3 subunit (Pirker et al., 2000) which may, in part,
account for the differences. Compared to zolpidem, eszopiclone
has a faster sleep onset, more time spent in the restorative
non-rapid eye movement stage, and a differing EEG signature
(Xi and Chase, 2008).

There is a need to understand how hypnotics mediate their
effect to aid in future drug development. Z-drugs were designed
well before our detailed understanding of GABAA receptor
subtypes (Bardone et al., 1978; Arbilla et al., 1985; Beer et al.,
1997), and different GABAA subunit preferences contribute to
differences in drug action along with pharmacokinetic factors
like plasma concentration and drug half-life. In this study, we
limited receptors to only contain α1 in combination with γ1,
γ2, or γ3. While Z-drugs preferentially modulate α1 receptors
at low concentrations, at moderate to high concentrations they
also modulate receptors with α2 and α3 subunits (Petroski et al.,
2006; Nutt and Stahl, 2010; Ramerstorfer et al., 2010; Sieghart
and Savic, 2018), and these subunits may also play a role in
sleep generation (Kopp et al., 2004). In addition to α subunit
preference variations, we provide evidence here that there are
also differences in how Z-drugs modulate GABAA receptors with
γ3 subunits, but the significance of this in vivo is still unknown.
In addition, future studies should characterize receptors with γ3
subunits in combination with α 2/3.

The γ2 Phe77 mutation which abolishes zolpidem binding
has been used as an in vivo pharmacogenetic model to
explore zolpidem’s effects in particular brain regions (Wulff
et al., 2007). This approach revealed that zolpidem specifically
prolongs postsynaptic potentials within the hypothalamic
tuberomammillary nucleus, reducing histamine levels across
the brain sufficiently to induce sleep (Uygun et al., 2016).
Because γ3-containing receptors are expressed within the same
networks controlling sleep, elucidating any potential role they

play would be important for the development of better hypnotics.
Utilizing the approach of expressing the γ2 Phe77 mutation
may reveal residual non-γ2 mediated behavioral effects related
to zaleplon, indiplon, or eszopiclone administration. Moreover,
because indiplon is efficacious on γ3, but not γ1-containing
receptors, it would be well suited to specifically target γ3-
containing receptors.

In conclusion, the approach taken of using concatenated
GABAA receptors has overcome issues of forming unexpected
receptor populations when using single subunit cRNAs to express
recombinant receptors in X. laevis oocytes. We used this strategy
to clarify inconsistencies within the literature on what effects
Z-drugs have on γ1- and γ3-containing GABAA receptors.
Using this strategy, we have shown that zaleplon, indiplon,
and eszopiclone modulate γ3-containing GABAA receptors with
no effects on γ1-containing GABAA receptors below 10 µM.
Zolpidem and alpidem show no significant modulation on γ1 or
γ3 subunits below 10 µM indicating that their pharmacological
effects are likely limited to GABAA receptors with γ2 subunits.
Gaining a complete picture of the GABAA receptor subtypes
targeted by Z-drugs will help in the understanding of hypnotics
and aid in developing drugs that more closely replicate
physiological sleep with less adverse side effects.
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Neuronal nicotinic acetylcholine receptors (nAChRs) are prototypical cation-selective,
ligand-gated ion channels that mediate fast neurotransmission in the central and
peripheral nervous systems. nAChRs are involved in a range of physiological
and pathological functions and hence are important therapeutic targets. Their
subunit homology and diverse pentameric assembly contribute to their challenging
pharmacology and limit their drug development potential. Toxins produced by an
extensive range of algae, plants and animals target nAChRs, with many proving pivotal
in elucidating receptor pharmacology and biochemistry, as well as providing templates
for structure-based drug design. The crystal structures of these toxins with diverse
chemical profiles in complex with acetylcholine binding protein (AChBP), a soluble
homolog of the extracellular ligand-binding domain of the nAChRs and more recently
the extracellular domain of human α9 nAChRs, have been reported. These studies
have shed light on the diverse molecular mechanisms of ligand-binding at neuronal
nAChR subtypes and uncovered critical insights useful for rational drug design. This
review provides a comprehensive overview and perspectives obtained from structure
and function studies of diverse plant and animal toxins and their associated inhibitory
mechanisms at neuronal nAChRs.

Keywords: nAChRs, allosteric inhibitors, natural products, venom peptides, conotoxins, snake toxins,
dinoflagellate toxins

INTRODUCTION

Structure of Neuronal Nicotinic Acetylcholine Receptors
(nAChRs)
nAChRs are formed by the assembly of five transmembrane subunits. Seventeen different nAChR
subunits have been identified so far in mammals, including ten α (α1–10), four β (β1–4), γ, δ,
and ε subunits. Neuronal nAChRs are assembled either as homo-pentamers of α7, α8, and α9
or hetero-pentamers of α2–α6 in combination with β2–β4 or α9 with α10 subunits. In contrast,

Abbreviations: nAChRs, nicotinic acetylcholine receptors; LBP, ligand binding pocket; PNS, peripheral nervous system;
CNS, central nervous system; AChBP, acetylcholine binding protein; Ls, Lymnaea Stagnalis; Ac, Aplysia californica; ECD,
extracellular domain; TFTs, three-finger toxins; α-cbtx, α-cobratoxin; α-bgtx, α-bungarotoxin; MLA, methyllycaconitine;
d-TC, d-tubocurarine; DHβE, (+)-dihydro-β-erythroidine; SPX, 13-desmethyl spirolide C; GYM, gymonodimines A; PnTx,
pinnatoxin; CLR, Cys-loop receptor.
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the hetero-pentameric muscle nAChRs comprise two α1 plus a
β1, δ, and γ (fetal) or ε (adult) subunits (Figure 1A). The ligand
binding pocket (LBP) for agonists or antagonist in nAChRs is at
the interface between two neighboring subunits with one subunit
being the principal face and the other being the complementary
face (Figure 1B). In heteromeric nAChRs, the principal face
comes from one α subunit, while the complementary face
arises from non-α subunit. The binding of ligand stimulates
different functional states of nAChRs via the conformational
changes induced by the relative movement of the five subunits
to each other (Liu et al., 2008). The structural characters of the
LBP and the specific amino acid interactions between ligands
and this site determine the conformational transitions that lie
behind the pharmacological properties of a specific neuronal
nAChR subtype (Dani and Bertrand, 2007). Thus, different
pharmacological and biophysical properties are displayed by a
diverse range of neuronal nAChR subtypes underpinned by the
different subunit combinations. A complex expression profile in
the nervous system is also exhibited by different subtypes of
neuronal nAChRs. Together, this contributes to the complexity
in the structure and function of neuronal nAChRs and their
roles in the CNS.

Pharmacology of nAChRs
nAChRs regulate the flow of mainly sodium, potassium and
calcium ions across the cell membrane. The binding of ligands
triggers a tertiary conformational transition of nAChRs among
functionally distinct resting, open and desensitized states, with
subunit composition and class of agonists influencing the kinetics
of these conformational state transitions (Hurst et al., 2013).
Agonists bound at the orthosteric site of nAChRs initially
stabilize the open state and later a desensitized closed state,
while effectors bound at the allosteric site can modify the energy
barriers between transitions that shifts the equilibrium between
states (Bertrand and Gopalakrishnan, 2007). Desensitization state
may encompass short-and long-lived states of desensitization
where the latter state is favored by long exposure to low
concentration of agonists (Steinbach and Sine, 1987; De Biasi and
Dani, 2011). Electrophysiology has been pivotal in determining
the biophysical and pharmacological properties of different
nAChRs subtypes. For example, the α7 nAChR is characterized
by a low affinity for agonists, rapid activation, large conductance,
high permeability to Ca2+ and fast desensitization, while α4β2
nAChRs and α3β4 nAChRs have slow inactivating nicotinic
responses (Albuquerque et al., 2009). Interestingly, mutation
of a single amino acid (L247T) in the ionic pore of chick α7
nAChRs caused pleiotropic effects on the nature of this receptor
subtype, specifically the suppression of receptor desensitization,
the increase in ligand affinity and the change in pharmacological
profile of certain ligands from competitive antagonist into full
agonists. These properties of this mutant are suggested to
render a desensitized conductive state based on the basis of
the allosteric model (Bertrand et al., 1992). This phenomenon
has, in turn, shed light on the antagonism mechanism of
certain antagonists from natural toxins, which are discussed
later in this review.

Therapeutic Implications of nAChRs
nAChRs are broadly distributed across the peripheral nervous
system (PNS) and central nervous system (CNS) of both
simple and complex organisms. This highlights the importance
of nAChRs in the nervous system where they play a wide
range of functions from the mediation of different cognitive
processes to synaptic transmission from nerves to muscle.
Homomeric α7 nAChRs and heteromeric α4β2∗ nAChRs are
predominantly expressed in the human brain (Millar and
Harkness, 2008; Colombo et al., 2013) where they contribute to
the pathogenesis of a range of neurological disorders including
Alzheimer’s disease, schizophrenia, Parkinson’s disease and
depression (Freedman et al., 1995; Wang et al., 2000; D’Andrea
and Nagele, 2006). α7 and α4β2 nAChRs also contribute
to other non-neurological diseases, including a correlation of
both subtypes with nicotine addiction and nicotine-induced
behaviors (Buisson and Bertrand, 2002; Balfour, 2004) and the
overexpression of α7 nAChRs associated with small-cell lung
carcinomas (Sciamanna et al., 1997). Given their potential roles
in disease development and progression, α7 and α4β2 nAChRs
are currently one of the most studied nAChR subtypes. Recent
studies are now starting to delineate roles for other nAChRs
subtypes in a number of diseases. For example, despite the limited
neuronal distribution of α6β2∗ subtypes, expression of the α6
subunit in nociceptors suggests it could contribute to sensory
processing and pain (Hone and McIntosh, 2018), with an inverse
correlation between CHRNA6 expression and neuropathic pain
found in mice and humans (Wieskopf et al., 2015). More
recently, the α9∗ has also been implicated in modulating the
pathophysiology of neuropathic pain (Hone and McIntosh,
2018; Hone et al., 2018a). In contrast, dysfunction of muscle
nAChRs results in the impaired neuromuscular transmission and
muscle weakness typically associated with inherited mutations
and acquired diseases such as myasthenia gravis or congenital
myasthenic syndromes (Conti-Fine et al., 2006; Engel et al., 2015).

The therapeutically significant role of the nAChR subtypes
in several pathophysiological conditions, together with the
diversity in the subtype combinations, biophysical properties and
expression patterns present a formidable challenge in rational
drug discovery and design for this receptor family (Hogg et al.,
2003b; Hogg and Bertrand, 2004). This urges for thorough
insights into molecular and structural mechanisms governing
nAChR subtype selectivity to facilitate successful therapeutic
strategies for nAChR associated neuronal diseases (Lindstrom,
1997; Gotti and Clementi, 2004; Hogg and Bertrand, 2004).

Tools to Study nAChR Structure
A breakthrough in characterization of nAChRs-ligand
interactions came with the determination of the X-ray structure
of acetylcholine binding protein (AChBP), a naturally occurring
soluble protein homolog of nAChR (Brejc et al., 2001; Smit
et al., 2001). Despite a low sequence similarity, AChBPs and
nAChRs show remarkable structural homology (Brejc et al.,
2001), including the orthosteric ligand recognition site formed
by aromatic side chain residues found in nAChRs. However, the
ligand-bound AChBPs still require the translation of information
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FIGURE 1 | A functional nAChR is formed via the co-assembly of five subunits. (A) This pentameric complex can be homomeric or heteromeric combinations of α

and β subunits. Acetylcholine binding sites are illustrated as red triangles. (B) The nAChR ligand-binding site is located between two adjacent protomers where the
binding pocket is enclosed by loops (highlighted).

into individual nAChR subtypes via homology modeling in order
to build a more accurate model for the interactions of ligands at
targeted nAChRs.

A step forward in modeling the binding mechanism of ligands
at nAChRs is to make AChBP resemble a given nAChR subtype.
The crystal structure of the chimeric ligand binding domain
of the human α7 AChR with AChBP was introduced via the
substitution of selected native human α7 residues into Lymnaea
Stagnalis (Ls) or Aplysia californica (Ac) AChBP (Li et al.,
2011; Nemecz and Taylor, 2011). An alternative approach is
the crystallization of an isolated component of the full length
nAChR in complex with ligands at atomic level, which has
been performed with neuronal nAChR α9 subunit extracellular
domain (ECD). This approach could, in turn, improve the
modeling of other neuronal nAChR ECDs (Dellisanti et al., 2007;
Kouvatsos et al., 2016). Taken together, the co-crystal structure of
nAChR structural surrogates (AChBP, chimera AChBP or nAChR
ECD) in complex with different nAChR ligands is currently one
of the most popular approaches for structure-function studies of
nAChRs (Table 1). Importantly, inhibitors from natural toxins
take up a high percentage of the co-crystal structures of ligands
with nAChR structural surrogates.

NATURAL TOXIN INHIBITORS AT
NACHRS

A wide variety of toxins from algae, plants, and animals target
neuronal nAChRs to facilitate diverse prey capture and/or
defensive strategies. In fact, naturally occurring toxins from
snakes, plants, cone snails, and dinoflagellates dominate currently

known nAChR antagonists (Daly, 2005) and have progressed our
understanding of nAChR structure and function due to their
often exquisite potency and selectivity. This review will focus on
the chemistry and pharmacology of natural toxins inhibitors and
the ligand-binding interactions fundamental in their antagonism
at nAChRs (Figure 2).

Snake Toxins
Snake venoms are comprised of a complex cocktail of proteins
and peptides. These substances have optimally developed as lethal
weapons for predation and defense against predators. Snake
bite in humans can also have severe consequences including
peripheral neurotoxicity, renal failure, severe necrosis at the
bite site or coagulative and myotoxicity disorders that can be
debilitating or even fatal (Fry et al., 2006; Zhang, 2015). One of
the principal neurotoxic components of snake venom is a protein
family termed three-finger toxins (TFTs). Discovered over forty
years ago, TFTs remain valuable inhibitors for deciphering
the molecular details of nAChRs, including the now famous
α-cobratoxin (α-cbtx) isolated from Naja naja siamensis toxin
and α-bungarotoxin (α-bgtx) from Bungarus multicinctus (Utkin,
2013) (Table 1).

Chemistry
TFTs are characterized by a distinct protein fold comprising
of three adjacent β-stranded loops (fingers) emerging from a
small, globular, hydrophobic core connected by four conserved
disulfide bonds (Kessler et al., 2017).There are over five hundred
TFTs discovered to date that encompass subtle variations in
their loop sizes, turns and twists of various loops, and the
number of β-strands. These features together contribute to
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TABLE 1 | Co-crystal structure of naturally occurring nAChRs inhibitors with different AChBP.

Toxin Compound PDB Kd (nM) References

Ac-AChBP Ls-AChBP nAChR
subtype

Affinity (nM)

Plant toxin Methyllylcaconitine
(MLA)

2BYR, 3SH1,
3SIO
(α7/Ls-AChBP)

2.8 0.41 α7 0.025 (Chicken) Palma et al., 1996;
Yum et al., 1996; Hansen
et al., 2002, 2004, 2005

d-Tubocurarine
(d-TC)

2XYT 509.2 170.7 α7 2,975 (Human) Brams et al., 2011

Strychnine 2XYS 38.0 223.5 α7 4,854 (Human) Brams et al., 2011

(+)-dihydro-
β-erythroidine
(DHβE)

4ALX ND 52 α4β2 98 (Human) Iturriaga-Vasquez et al., 2010;
Shahsavar et al., 2012

Snake toxins α-Cobratoxin
(α-cbtx)

1YI5, 4D01 (α9
ECD)

191 3.2 α7 9 (α7–5HT3) Fruchart-Gaillard et al., 2002;
Hansen et al., 2004;
Bourne et al., 2005;
Zouridakis et al., 2014

α-Bungarotoxin
(α-bgtx)

3T4M
(α7/Ls-AChBP)

27
(α7/Ls-AChBP)

α7 0.4 (Human) Nemecz and Taylor, 2011

Conotoxins PnIA[A10L D14K] 2BR8 32.6 27.5 α7 260 (Human) Luo et al., 1999;
Celie et al., 2005

ImI 2C9T 33 (IC50) 4,140 (IC50) α7 132 (Human) Rogers et al., 2000;
Ulens et al., 2006

TxIA[A10L] 2UZ6 ND 6.2 α7 39 (Rat) Dutertre et al., 2007

GIC 5CO5 29 (IC50) ND α3β2 1.1 (Human) Lin et al., 2016

LsIA 5T90 5.44 (IC50) 210 (IC50) α3β4 NA Abraham et al., 2017

LvIA 5XGL 131.6 ND α4β2 46.8 (Human) Xu et al., 2017

PeIA 5JME ND ND α6β4 9.9 (Human)
154 (Rat)

Hone et al., 2018b

RgIA 6HY7 ND ND α9α10 1400 (Human) Ren et al., 2019;
Zouridakis et al., 2019

Phycotoxin 13-desmethyl
spirolide C (SPX)

2WZY 0.019 1.2 α7 0.7 (Human) Bourne et al., 2010;
Hauser et al., 2012

Gymonodimine A
(GYM)

2 × 00 0.0047 0.0013 α7 1 (Human) Bourne et al., 2010;
Stivala et al., 2015

Pinnatoxin A
(PnTx-A)

4XHE <0.05 170 α7 0.107 (Human) Bourne et al., 2015

Pinnatoxin G
(PnTx-G)

4XK9 0.86 360 α7 5.06 (Human) Bourne et al., 2015

their functional diversity (Dutertre et al., 2017). TFTs are
classified into curaremimetic α-neurotoxins, κ-neurotoxins, and
muscarinic toxins. α-Neurotoxins are further characterized
into two major structural types: the short-chain α-neurotoxins
with 60–62 amino acid residues and four disulfide bridges,
and the long-chain toxins with 66–74 residues and five
disulfide bonds (Tsetlin and Hucho, 2004; Dutertre et al., 2017;
Figure 3A).

Pharmacology
The primary target of TFTs is the muscle-type nAChRs. Both the
short and long-chain α-neurotoxins inhibit the skeletal muscle
neuromuscular junctions at the same binding site with equal
affinity. In fact, a breakthrough in nAChR research was facilitated
by the discovery of the long-chain toxins α-bgtx (Chang and
Lee, 1963). The high affinity binding of this α-neurotoxins to
muscle-type nAChRs allowed the first isolation, identification
and purification of nAChRs from the electric organ of Torpedo

marmorata ray for biophysical characterizations (Karlsson et al.,
1972; Olsen et al., 1972; Unwin, 1993; Utkin, 2013). However,
a number of long-chain α-neurotoxins, including α-cbtx and
α-bgtx, also inhibit neuronal α7 nAChRs with high affinity
(Tsetlin and Hucho, 2004). Meanwhile, κ-neurotoxins preferably
target neuronal α3-containing nAChRs (Chiappinelli, 1983;
McLane et al., 1993).

Plant Toxins
Molecules not required for normal plant physiology are termed
as secondary metabolites (Green et al., 2013). These molecules
exhibit diverse chemical structures ranging from the simple, low
molecular weight molecules to the highly complex molecules,
including toxins that perturb biological systems. Paralytic plant
toxins have been used historically for hunting (Bisset, 1991)
such as the curares that potently inhibit or activate nAChRs.
Indeed, since their characterization, these toxins have been key
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FIGURE 2 | nAChR inhibitors isolated from toxins of plants, snake, cone snail and algae with distinct chemical profiles have been used extensively in
structure-function studies to unravel the diverse molecular mechanisms of ligand-binding at neuronal nAChR subtypes. Images of representative source of toxins
from plants (Delphinum), snake (Naja naja siamensis), cone snail (Conus textile), and algae (Alexandrium ostenfeldii) are displayed with their corresponding nAChR
inhibitors chemical structures. The image of Naja naja siamensissanke is reprinted with permission from Dr. Jan Detka, Maj Institute of Pharmacology, Polish
Academy of Sciences, Poland. The image of Conus textile is reprinted with permission for Dr. Himaya SWA, Institute for Molecular Bioscienc, Australia. The image of
Alexandrium ostenfeldii is reprinted with permission from Bengt Karlson, SMHI, Sweden, source: Nordic Microalgae, http://nordicmicroalgae.org.

tools to understanding nAChRs pharmacology (Daly, 2005).
Among nAChR inhibitors from plants, a few notable plant toxins
that have been studied extensively so far are methyllycaconitine
(MLA) from Aconitum and Delphinium (larkspur) (Jennings
et al., 1986), d-tubocurarine (d-TC) from Chondrodendron
tomentosium plant (Wintersteiner and Dutcher, 1943) and
strychnine from Strychnos nux vomica tree (Matsubayashi et al.,
1998; Talcott, 2013) and (+)-dihydro-β-erythroidine (DHβE)
from Erythrina americana species (Folkers and Major, 1937;
Table 1).

Chemistry
Most plant toxin inhibitors, including DHβE, MLA, d-TC and
strychnine, belong to the alkaloids group (Figure 3B). This class
of naturally occurring organic compounds is characterized by
their amino acid-derived nitrogen-containing bases (Rujjanawate
et al., 2003). Alkaloids can be classified based on their structures,

such as indoles, quinoline, isoquinolines, pyrrolidines, pyridines,
pyrrolizidines, tropanes, and terpenoids and steroids (Hussain
et al., 2018). MLA is a diterpenoid alkaloid possessing two main
structural features responsible for its toxicity: an N-ethyl bicyclo
tertiary alkaloid nitrogen atom and a C-18 anthranilic acid ester.
Meanwhile, d-TC is a quinoline alkaloid (Kukel and Jennings,
1994) characterized by a monoquaternary monotertiary amine
(Tuba et al., 2002). In addition, strychnine is a terpene indole
alkaloid characteristic of a six-membered benzene ring fused to
a five-membered nitrogen-containing pyrrole ring. This pyrrole
ring with nitrogen atoms is responsible for the pharmacologically
active properties of the indole ring (Rivera and Barrueto, 2014).
On the other hand, alkaloids can also be categorized by its family
of plant species. DHβE is a member of the Erythrina alkaloids
having a unique tetracylic spiroamine scaffold. This scaffold
allows DHβE to be a potential candidate to develop small subtype
selective nAChR antagonists (Jepsen et al., 2014).
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FIGURE 3 | The structures of nAChRs inhibitors from plant, snake, cone snail and dinoflagellate toxins: (A) chemical structures of plant toxins: methyllylcacotinine,
d-Tubocurarine, strychnine and (+)-dihydro-β-erythroidine (DHβE) (Daly, 2005); (B) three-dimensional structure of the three-finger snake toxins with three adjacent
loop (I, II, and III): short chain α-neurotoxins erabutoxin a (PDB 5EBX) (Corfield et al., 1989) and long chain α-bungarotxin (PDB 1KFH) (Moise et al., 2002); (C)
three-dimensional structures of α(m/n)-conotoxins with m, n being number of residues within the two loops formed by natively disulfide bond CysI-CysIII and
CysII-CysIV: ImI (PDB 1IMI) (Maslennikov et al., 1999), PnIA (PDB 1PEN) (Hu et al., 1996), and LvIA (PDB 2MDQ) (Luo et al., 2014); (D) chemical structures of
spirolides, gymnodimines and pinnatoxins, reprinted from ref (Bourne et al., 2010; Otero et al., 2011; Bourne et al., 2015). Disulfide bonds in three-dimensional
structures are colored in yellow.
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Pharmacology
Among the plant toxin inhibitors, MLA was first recognized for
its insecticidal property arising from the potent antagonism of
insect nAChRs (Jennings et al., 1986). Later, MLA was found to
be a potent antagonist of α7 nAChRs with picomolar potency
as evidenced from the block of ACh-induced currents in rat
fetal hippocampal neurons (Ward et al., 1990). Its selectivity
toward α7 nAChR was evidenced by its strong competition at
the binding site of [125I]-α-bgtx in rat brain membrane and
human muscle extract (Ward et al., 1990; Kukel and Jennings,
1994). d-TC antagonizes the muscle-type nAChRs as well as
neuronal α7 nAChRs potently (Bertrand et al., 1990; Papineni
and Pedersen, 1997). Its action as competitive neuromuscular
blockers at the motor end plate underlies its pharmacological uses
as muscle relaxants during surgeries (Sine, 2012). However, the
intoxication of d-TC can result in complete paralysis of all skeletal
muscles and fatality by respiratory paralysis. d-TC is also reported
to target other member of the Cys-loop receptor (CLR) family
such as glycine receptors or 5-hydroxytryptamine receptors (5-
HT3) (Yakel and Jackson, 1988; Yan et al., 1998; Hope et al.,
1999). Meanwhile, strychnine toxicity is reported to arise from its
inhibition of glycine-gated Cl− channels causing muscle spasm,
convulsions and respiratory paralysis death (Johnson and Ascher,
1987) although potent antagonist at human α4β2 nAChRs and
α7 nAChRs also contributes (Matsubayashi et al., 1998). Lastly,
DHβE shows antagonistic preference toward α4β2 receptors
as evidenced from its nanomolar affinity for α4β2 receptors
compared to the micromolar potency exhibited at α7 and α3β4
nAChRs (Harvey and Luetje, 1996; Jensen et al., 2005; Iturriaga-
Vasquez et al., 2010; Majinda, 2018).

α-Conotoxins
Conesnails are marine gastropods of the genus Conus with
around 700 species identified so far. Distinct sets of toxins have
been developed by different Conus species as a survival strategy
for feeding and defense (Lewis and Garcia, 2003; Lewis et al.,
2012; Lebbe et al., 2014). This diverse mixture of biologically
active compounds from Conus venoms has been optimally
evolved as neurotoxins to target a broad range of ion channels
with high potency and selectivity in the PNS and CNS (Lewis
and Garcia, 2003; Lewis et al., 2012; Lebbe et al., 2014). In
fact, α-conotoxins antagonizing nAChRs were one of the first
classes of conopeptides discovered (McIntosh et al., 1999b;
Dutertre et al., 2017). To date, α-conotoxins are among the best
characterized conotoxins and the largest and most diverse groups
of competitive antagonists at the orthosteric site of nAChRs.

Chemistry
α-Conotoxins belong to the A superfamily and are characterized
by a CC-Xm-C-Xn-C cysteine framework, which allows for the
formation of three possible disulfide connectivities: globular (I-
III, II-IV), ribbon (I-IV, II-III) and bead (I-II, III-IV) (McIntosh
et al., 1999a; Janes, 2005; Abraham et al., 2017) (Figure 3C). The
globular conformation is generally the native bioactive isomer,
while the ribbon and bead isomer typically show weak or no
inhibition. Most α-conotoxins display a rigid and well-defined
three-dimensional structure in solution due to the restraining

disulfide bonds and a short 310 α-helical backbone braced by the
disulfide bond between CysI and CysIII (Lewis and Garcia, 2003).
α-Conotoxins are further divided into structural subgroups with
different numbers of loop residues (m/n: 3/5, 5/5, 4/3, 4/4,
4/5, 4/6, and 4/7) between the disulfide bonds that roughly
define their pharmacology. For example, the 3/5 framework
α-conotoxins typically inhibit neuromuscular nAChRs, the 5/5,
4/3, 4/4, 4/5, and 4/6 subgroups mainly inhibit neuronal nAChRs,
while the 4/7 subgroup can inhibit both neuronal and muscle
subtypes. In addition, the first loop (m) consists of a conserved
hydrophobic patch (Ser-Xaa-Pro), while the second loop (n) is
typically more variable (Nicke et al., 2004; Lebbe et al., 2014;
Dutertre et al., 2017). While additional cysteine frameworks have
been identified more recently, the focus of this review are the
typical α-conotoxins where co-crystal structures are available
(Lewis et al., 2012).

Pharmacology
α-Conotoxins not only selectively block nAChRs but are also
able to discriminate between the muscle and neuronal nAChRs
subclasses. Remarkably, α-conotoxins can target different
neuronal nAChRs subtypes with varying specificity despite
their conserved globular fold (Lewis and Garcia, 2003). This
makes α-conotoxins excellent tools for the differentiation of
binding sites and the determination of ligand binding modes
at distinct neuronal nAChR subtypes. Variations within the
second loop of different α-conotoxins, even among α-conotoxins
from the same subgroups, underlie this hypervariability in
subtype selective pharmacology (Lewis et al., 2012). Additional
factors, including C-terminal amidation, carboxylation, and
sulfonation typically have a smaller influence of subtype
selectivity (Ramilo et al., 1992; Craig et al., 1999; Nicke et al.,
2003; Prashanth et al., 2012).

Dinoflagellate Toxins
Cyclic imine toxins are lipophilic organic compounds found
in marine micro-algae known as dinoflagellates. These toxins
accumulate in bivalve molluscs through filter-feeding and
produce adverse effects on human health (Picot et al., 2011).
Several cyclic imine toxins have been well-studied, including 13-
desmethyl spirolide C (SPX) from Alexandrium ostenfeldii and
Alexandrium peruvianum (Cembella et al., 1999; Hu et al., 2001),
gymonodimine A (GYM) from Karenia selliformis (Haywood
et al., 2004) and pinnatoxin-A and G (PnTx-A and PnTx-G) from
Pinna attenuata and Pinna muricata (Otero et al., 2011).

Chemistry
Cyclic imine toxins are macrocylic compounds containing
an imine bond and spiro-linked ether moieties and include
spirolides, gymnodimines, pinnatoxins, pteriatoxins,
prorocentrolides, and spiro-proocentrimine (Figure 3D).
Spirolides are the largest group of cyclic imines (Cembella
et al., 1999; Hu et al., 2001) and are an economically important
contaminant of shellfish. The structurally related pinnatoxins
are amphoteric macrocyclic compounds that possess a 6,5,6-
instead of the 5,5,6- bis-spiroketal found in spirolides as well as
a bulky functionalized 5,6-bicycloketal ring (Otero et al., 2011).
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Lastly, gymnodimines contain a six-membered cyclic imine
without methyl substituents, a trisubstituted tetrahydrofuran and
an unsaturated lactone (Bourne et al., 2010) (Figure 3D).
With its macrocyclic network, cyclic imines offer new
avenues into the structural characterization of ligand binding
mechanism at nAChRs.

Pharmacology
Cyclic imine toxins were first identified as fast-acting toxins that
caused respiratory arrest in mouse bioassays (Munday et al.,
2012; Stivala et al., 2015) associated with inhibition of both
muscarinic and muscle-type α12βγδ and neuronal α7, α4β2,
and α3β2 AChRs (Hu et al., 2001; Bourne et al., 2010, 2015).
Despite their potent neurotoxicity, cyclic imine toxins have not
been well documented on their toxicological database, hence
the lack of an acute reference dose. Thus, the amount of cyclic
imines in shellfish is currently not regulated. However, at least
regarding SPXs and GYMs, due to its high intraperitoneal toxicity
in rodents, the limit level of these toxins is set based on the oral
toxicity of laboratory animals (Molgó et al., 2017).

BINDING INTERACTIONS OF NATURAL
TOXIN INHIBITORS OF NACHRS

Overview of Structure-Function Studies
of nAChRs
Understanding the structure-function relationship of nAChR
ligands at atomic level was catalyzed by the determination
of the X-ray structures of AChBPs (Brejc et al., 2001). This
high-resolution structure facilitated the construction of accurate
three-dimensional homology models of nAChRs allowing the
construction of homology models and docking simulations to
visualize the binding modes at nAChR antagonists. For example,
the docking of α-cbtx at human α7 nAChRs illustrated that the
toxin loop II positioned in the interface between two subunits
and made extensive contacts with the C-loop (Fruchart-Gaillard
et al., 2002). In comparison, α-conotoxins ImI, PnIA, PnIB, and
MII docked at human α7 and α3β2 nAChRs models positioned at
a small cavity located above the β9/β10 cleft with just few residues
overlapping with the binding site of α-neurotoxins (Dutertre
et al., 2004). The next major phase of structure-function studies
was the co-crystal structures of nAChR with the nAChR agonists,
nicotine and carbamylcholine. These agonists bound in a pocket
formed by conserved aromatic residues from loop A, B, C, and
D through cation-π interactions with the side chains of aromatic
residues and a hydrogen bond between their polar nitrogen and
the conserved Trp147 of loop B (Celie et al., 2004). Subsequently,
nAChR antagonists were co-crystalized with AChBPs, revealing
distinctive binding interfaces and conformations compared to
those of agonists. One notable feature is “closed” loop C induced
by agonists versus a more “open” form induced by antagonists.
Importantly, these co-crystal structures (Bourne et al., 2005;
Celie et al., 2005) confirmed the predictions from earlier
docking studies, including the key pairwise interactions and the
overlap of α-neurotoxins and α-conotoxins with the agonists
binding site. A high number of nAChR agonists and antagonists

have now been co-crystallized with AChBPs, greatly facilitating
our understanding of the structure-function relationship of
nAChR ligands. Among these co-crystal complexes, natural toxin
inhibitors dominate, with their highly diverse chemical structures
providing unique insight into the pair-wise interactions possible
at nAChRs (Table 1). The following sections focus on the co-
crystal structures of natural inhibitors in complex with nAChR
structural surrogates to unravel the different binding modes
underlying ligand interactions at nAChR.

The Co-crystal Structure of Natural Toxin
Inhibitors With AChBP
Snake Toxins
α-cbtx/Ls-AChBP
The α-cbtx/Ls-AChBP complex revealed for the first time the
position and orientation of five TFTs binding at the interface
of the five identical Ls-AChBP protomers (Figures 4A,B).
The bound α-cbtx conformation determined by NMR was
remarkably similar to its X-ray structure in complex with
AChBP. Remarkably, the α-cbtx/Ls-AChBP complex reveals
that the C-loop adopts a more open conformation compared
to the previous co-crystal structures of AChBP with small
molecule agonists. Hence, α-cbtx/Ls-AChBP crystal complex
established for the first time the loop-C positioning has functional
consequences. Further observations indicate that the tip of
α-cbtx loop II lodges in the LBP with Phe29 localizing in the
highly conserved aromatic residues of the principal side and
Arg33 interacting against the complementary subunit (Figures
4A,Ca and Table 2). Notably, these two residues orient toward
and partially overlap the nicotine binding site in AChBP,
explaining their competitive interaction. These observations are
also consistent with the previous docking studies of α-cbtx
at the modeled human α7 nAChR derived from the crystal
structure of AChBP (Fruchart-Gaillard et al., 2002). Meanwhile,
the C-terminal region of α-cbtx and residues at the tip of
α-cbtx loop III are solvent exposed and disordered, consistent
with their weak contribution to binding. Finally, non-conserved
residues in the C-loop of Ls-AChBP can interact with α-cbtx
loop I (Figure 4Ca and Table 2) and are likely key selectivity
determinants. Superimposing κ-neurotoxin and κ-bungarotoxin
(κ-bgtx) into the α-cbtx/Ls-AChBP complex helped identify
residues responsible for α3β2/α4β2 versus α7 nAChRs selectivity
(Bourne et al., 2005). Specifically, these comparisons revealed that
the shorter C-terminus of κ-bgtx makes extended contacts with
the cationic Lys side chain of α3 and α4 subunits (equivalent to
Ls-AChBP_Thr184) and allows a closer contact between κ-bgtx
Lys29 at the tip of loop II and the complementary face of the
β2 subunit.

α-bgtx/α7/AChBP
Another long-chain α-neurotoxin, α-bgtx, was crystallized with
a chimera complex constructed from the human α7 nAChRs and
AChBP (McLane et al., 1993; Huang et al., 2013) (Figures 4A,4Bc
and Table 1). Similar features are shared between α-bgtx and
α-cbtx when bound, specifically the toxin backbone orientation,
the open C-loop conformation and the lodgement of C-loop
between loop I and loop II of α-bgtx (Figure 4Cb). Despite
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FIGURE 4 | Continued
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FIGURE 4 | Structural mechanisms underlying snake toxin mediated nAChR inhibition: (A) Sequence alignment of snake toxins targeting nAChRs: α-cobratoxin
(α-cbtx), α-Bungarotoxin (α-bgtx), and κ-Bungarotxin (κ-bgtx). Key residues in binding are highlighted in red. (B) α-cbtx occupied in all five binding pocket of
Ls-AChBP as viewed along the AChBP fivefold axis (PDB 1YI5) (Bourne et al., 2005). (C) Key residues in the binding of (a) α-cbtx on the principal (+) (cyan) and the
complementary (−) (green) face in Ls-AChBP (PDB 1YI5) (Unwin, 2005), (b) α-bgtx in the α7/Ls-AChBP chimera (Nemecz and Taylor, 2011) (PDB 3T4M), (c) mouse
α1 nAChR subunit (PDB 2QC1) (Dellisanti et al., 2007) and (d) α9 nAChR ECD (PDB 4D01) (Zouridakis et al., 2014). Residues of snake toxins are italics. Hydrogen
bonds are in dash line. MAN denotes for sugar moiety.

that, these two complexes display a divergence in inter-residue
interactions in which α-bgtx_Phe32 and Arg36, equivalent to
α-cbtx_Phe29 and α-cbtx_Arg33, respectively, stack together and
position in the aromatic cavity of the principal binding face
(Figure 4Cb and Table 2). Particularly, Tyr184 coupling in in
an energetical manner with its surrounding aromatic residues
on the principal face underlie the activity of α-bgtx at targeted
nAChR (Sine et al., 2013; Figures 4Bc,Cb). Evidently, the loss
in α-bgtx affinity caused by the substitution of α7_C-loop into
α-bgtx-insensitive α2/α3_C-loop was restored by the mutation
of aromatic residues flanking Tyr184 on α2 or α3 subunit to
their α7 counterparts. α-Bgtx was previously co-crystalised with
mouse nAChR α1 subunit (α211). Superimposition of α-bgtx
with α-cbtx binding to AChBP reveals comparable pairwise
interactions (Dellisanti et al., 2007). Interestingly, finger I of
α-bgtx makes polar contacts with the sugar mannose moiety
of α211, a conserved feature in muscle nAChRs, suggesting
the importance of sugars in the binding of α-neurotoxins
to muscle nAChRs (Dellisanti et al., 2007) (Figure 4Cc and
Table 2). Recently, α-bgtx has also been crystallized with human
α9 nAChR ECD (Table 1). The overall binding mechanism
shows high similarity to the α-bgtx/α7/AChBP complex despite
the absence of the complementary subunit (Zouridakis et al.,
2014) (Figure 4Cd). Finger II of α-bgtx also lodges against the
principal side of α9 ECD with strong interactions with loop
A, B, and C, while finger I and III display limited contacts
(Figure 4Cd and Table 2). α-bgtx_Phe32 and Arg36 also reside
in the aromatic pocket of α9 ECD as in the α7/AChBP chimera
complex (Table 2). However, the lack of complementary subunit
may cause α-bgtx to shift toward the binding site of α9 ECD by
∼4.5Å as compared to α7/AChBP chimera complex.

Plant Toxins
Like venom peptides, structures of plant inhibitors of the nAChRs
in complex with AChBP reveal the plasticity of small molecular
ligand interactions at the nAChR ligand-binding site of nAChRs.

MLA/Ac-AChBP Complex
The co-crystal structure of MLA and Ac-AChBP discloses the
determinants of MLA binding to nAChRs. At the membrane
side of LBP, N-ethylpiperidine ring in chair conformation stacks
edge-to-face with Trp147. This orientation, in turn, positions
the lycoctonine tertiary amine and the carbonyl oxygen of
the ester linkage within hydrogen bonds with Trp147 of the
principal face and Tyr53 of the complementary face, respectively.
However, polar contact between the lycoctonine ring and Ac-
AChBP is limited, hence the unchanged antagonism potency by
simplified MLA derivatives lacking this ring (Bergmeier et al.,
2004) (Figure 5A and Table 2). N-phenyl succinimide moiety
displays extensive contacts in the LBP, consistent with the drop in

MLA affinity on rat brain following ester hydrolysis to remove the
N-phenyl succinimide moiety (Hansen et al., 2005) (Figure 5A
and Tables 1, 2). Interestingly, MLA only induces an antagonist-
bound “intermediate” movement of C-loop compared to the
more open conformation seen with α-cbtx. Later, a similar
binding orientation and conserved pairwise interactions to the
MLA/Ac-AChBP are reported when MLA is co-crystallized with
human α7/Ac-AChBP chimera (Nemecz and Taylor, 2011) and
human α9 ECD (Zouridakis et al., 2014).

d-TC/Ac-AChBP
d-TC was co-crystallized with Ac-AChBP to understand its
antagonism toward different members of CLR family (Brams
et al., 2011) (Figure 5B). Interestingly, three different binding
modes of d-TC are observed in the co-crystal structure of
d-TC/Ac-AChBP, suggesting that d-TC can stabilize AChBP in
a structurally distinct state. Despite this, most of the pairwise
interactions between d-TC and the LBP are similar across
the three binding modes where it makes contacts mainly
with conserved aromatic residues in loop A, B (the principal
side) and some residues on loop E (the complementary side)
(Table 2). Some of these pairwise interactions confirm earlier
computational model of d-TC bound to Ls-AChBP although the
binding orientation is different. Particularly, α7_Ser148 of loop
B and α7_Trp55 of loop D, equivalent to Ac-AChBP_Ser146
and Ac-AChBP_Tyr55, respectively, are identified as key
determinants of d-TC potency as evidenced from a 148-fold and
14-fold reduction in d-TC potency following the alanine-scan
mutagenesis on human α7 nAChRs (Figure 5B). Taken together,
the interactions mostly with highly conserved residues in the
binding pocket of different CLRs may underlie the low selectivity
of d-TC.

Strychnine/Ac-AChBP
The broad specificity of strychnine was also investigated via its
complex with Ac-AChBP (Brams et al., 2011). Compared to
d-TC, four binding pockets are lodged by one strychnine with
similar binding orientation, while the fifth binding pocket is
occupied by two strychnine molecules in opposite orientations
(Figure 5C). Despite this, strychnine and d-TC still show
significant overlap in their pairwise interactions, particularly with
the conserved amino acids in loop A, B, and D of the LBP
(Table 2). Thus, a similar explanation as suggested for d-TC low
selectivity could be also applied for strychnine. Remarkably, one
of the residues found in the double strychnine occupancy mode
in the crystal complex was previously characterized at α1 GlyR,
implying the biologically relevance of double occupancy binding
mode of strychnine (Grudzinska et al., 2005). A comparable
analysis could be performed on human neuronal α7 nAChRs in
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TABLE 2 | Molecular contacts between natural toxins and AChBP.

Toxins Toxin contacts AChBP contacts References

Principal side Complementary side

α-Cobratoxin (α-cbtx) Phe29, Arg33 Trp143, Trp147, Tyr185, Tyr192, Trp53 Bourne et al., 2005

Loop I Ser 182, Thr184, Ser186

α-Bugarotoxin
(α-bgtx)

Phe32, Arg36 Tyr184, Phe183, Tyr191* Trp53 Nemecz and Taylor, 2011

Phe32, Arg36 Tyr95, Tyr192, Trp151, Tyr199# Zouridakis et al., 2014

MLA N-phenyl succinimide Ser94, Met126, Lys143, Gln186,
Asp197

Gln38, Ser167 Hansen et al., 2005

Ester linkage Tyr55

N-ethylpiperidine ring Trp147 Ile118

Lycoctonine Trp147, Val148, Tyr188, Cys190,
Cys191

Met116, Ile118

d-Tubocurarine Ser146, Trp147, Tyr188,
Cys190, Cys191, Tyr193

Tyr55 Brams et al., 2011

Strychnine Ser146, Trp147, Tyr188,
Cys190, Cys191, Tyr193

Tyr55 Brams et al., 2011

DHβE Tyr89, Trp143, Tyr185, Tyr192 Trp53 Shahsavar et al., 2012

PnIA[A10L D14K] Leu5, Pro6, Pro7, Ala9, Leu10 Trp147, Tyr188, Tyr195 Celie et al., 2005

Leu10 Val148 Val108, Met116, Ile118

ImI Arg7, Trp10 Asp75, Tyr195 Thr110 Ulens et al., 2006

TxIA [A10L] Arg5 Tyr188, Asp197 Dutertre et al., 2007

Leu10 Val148 Val108, Met116, Ile118

GIC His5 Tyr93, Tyr188, Tyr195 Lin et al., 2016

Gln13 Thr110

LsIA Arg10 Gln55 Abraham et al., 2017

Asn12 Gln74, Arg104

PeIA Pro13 Met116 Hone et al., 2018b

LvIA Asn9 Gly32, Gln55, Met116 Xu et al., 2017

Asp11 Gln153

RgIA Arg9 Trp151, Glu197, Pro200 Zouridakis et al., 2019

PnTx-A/PnTx-G 6,5,6-bis-spiroketal ring Val148, Tyr188, Cys190,
Cys191, Tyr195

Arg79, Val148 Bourne et al., 2015

cyclic imine Trp147

cyclohexene ring Tyr93 Tyr55

carboxylate group Tyr188 Ser167

5,6-bicycloketal substructure Thr36, Ile118, Asp164,
Ser166, Ser167

13-desmethyl
spirolide C (SPX)

bis-spiroacetal moiety Tyr188, Cys190, Cys191, Tyr195 Val108 Bourne et al., 2010

Cyclic imine Trp147 Tyr93

Cyclohexene ring Tyr93 Tyr55

(γ)-butyrolactone ring Lys143, Tyr188

Gymmonidimine A
(GYM)

Tetrahydrofuran ring Gln186, Cys190, Cys191,
Tyr195

Val108, Val148 Hone et al., 2018a

Cyclic imine Trp147

Butylactone ring Tyr93, Lys143, Tyr188 Tyr55

* and # Residues on α7/Ls-AChBP chimera structure and α9-ECD, respectively.

order to examine whether this feature of strychnine is uniform
across members of CLR family.

DHβE/Ls-AChBP
The crystal structure of DHβE/Ls-AChBP reveals the interacting
surface of DHβE comprises a conserved aromatic pocket,

identical to the co-crystal structures of other small molecules
antagonists (Rucktooa et al., 2009; Shahsavar et al., 2012)
(Figure 5D and Tables 1, 2). These observations also agree
with alanine-scanning mutagenesis results for the equivalent
residues on α4 (Harvey and Luetje, 1996). Interestingly, in
the DHβE/Ls-AChBP complex the hydrogen-bonding network
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FIGURE 5 | The binding mode of natural toxin inhibitors from plants at the principal (+) (cyan) and complementary (−) (green) face of AChBP. Key residues in the
interactions between (A) methyllylcacotinine (PDB 2BYR) (Hansen et al., 2005) and (B) d-Tubocurarine (PDB 2XYT) (Brams et al., 2011) and AChBP; (C) the double
occupancy mode displayed by strychnine in the co-crystal structure of strychnine/Ac-AChBP (PDB 2XYS) (Brams et al., 2011); (D) a close conformation of loop C
induced by the binding of (+)-dihydro-β-erythroidine (PDB 4ALX) (orange sphere) in Ls-AChBP (Shahsavar et al., 2012).

with the principal face and the water-mediated contacts with
the complementary face are reminiscent of contacts seen in
the complex of agonist like nicotine with AChBP (Celie et al.,
2004). The C-loop of DHβE/Ls-AChBP is also in a closed
orientation, identical to the C-loop conformation of nicotine/Ls-
AChBP structure (Figure 5D). Previously, DHβE has been
suggested to exert its inhibition at nAChRs by stabilizing the
desensitized state instead of the resting state, given DHβE acts
as an agonist at the mutated α7 [L247T] nAChR (Bertrand

et al., 1992). Together, these features suggest that DHβE has
a unique mode of antagonism at nAChRs compared to other
prototypical antagonists.

α-Conotoxins
α-Conotoxins have been extensively used in structure-function
studies of nAChRs as they offer broader nAChR subtypes
selectivity including those that are less commonly targeted by
natural product ligands.
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PnIA [A10L D14K]/Ac-AChBP
The PnIA [A10L D14K]/Ac-AChBP structure is the first reported
α-conotoxin co-crystal complex (Celie et al., 2005) (Table 1).
PnIA from Conus pennaceus competitively inhibits α3β2 nAChRs
with substantially higher affinity than α7 nAChRs (Fainzilber
et al., 1994) (Figure 6Aa). However, A10L mutation shifted PnIA
selectivity from α3β2 nAChRs toward α7 nAChRs and D14K
mutation further enhanced PnIA[A10L] efficacy by threefold
at α7 nAChRs (Hogg et al., 1999; Luo et al., 1999; Celie
et al., 2005) (Table 1). The PnIA [A10L D14K]/Ac-AChBP
establishes the general binding mode of α-conotoxins at LBP, in
which the α-conotoxin N-terminal and C-terminal orient toward
the membrane side and the top of the receptor, respectively,
while the α-helical backbone is buried in the aromatic cage
(Figure 6Ab). The characteristic stacking of α-conotoxin CysI-
CysIII bond onto the vicinal Cys190-Cys191 disulfide bond of
AChBP is also first described. Further observation reveals that
PnIA [A10L D14K] shares an identical stabilizing movement

of loop C to α-cbtx despite the huge difference in size and
chemical properties. However, compared to α-cbtx, PnIA [A10L
D14K] is buried deeper in the LBP and interacts with multiple
residues on both faces of the LBP. The observed pairwise
interactions here are in agreement with the earlier α7 nAChRs
mutagenesis study (Quiram et al., 1999). Particularly, the key
role of Leu10 in conferring PnIA specificity and affinity for
α7 nAChR arises from its position within the hydrophobic
pocket comprising of Val148 (principal side), Val108, Met116,
and Ile118 (complementary side) (Figure 6Ba and Table 2).
Interestingly, PnIA inhibits the non-desensitizing α7 [L247T]
nAChRs, while PnIA [A10L] and PnIA [A10L D14K] activate
this mutant receptor (Hogg et al., 2003a). Thus, despite the
similar conformation of the C-loop, this agonist feature of PnIA
[A10L D14K] at α7 [L247T], together with no obvious changes in
interface loops, the PnIA [A10L D14K]/Ac-AChBP structure was
suggested to be in a desensitized state instead of a resting state
(Celie et al., 2005).

FIGURE 6 | (A) (a) Sequence alignment of α-conotoxin targeting nAChRs; (b) a common binding mode at the interface of the principal (+) (cyan) and the
complementary (−) (green) face in the AChBP binding pocket is presented by the overlay of the co-crystal structures of PnIA[A10L D14K], ImI, TxIA[A10L], GIC, LsIA,
LvIA, and RgIA in AChBP. (B) Key residues in the binding of (a) PnIA[A10L D14K] (PDB 2BR8) (Celie et al., 2005), (b) ImI (PDB 2C9T) (Ulens et al., 2006), (c)
TxIA[A10L] (PDB 2UZ6) (Dutertre et al., 2005), (d) GIC (PDB 5CO5) (Lin et al., 2016), (e) LsIA (5T90) (Abraham et al., 2017), (f) PeIA (PDB 5JME) (Hone et al.,
2018b), (g) LvIA (PDB 5XGL) (Xu et al., 2017), and (h) RgIA (PDB 6HY7) (Zouridakis et al., 2019) at AChBP. Residues of α-conotoxin are italicized.
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ImI/Ac-AChBP
The small ImI from Conus imperialis is a potent α7/α3β2 nAChRs
blocker (McIntosh et al., 1994) (Figure 6Aa and Table 1).
However, ImI is mostly studied for its potency toward α7
nAChRs. In the ImI/Ac-AChBP complex, an identical binding
position and orientation to PnIA[A10L D14K] are exhibited
(Ulens et al., 2006) (Figure 6Bb). Both PnIA[A10L D14K] and
ImI share the same stacking between CysI-CysIII bond and the
vicinal disulfide bond Cys190-Cys191. Yet, ImI presents with a
broader range of interactions that only partially overlaps with
those seen in the complex of PnIA[A10L D14K]. Specifically, the
side chains of ImI Arg7 and Trp10 protrude deep into the binding
site and interact with both the principal and complementary side
(Figure 6Bb and Table 2). These observations are supported by
the earlier mutagenesis data of ImI on α7 nAChR, revealing vital
roles for Arg7 and Trp10 in ImI for high affinity interactions at
α7 nAChR (Quiram et al., 1999). Similar to PnIA [A10L] and
PnIA [A10L D14K], ImI evokedcurrents at α7 [L247T] nAChRs
and the interface loops of the ImI/Ac-AChBP also showed no
changes in its interface conformations as seen in the PnIA [A10L
D14K]/Ac-AChBP structure. Thus, ImI is proposed to stabilize
the ligand binding domain in a desensitized conformation
(Ulens et al., 2006).

TxIA/Ac-AChBP
TxIA from Conus textile was the first α-conotoxin isolated
by assay guided fractionation using AChBP (Dutertre et al.,
2007) (Figure 6Aa and Table 1). Similar to PnIA[A10L], the
substitution of Ala into Leu at position 10 of TxIA also enhances
its potency at α7 nAChR. As expected, the TxIA[A10L]/Ac-
AChBP structure reveals the position of TxIA [A10L]_Leu10 in
the same hydrophobic pocket as in the PnIA[A10L D14K]/Ac-
AChBP complex (Figure 6Bc). This phenomenon reinforces the
importance of a long-chain hydrophobic residue at position
10 in conferring α-conotoxin selectivity toward α7 nAChRs.
However, compared to PnIA[A10L D14K] and ImI, a 20◦
backbone tilt downward around Pro7 of TxIA[A10L] is observed,
which allows Arg5 to form a hydrogen with Tyr188 and a
salt bridge with Asp197 deeper in the α-conotoxin binding
pocket (Figure 6Bc). Although Asp197 is conserved among
Ac-AChBP, β2 and α7 subunit, its interaction with TxIA_Arg5
was only observed experimentally on α3β2 nAChRs but not
on α7 nAChRs. This suggests that TxIA[A10L] may exhibit a
different binding conformation at α7 nAChRs compared to α3β2
nAChRs that shifts the importance of the salt bridge between
TxIA[A10L]_Arg5 and Asp197 (Dutertre et al., 2007).

GIC/Ac-AChBP
GIC from Conus geographus inhibits neuronal α3β2 nAChRs at
low nM concentration (McIntosh et al., 2002; Lin et al., 2016)
(Figure 6Aa and Table 1). From the complex of GIC/Ac-AChBP
and the homology model of GIC bound to different nAChR
subtypes, His5 and Gln13 are identified as key residues in the
activity and selectivity of GIC at α3β2 nAChRs, respectively
(Figure 6Bd). His5 shows extensive contacts with the conserved
aromatic binding pocket and as expected, a significant drop
in GIC at both Ac-AChBP and α3β2 nAChR was reported

following the substitution of His5 into Ala (Figure 6Bd and
Table 2). A favorable interaction between GIC_Gln13 and
Ac-AChBP_Thr110 is described. As the equivalent residues
of Ac-AChBP_Thr110 on β2 and β4 are Ser113 and Arg155,
respectively, this interaction could remain on β2, while a steric
clash could be formed on β4 interface.

LsIA/Ls-AChBP
LsIA from Conus limpusi is an equipotent blocker of human α7
and rat α3β2 nAChRs but is inactive at α3β4 nAChRs despite
a high sequence similarity with other α3β4-active α-conotoxins
(Inserra et al., 2013) (Figure 6Aa and Table 1). To characterize
the pharmacophore governing α-conotoxin antagonism at α3β4
nAChRs, Abraham et al. (2017) generated a co-crystal structure
of LsIA/Ls-AChBP and docking models at α3β4. These studies
reveals that Arg10 has an electrostatic clash with the positively
charged β4_Lys61 (Figure 6Be and Table 2) that was removed
when Arg10 was replaced with uncharged side chain residues
to enhance activity at α3β4 nAChRs. Similarly, the mutation
of Ls-AChBP_Gln55 into the equivalent residue on β4_Lys61
caused a 100-fold drop in LsIA potency. Additionally, Asn12
in the conserved -NN- motif for the first time was found to
form hydrophobic interactions with Ile81 and Ile113 of the β4
complementary face, while it exhibits polar contacts with the
equivalent residues on Ls-AChBP (Gln74 and Arg104) and α7
(Thr75 and Leu107) (Figure 6Be and Table 2). As expected,
enhancing the hydrophobic interactions at the β4 subunit
increased LsIA potency at α3β4 nAChRs but reduced potency
at α7 nAChRs, with the double mutant LsIA [R10F N12L]
exhibiting > 250-fold selectivity toward α3β4 over α7 activity.
Thus, interactions with the triad composing of Lys61, Ile81, and
Ile113 are proposed to be key contacts for the antagonism of
α-conotoxins at α3β4 nAChRs.

PeIA/Ac-AChBP
PeIA from Conus pergrandis is a potential candidate for the
development of treatment for pain-related conditions due to
its potency at α6∗ nAChR (Hone et al., 2013) (Figure 6Aa
and Table 1). However, one drawback in the evaluation of its
potential for modulating pain clinically is the discrepancy in
the ligand sensitivity between receptors in human and rodent
models (Satkunanathan et al., 2005; Hone et al., 2018b). Sequence
alignment of human and rat α6 subunit revealed that residues
forming the ligand-biding pocket are mostly conserved between
the two species except for a Leu-Gln difference at position 119.
The co-crystal structure of PeIA/Ac-AChBP presents a close
contact between Pro13 and Ac-AChBP_Met116, equivalent to
human β4_Leu119 and rat β4_Gln119 (Figure 6Bf). Site-directed
mutagenesis studies and structure-activity studies confirmed
these observations, with human β4 _Leu119 being responsible
for PeIA higher sensitivity at human α6/α3β4 nAChRs and
PeIA_Pro13 being critical for PeIA high potency (Hone et al.,
2018b). Interestingly, the same mutation of PeIA_Pro13 resulted
in differential sensitivities of PeIA on human versus rat α6/α3β4
nAChRs. This result implies that the LBP of human and rat
α6/α3β4 nAChRs differ despite the high similarity in their ligand-
binding domain sequence, likely reflecting a tight lock-and-key
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binding mode, which needs to be considered before extrapolating
results on α-conotoxin-nAChR interactions between species.

LvIA/Ac-AChBP
α-Conotoxin LvIA, cloned from Conus lividus genomic DNA,
exhibits a high preference for α3β2 over α6β2∗ nAChR despite
similarities in α3 and α6 subunit sequences (Luo et al., 2014)
(Figure 6Aa and Table 1). As observed in homology models
built from the co-crystal structure of LvIA/Ac-AChBP, while
Asp11 forms a salt bridge with rat α3_Lys155 (equivalent to Ac-
AChBP_Gln153), it displays an electrostatically repulsion with rat
α6_Glu155 (Figure 6Bg and Table 2). This contact could underlie
the LvIA preference toward α3∗ over α6∗ subunit. Additionally,
the localization of Asn9 in a hydrophobic pocket comprising
of Met36, Thr59, and Phe119 in α3β2 model (equivalent to
Gly32, Gln55, and Met116 of Ac-AChBP) is proposed to further
account for LvIA selectivity toward α3β2 nAChRs (Figure 6Bg
and Table 2). Thus, Asp11 and Asn9 are identified as key
determinants in the high potency of LvIA at α3β2 nAChRs
compared to other nAChR subtypes.

RgIA/α9-ECD
RgIA from Conus regius specifically targets α9α10 nAChRs
(Ellison et al., 2006, 2008) (Figure 6Aa and Table 1). RgIA
is the first α-conotoxin to be co-crystalised with nAChR ECD
(Zouridakis et al., 2019). Overall, the superimposition between
the RgIA/α9-ECD complex and other α-conotoxin complexes
shows a high similarity, validating the usefulness of using the
principal side of α9-ECD for structural studies (Ulens et al.,
2006). The Asp-Pro-Arg triad of RgIA as well as Arg11 is
observed to be involved in a number of interactions between
RgIA and α9-ECD, which agrees with previous mutational
studies looking at RgIA activity on α9α10 nAChRs (Ellison
et al., 2006, 2008) (Figure 6Bf and Table 2). Among the
three possible putative binding sites of α9α10 nAChRs, namely
the α9(+)/α9(−), α9(+)/α10(−), and α10(+)/α9(−), MD
simulations constructed from the co-crystal structure suggest that
RgIA prefers to bind at the binding interface formed by either α9
or α10 as the principal side and α9 as the adjacent complementary
side, rather than α10. This complex has given valuable insight on
the possible stoichiometry of this subtype, which may be useful
for the design of RgIA analogs targeting human α9α10 nAChR.

Phycotoxins—Cyclic Imines
SPX/Ac-ChBP
In the co-crystal structure with Ac-AChBP, SPX spans the long
axis of Ac-AChBP with bis-spiroacetal ring at the apical face
and the (γ)-butyrolactone moiety at the membrane face (Bourne
et al., 2010) (Figure 7A and Tables 1, 2). The carbon skeleton
of SPX behaves similarly to the bulky oxygen-rich lycaconitine
skeleton of MLA, hence the high resemblance between the
C-loop movement of SPX/Ac-AChBP complex and that of MLA
complex. However, the bis-spiroacetal ring system of SPX that
is absent in MLA could be responsible for the 600-fold higher
potency of SPX at Ac-AChBP and Ls-AChBP compared to MLA
due to its involvement in multiple interactions with the C-loop
(Table 1). Notably, the hydroxyl and methyl substitutions of
the tetrahydropyran ring (ring B) form hydrogen bond with

Tyr195 of the principal side and interact with Val108 of the
complementary side, which could underlie the higher potency
of SPX at α7 nAChRs than at α4β2 nAChRs (Figure 7A). SPX
could be destabilized in the β2 binding pocket due to the less
bulky hydrophobic residue β2_Val108 compared to α7_Leu108
(equivalent to Ac-AChBP_Val108). This causes the spiroacetal
moiety to reposition in α4β2 nAChRs, resulting in the loss of the
hydrogen bond between this moiety and Tyr195 (Aráoz et al.,
2015). In addition, the imine ring acts as a hinge point for SPX
via a number of hydrogen bonds at the LBP, but only shows
sparing contacts with loop F on the complementary face. In the
membrane side, only weak hydrogen bonds with Ac-AChBP are
formed by terminal (γ)-butyrolactone ring of SPX.

GYM/Ac-ChBP
A well conserved interacting network is observed between the co-
crystal structure of GYM/Ac-AChBP and that of SPX (Bourne
et al., 2010) (Figure 7B and Tables 1, 2). The tetrahydrofuran
ring system of GYM, equivalent to the bis-spiroacetal ring of
SPX, displays similar interactions with conserved residues in the
LBP. The central cyclic imine and the (γ)-butyrolactone ring of
GYM share comparable contacting surface with SPX. Particularly,
a limited interaction with loop F residues is also exhibited
by GYM. However, due to the smaller size of tetrahydrofuran
ring compared to the bis-spiroacetal ring, GYM is wrapped
by the Gln186-Tyr195 segment of loop-C to a further extend
than SPX and adopts a flat conformation with more flexibility
within the binding pocket. This C-loop movement of GYM
introduces further van der Waals with Tyr93 of the principal
side (Figure 7B).

PnTxs/Ac-AChBP
The overall orientation of PnTx-A and PnTx-G in the crystal
structure similarly expands from the apical face along to the
membrane face and complements the shape of the LBP with
multiple interactions (Bourne et al., 2015) (Figures 7C,D and
Tables 1, 2). A hydrogen bond with Ser167 (loop F) and a
number of water-mediated bridges with Tyr188 (loop C) are
formed between (name the nAChR) and the carboxylate group
(R1 substituent) of ring G in PnTx-A, while the less polar vinyl
group in PnTx-G shows weak interactions with Ser167. The more
muscle-selective PnTx-G could be explained by these interactions
between R1 substituent of ring G with LBP as evidenced by
a reduction in in vitro neuromuscular blocking activity and
in vivo toxicity exhibited by a PnTx-F derivative with fluorophore
label in substitution for R1 substituent of ring G (Hellyer et al.,
2014). In addition, the exocyclic hydroxyl (R2 substituent) of
the unique bulky bridged 5,6-bicycloketal substructure (ring EF)
of PnTx-A and PnTx-G exhibits extensive contacts with Asp164
and the neighboring Ser166-Ser167 on loop F as well as with
Thr36 in strand β1 and Ile118 on loop E (Figures 7C,D and
Table 2). These interactions with loop F are proposed to be
one of the key determinants in the higher affinity of PnTxs for
Ac-AChBP compared to Ls-AChBP as well as the selectivity of
PnTxs toward neuronal α7 nAChRs (Table 1). To be specific, the
exocyclic methyl and hydroxyl groups in ring EF could sterically
clash with the bulkier Tyr164 of loop F and Lys35 of strand β1
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FIGURE 7 | Key residues in the binding of cyclic imine toxins from dinoflagellate at the principal (+) (cyan) and the complementary (−) (green) face of AChBP: (A)
13-desmethyl spirolide C (PDB 2WZY), (B) gymonodimine A (PDB 2X00) (Bourne et al., 2010), (C) pinnatoxin-A (PDB 4XHE), and (D) pinnatoxin G (PDB 4XK9)
(Bourne et al., 2015). Hydrogen bonds are in dash line.

on Ls-AChBP (equivalent to Ser167 and Thr36 on Ac-AChBP,
respectively). Similarly, both PnTx-A and PnTx-G may form
unfavorable interactions with charged β2_Asp that is equivalent
to Ac-AChBP_Ser167 and α7_Gly167.

Perspectives
Comparison Between Binding Modes of Natural Toxin
Inhibitors and Endogenous Agonists
Agonists are positioned in a core motif formed by conserved
aromatic residues central to the LBP as observed from the co-
crystal structures of agonists like nicotine or acetylcholine in
complex with AChBP (Celie et al., 2004; Olsen et al., 2014).

The binding of agonists to AChBP induces states resembling
either the activated or the subsequently desensitized state of
the nAChR, with a closed C loop conformation. Unfortunately,
given the extent nAChR subtypes influence the rates receptors
open and then desensitized, it remains challenging to distinguish
between these states in AChBP (Giniatullin et al., 2005).
Meanwhile, competitive antagonists exert its pharmacological
characteristic by positioning itself in the overlapping regions of
agonists binding. Antagonists from natural toxins, regardless of
their distinct chemical structures, cover a more extended area
in the LBP from apical to membrane side (Figure 8). This
binding mechanism results in the opening of C-loop on the
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FIGURE 8 | The overlay binding positions of nAChR inhibitors from natural toxins (surface in transparency) with nAChR agonist nicotine (orange surface in
transparency) (PDB 1UW6) (Celie et al., 2004) at the protomer-protomer interfaces formed by the principal (+) (cyan) and complementary (−) (green) side of AChBP
as viewed from front (right panel) and from side (left panel). (A) The overlayed binding surfaces of methyllylcacotinine (PDB 2BYR) (Hansen et al., 2005),
d-Tubocurarine (PDB 2XYT) (Brams et al., 2011), strychnine (PDB 2XYS) (Brams et al., 2011) and (+)-dihydro-β-erythroidine (PDB 2XYS) (Shahsavar et al., 2012)
show overlapping binding region with that of nicotine. (B) The tip of α-cbtx loop II inserts in the binding interface and orients toward the partially overlapping regions
where nicotine binds (PDB 1YI5) (Bourne et al., 2005). (C) The binding regions of α-conotoxins (PnIA[A10L D14K] (PDB 2BR8) (Celie et al., 2005) and ImI (PDB
2C9T) (Ulens et al., 2006) cover the apical and central surfaces of the binding pocket as well as extend toward loop F. (D) The macrocyclic framework of cyclic
imines, including 13-desmethyl spirolide C (PDB 2WZY), gymonodimine A (PDB 2X00) (Bourne et al., 2010), and pinnatoxin-A (PDB 4XHE) (Bourne et al., 2015)
radially complements the binding pocket.
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principal face, resembling the EM structure of nAChR in the
resting state (Unwin, 2005). Thus, antagonists are proposed to
lock the C-loop in a resting state that obstructs the ligand-
binding site and prevents the initiation of the signal inducing
channel opening. This is consistent with the phenomenon that
competitive antagonists such as MLA or α-bgtx remain agonists
at α7 [L247T] and α-bgtx binding affinity is unchanged at
this mutated receptor. In contrast, PnIA [A10L], PnIA [A10L
D14K], ImI and DHβE are suggested to inhibit nAChRs by
stabilizing the desensitized state rather than the non-activated
state of the receptor, given α7 [L247T] nAChR transforms
these to agonists (Bertrand et al., 1992; Hogg et al., 2003a;
Celie et al., 2005; Ulens et al., 2006). Despite the outward
movement of C-loop observed in their co-crystal structures, no
changes in the conformation of the interface loops that could
distinguish between the resting and activated state were reported.
These features suggest either that C-loop movement may not
be coupled to the interface loops or that AChBP could be
trapped in a conformation similar to the desensitized state. In
contrast, DHβE induces closure of the C-loop and a hydrogen
bonding network similar to that of agonists (Shahsavar et al.,
2012), suggesting a different mechanism of antagonism by DHβE
compared to prototypical competitive antagonists. Additionally,
major positional changes of loop F on the complementary face are
also induced upon antagonists binding, potentially underlying
the greater subtype selectivity of natural toxin antagonists
compared to agonists.

Comparison Among Binding Modes of Natural Toxin
Inhibitors
The diverse chemical profiles of natural nAChRs inhibitors
from different sources give multifaceted insights in the ligand-
interaction mechanisms at nAChRs. The high potency and high
selectivity at nAChR subtypes shared by MLA, α-neurotoxins,
α-conotoxins and cyclic imine toxins can be ascribed to their
highly specific pairwise interactions highlighted in their co-
crystal structures with AChBP. MLA complements the ligand
binding pocket precisely via three main substructures acting as
hinge regions. α-Neurotoxins and α-conotoxins residues show
exclusive contacts in the LBP. Meanwhile, PnTxs extend from
the membrane to the apical regions of the AChBP which
allows the donation of hydrogen bond by the functional imine
group as well as the complementation of other functional
groups to the LBP.

On the other hand, the low selectivity exhibited by some
toxins like d-TC, strychnine, SPX, and GYM could stem
from their limited diversity in interactions at the LBP. The
interacting surface of d-TC and strychnine constitute mainly
of highly conserved residues among different members of
CLRs. This is in contrast to the broader range of contacts
displayed by those aforementioned nAChRs-selective toxins.
Moreover, the extent of loop F involvement in the ligand-
binding interactions could also further contribute to toxin low
selectivity at different neuronal nAChR subtypes as well as
between muscle and neuronal nAChRs. As described above,
only a few interactions are seen between SPX and GYM with
loop F where most of the non-conserved residues among

nAChR subunits are located. Meanwhile, peptidic toxins like
α-conotoxins display multiple contacts with residues on loop F.
These observations are indeed consistent with the suggestion that
loop F is responsible for determining nAChR subtype specificity
(Bourne et al., 2015).

Unusual binding mechanisms are exhibited by some
traditional nAChR inhibitors as observed in their co-crystal
structures with AChBP. Both d-TC and strychnine present
with multiple ligand orientations in the LBP, suggesting that
these ligands could stabilize the homopentameric protein in
an asymmetric state. Additionally, the unconventional state of
C-loop induced by the widely used nAChRs inhibitor DHβE
proposes a new antagonism mechanism compared to traditional
competitive antagonists.

The Applications of the Co-crystal Structures
The ultimate goal of the structure-function studies of ligands
at nAChRs is to facilitate the design of therapeutic reagents
targeting nAChRs implicated in specific diseases. Such
applications of nAChRs has been proved all pervasive through
the recent and ongoing progress in characterizing the co-crystal
structures of ligands with nAChR structural surrogates. One
representative application is the use of co-crystal structures in the
discovery of new drug leads via virtual screening. In an attempt
to design anticobratoxin drug, the α-cbtx active binding site
for docking was constructed from the α-cbtx/Ac-AChBP crystal
complex. Three potential candidates were then selected following
the virtual screening of compounds at this site, which can serve
as novel templates for the design of promising anticobratoxin
drugs (Utsintong et al., 2009).

The co-crystal structures could be a good starting point for
the design of novel toxins with improved affinity and desired
selectivity. For example, PnIA[A10L D14K]/Ac-AChBP structure
was used to design a series of PnIA analogs with better affinity for
AChBP and α7 nAChRs (Kasheverov et al., 2011). Interestingly,
when numerous α-conotoxins were assessed to compete with
the iodinated version of the resulting PnIA analog, PnIA[L5R
A10L D14R], via a competition binding assay, the IC50 of these
α-conotoxins were 10-fold lower than those obtained in the
competition with the traditional ligand [125I]-α-bgtx. It should be
noted that although [125I]-α-bgtx is currently a popular choice to
evaluate the affinity of novel compounds at α7 nAChRs, this toxin
has its own weaknesses such as its irreversible binding to target
nAChRs (Otvos et al., 2019). As a result, the radio-iodinated
PnIA[L5R A10L D14R] could be a more convenient radiolabeled
tool in the evaluation of α-conotoxin with potential cholinergic
activity compared to [125I]- α-bgtx. In addition, the LvIA/Ac-
AChBP complex has helped to identify key residues in the high
preference of LvIA for α3β2 nAChR over α6β2∗ nAChR (Xu
et al., 2017), which expands our understanding from α-conotoxin
MII having high affinity for both α3β2 versus α6β2∗ nAChR
(Olivera et al., 2008). The identification of α3β2 determinants
from LvIA, therefore, could facilitate the designs of optimized
α3β2-selective ligands.

The co-crystal structures of these ligands with nAChR
structural surrogates have also aided in the design of rationally
optimized natural inhibitors that can overcome current
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challenges in drug development. Such major challenges are
the discrepancy in the ligand selectivity at different species
of nAChRs (rat versus human), the lack of “drug-like”
characteristics and the undesired off-target interactions. The
first challenge is mainly seen with α-conotoxins, in which they
display lower potency at human nAChR versus rat subtype.
This hinders the translation of in vivo potentials of toxins into
clinical usage. However, a possible explanation for the difference
in selectivity among species has been proposed for PeIA with
the help of PeIA/Ac-AChBP co-crystal structure as described
above. This discovery could denote important implications in
the development of α-conotoxin PeIA as therapeutic reagents
targeting human α6/α3β4 nAChRs (Hone et al., 2013). The
second challenge represents the biggest problem in developing
toxins into therapeutic reagents. In order to improve MLA
“drug-like” characteristic, a series of novel analogs of MLA
incorporating either an alcohol or anthranilate ester side
chain was designed. The functional results of these analogs
when combined with the data from the MLA/Ac-AChBP
crystal complex allow the role of anthranilate side chain in
MLA inhibition at nAChRs to be delaminated (Quek et al.,
2010). Another example is the applications of cyclic imine
toxins in neurological diseases. Despite their high potency and
selectivity, peptidic toxins have not been successfully applied into
therapeutic usages, particularly as drugs leads for the treatment
of neurological diseases as they are commonly administered
parenterally and are unable to pass through the blood-brain
barrier due to their polar nature (King, 2011). Meanwhile, imine
toxins with their macrocyclic imine framework have shown to
traverse the blood-brain barrier as evidenced from the reported
presence of SPX in the brain quickly after its intraperitoneal
administration to mouse model of Alzheimer’s disease (Veber
et al., 2002; Otvos et al., 2019). SPX was also found to be
absorbed when administered orally (Otero et al., 2012; Alonso
et al., 2013). As a result, compared to peptidic toxins, cyclic
imine toxins are promising candidates to be used for neurological
diseases. Hence, understanding the interactions between the
structural moieties of this new group and AChBP at atomic
level from the co-crystal structures could assist with formulating
cyclic imine toxins into drug leads. Moreover, the information
obtained here could also be applied for peptidic toxins to
design analogs suitable for therapeutic applications. The last
challenge is often seen with small molecule drugs (Rao et al.,
2019). Their small size and simple chemical structures result

in its limited interactions at the LBP, thereby its lack of high
specificity as evident from the aforementioned small molecule
antagonists from plant toxins. As such, despite a number of
advantages, the off-target interactions exerted by small molecules
drug often lead to drug attrition in pharmaceutical research and
development. In contrast, peptidic toxins typically bind with high
specificity. Thus, peptide binding interactions underlying their
specificity identified from the co-crystal structures, particularly
interactions at regions where small molecules and peptide
binding site overlap, could guide the optimisation of small
molecule antagonists to further improve their performance
characteristics.

CONCLUSION

Challenges for researchers and clinicians to elucidate the role
of particular nAChR subtypes arise from the vast diversity
of neuronal nAChRs subtypes expressed in the CNS and
PNS. This review aims to give an overview of the utilization
of different nAChRs inhibitors from naturally occurring
toxins to probe nAChRs. Particularly, the co-crystal structures
of these inhibitors with AChBP have aided in the better
characterization of the structural mechanism underlying natural
toxins potency at different nAChRs subtypes. Information
obtained here would be useful in the development of therapeutic
reagents targeting nAChRs for the treatment of a wide
range of diseases.
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Effective control of hookworm infections in humans and animals relies on using a
small group of anthelmintics. Many of these drugs target cholinergic ligand-gated ion
channels, yet the direct activity of anthelmintics has only been studied in a subset
of these receptors, primarily in the non-parasitic nematode, Caenorhabditis elegans.
Here we report the characterization of a homopentameric ionotropic acetylcholine
receptor (AChR), ACR-16, from Necator americanus and Ancylostoma ceylanicum,
the first known characterization of human hookworm ion channels. We used two-
electrode voltage clamp electrophysiology in Xenopus laevis oocytes to determine the
pharmacodynamics of cholinergics and anthelmintics on ACR-16 from both species
of hookworm. The A. ceylanicum receptor (Ace-ACR-16) was more sensitive to
acetylcholine (EC50 = 20.64 ± 0.32 µM) and nicotine (EC50 = 24.37 ± 2.89 µM) than
the N. americanus receptor (Nam-ACR-16) (acetylcholine EC50 = 170.1 ± 19.23 µM;
nicotine EC50 = 597.9 ± 59.12 µM), at which nicotine was a weak partial
agonist (% maximal acetylcholine response = 30.4 ± 7.4%). Both receptors were
inhibited by 500 µM levamisole (Ace-ACR-16 = 65.1 ± 14.3% inhibition, Nam-ACR-
16 = 79.5 ± 7.7% inhibition), and responded to pyrantel, but only Ace-ACR-16
responded to oxantel. We used in silico homology modeling to investigate potential
structural differences that account for the differences in agonist binding and identified a
loop E isoleucine 130 of Nam-ACR-16 as possibly playing a role in oxantel insensitivity.
These data indicate that key functional differences exist among ACR-16 receptors from
closely related species and suggest mechanisms for differential drug sensitivity.

Keywords: hookworms, ion channels, electrophysiology, oxantel, homology modeling, anthelmintic sensitivity,
acetylcholine receptors

INTRODUCTION

Hookworm infection by parasites of the family Ancylostomidae is a source of significant morbidity
in humans and companion animals, with several species capable of invading the skin of human
hosts and causing an inflammatory dermal syndrome known as cutaneous larva migrans (Hochedez
and Caumes, 2007). However, the vast majority of patent human infection is caused by Necator
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americanus and Ancylostoma duodenale, with a lesser
contribution from the zoonotic parasite of dogs and cats,
Ancylostoma ceylanicum (Hoagland and Schad, 1978; Traub,
2013). These parasites are associated with low mortality rates,
but a notable longevity of infection in the intestine of their
host, where they feed on blood. Untreated hookworm infections
account for anemia and malnutrition responsible for large
economic productivity losses (Hotez, 2008) and over 4 million
social disability-adjusted life years (DALYs) lost (Bartsch et al.,
2016). Furthermore, these organisms are well suited to moderate
increases in temperature associated with global climate change,
and represent a continuing challenge for reducing the prevalence
and spread of neglected tropical diseases (Weaver et al., 2010;
Okulewicz, 2017; Blum and Hotez, 2018). The severity of their
social and economic impact is primarily limited through the
use of anthelmintics, drugs that remove helminths from their
hosts. However, there are incongruities in susceptibility to
anthelmintics among the different species of hookworm. For
instance, Ancylostoma spp. are highly sensitive to the macrocyclic
lactone, ivermectin, while N. americanus is incompletely cleared
by doses up to 25 mg/kg (Behnke et al., 1993; Tritten et al.,
2012). The extent to which differences in the targets of drugs
across hookworm species govern anthelmintic efficacy has not
been fully investigated. This is especially important for drugs
that target other soil-transmitted helminths but cannot be used
against hookworm, as is the case for the cholinergic acting
oxantel used to treat Trichuris spp. (Keiser et al., 2013). To
better understand the basis of differential species responses to
anthelmintics and their role in physiology, one must first fully
characterize the drug targets.

Some of the most important classes of anthelmintic targets
are the ionotropic acetylcholine receptors (AChRs). Nematode
acetylcholine-gated cation channels are responsible for fast,
excitatory neurotransmission required for a range of essential
physiological functions, including movement (Touroutine et al.,
2005), feeding (McKay et al., 2004), and egg laying (Duerr et al.,
2001) via regulation of muscle contractions. These nematode
AChRs are orthologous but pharmacologically distinct from their
vertebrate host counterparts, aiding specificity for drug targeting
(Atchison et al., 1992) which induces paralysis and death or
expulsion from the host. Nematode AChRs include 4 subtypes, B-
L- M- and N-AChRs, characterized by their subunit composition
and preferential sensitivity to bephenium, levamisole, morantel
and nicotine, respectively (Martin et al., 2005; Courtot et al.,
2015). The major N-type AChR subunit is encoded by acr-
16, which forms functional homopentameric receptors in the
presence of the accessory protein RIC-3 (Bennett et al., 2012),
and has been characterized from C. elegans (Ballivet et al.,
1996; Raymond et al., 2000), Ascaris suum (Abongwa et al.,
2016), Parascaris equorum (Charvet et al., 2018) and the dog
hookworm Ancylostoma caninum (Choudhary et al., 2019). In
C. elegans these receptors are expressed in body wall muscles and,
along with the L-AChR, contribute to the acetylcholine response
(Touroutine et al., 2005). In comparison, the acr-16 transcript
from A. suum has been detected in numerous tissues including
the pharynx, intestine, reproductive tract as well as body wall
muscles (Abongwa et al., 2016).

ACR-16 is ideal for the study of ion channel drug targets
because of the growing body of function data from multiple
parasitic species, the ease of expression in Xenopus oocytes with
only a single accessory protein, and the presence of a single
subunit interface type (the site of agonist binding) since it is a
homopentamer. In contrast, L-AChRs exist as heteropentamers
composed of 5 different subunits in C. elegans that are each
required for expression, but different subunits combinations exist
in different parasitic nematode species (Williamson et al., 2009;
Neveu et al., 2010; Boulin et al., 2011; Buxton et al., 2014).
This means it is not possible to be certain which subunit-
subunit interfaces exist, and each combination likely has distinct
binding sites. These receptors also require multiple accessory
proteins for functional expression (Boulin et al., 2008, 2011;
Duguet et al., 2016).

The function of ACR-16 has not been reported in hookworms
that infect humans, in which recent failure of the standard
treatment of the benzimidazoles albendazole or mebendazole has
been documented (Humphries et al., 2011; Soukhathammavong
et al., 2012), and few alternative drugs are approved for
treatment. Recent work has also identified an alarming increase
in treatment failure of canine hookworm infections in the
United States (Castro et al., 2019). The WHO put forth a goal of
reducing morbidity of helminthiases by treating 75% of human
childhood hookworm infections by 2030, extended from the
original 2010 and 2020 deadlines (World Health Organization,
2012, 2020). However, this goal relies solely on the use of
mebendazole or albendazole, and their increasingly intensive use
raises the threat of the selection and spread of drug-resistant
hookworm populations. Also approved for this indication, but
little used in mass drug administration campaigns for hookworm
control, are pyrantel pamoate and levamisole, albeit with more
limited success (Botero and Castano, 1973; Krepel et al., 1993;
Reynoldson et al., 1997; Keiser and Utzinger, 2008). Oxantel
pamoate is effective against whipworm infections (Howes, 1972;
Garcia, 1976; Barda et al., 2018), but lacks efficacy against
hookworms (Keiser et al., 2013; Speich et al., 2014; Moser et al.,
2016). A combination therapy of pyrantel and oxantel has been
effective in treating soil-transmitted helminth infection (Rim
et al., 1975; Grandemange et al., 2007), but high level of pyrantel
resistance in A. caninum (Kopp et al., 2007) is indicative of the
threat of drug resistance.

These limitations, coupled with the fact that the global
prevalence of hookworm infection has only dropped by
9% since 1996 (Hotez, 2018) despite large scale deworming
programs, illustrates the urgent need to identify new safe and
effective treatments to minimize the risk of rising hookworm
infection prevalence. By characterizing understudied nematode
ion channels, we may better understand the mechanisms by
which current anthelmintics work and discover new targets to aid
in the discovery of novel anthelmintics.

Here we report the identification and cloning of acr-16 from
A. ceylanicum and N. americanus, which encode functional
N-type AChRs, the first ion channels to be so characterized
from hookworm species that infect humans. Despite high
sequence similarity between these hookworm acr-16, and with
previously characterized nematode acr-16, our results identify
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key differences in their pharmacological profiles and suggest a
structural rationale for the failure of oxantel to clear hookworm
infections. These results emphasize the potential importance
of species-specific drug discovery programs for hookworm
infection, and perhaps for all parasitic nematodes.

MATERIALS AND METHODS

cDNA Synthesis
Adult A. ceylanicum cDNA was generously provided by Dr. John
Hawdon (George Washington University School of Medicine
& Health Sciences, Washington, DC, United States). Adult
A. ceylanicum and N. americanus were provided by the Dr.
Raffi Aroian lab (University of Massachusetts Medical School,
Worchester, MA, United States). Total RNA was isolated from
20 to 30 adult worms. Briefly, worms were thoroughly rinsed
after removal from hamster hosts, snap frozen and crushed with
a mortar and pestle until ground into a fine powder, which was
suspended in TRIzol. RNA was isolated using Phenol TRIzol
purification reagents and column purified with a Qiagen RNeasy
MiniElute Cleanup Kit (Qiagen, Toronto, ON, United States).
Quality of RNA was validated by visual inspection following
electrophoresis though a denaturing agarose gel.

First strand cDNA was synthesized using a Maxima H Minus
First Strand cDNA Synthesis Kit and treated with a double
stranded DNase to remove genomic DNA (Thermo Fisher
Scientific, Waltham, MA, United States).

Cloning of Ancylostoma ceylanicum
ACR-16
The full-length sequence of A. ceylanicum ACR-16, was
predicted from a BLASTP search of Haemonchus contortus
and Caenorhabditis elegans ACR-16 against the genome of
A. ceylanicum (BioProject IDs PRJNA231479, PRJNA72583)
using the web-based platform WormBase ParaSite (Howe
et al., 2017). Nested PCR was performed with inner primers
designed to amplify a full length, gene-specific Ace-ACR-16
transcript flanked by 5′ NotI and 3′ ApaI restriction sites
added to the ends of the primers (forward outer primer 5′-
GATGGAAAAGTGCACTGGGTG-3′, reverse outer primer
5′-GAGAGGAATAAGAAGAACAGACGAC-3′, inner forward
primer 5′-GCGGCCGCATGTGATGCGTTCGCTGGTC-3′, in-
ner reverse primer 5′-GGGCCCCACAAGGGTTAGGCGA
CGAG-3′).

Cloning of Necator americanus ACR-16
A partial sequence of N. americanus ACR-16, NECAME_12789,
was obtained by BLASTP search. A primer specific for the
common nematode 5′ trans-splice leader 1 (SL1) was used to
amplify the 5′ end and a poly-A primer was used to amplify the
3′ end of Nam-acr-16. Cloned amplicons were verified Sanger
sequencing (at Genome Quebec). Full length sequences were
obtained from nested PCR with an inner primer flanked by
5′ NotI and 3′ ApaI restriction sites added to the ends of the
primers (SL1 outer forward primer, inner forward primer 5′-
ATATAGCGGCCGCATGCGTTCGTTGGTCGTCT-3′, reverse

outer primer 5′-CCTCAAAAATGTCTAGAGAGTTCG-3′,
inner reverse primer 5′-GGGCCCAGAGTTCGATCTAGGCG
ACA-3′).

Sequence Analysis
Signal peptide prediction was performed using the web-
based program SignalP 5.0 (Nielsen and Krogh, 1998)
and by sequence alignment homology using Geneious
7.17 (https://www.geneious.com). Geneious was used for all
primer design [Primer3 plugin (Rozen and Skaletsky, 2000)],
transmembrane domain predictions, sequence alignment and
analysis (Kearse et al., 2012). Primers were synthesized by
Thermo Fisher Scientific.

cRNA Synthesis and Xenopus laevis
Oocyte Expression
PCR products were subcloned into the pGEMT- Easy vector
(Invitrogen, Waltham, MA, United States), grown using standard
molecular biology techniques and plasmids were sequenced by
Genome Quebec. Ace- and Nam-acr-16 were cloned into the
Xenopus laevis oocyte expression vector pTD2 (Duguet et al.,
2016), a gift from Dr. T Duguet derived from pTB20 (Boulin et al.,
2008). pTD2 contains a T7 promoter and the Xenopus 5′ and
3′ UTR of β-globin designed to improve stability of exogenous
genes in the oocyte. pTD2 was linearized using NheI and
in vitro transcription of capped copy RNA (cRNA) performed
using a mMessage mMachine T7 Transcription kit according
to the manufacturer’s instructions (Ambion, Burlington, ON,
United States). Freshly synthesized cRNA was DNase treated,
precipitated using lithium chloride and stored in nuclease- free
water at−80◦C.

All experiments using X. laevis complied with McGill
University and Canadian Council on Animal Care animal
protocols. Adult female X. laevis were purchased from Xenopus
1 (Dexter, Michigan). All surgical procedures and animal care
were performed by trained personnel as outlined in AUP 2015-
7758 issued by the McGill Animal Care Committee. Ovaries of
X. laevis were surgically extracted from adult female frogs under
0.15% MS-222 tricaine methanesulphonate anesthesia (Sigma-
Aldrich, Oakville, ON, United States), pH 7 corrected with
sodium bicarbonate. Ovaries were cut into clumps containing
roughly 15 oocytes and treated with collagenase type Ia
from Clostridium (Sigma-Aldrich, Oakville, ON, United States)
in Ca2+-free oocyte ringer solution (82 mM NaCl, 2 mM
KCl, 1 mM MgCl2, 5 mM HEPES buffer, NaHCO3 to pH
7.3) to defolliculate and isolate individual oocytes. Post-
treatment, oocytes were allowed to recover at 19◦C for 1–
2 h in the normal oocyte saline solution ND96 (96 mM
NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM
HEPES buffer) supplemented with pyruvate (2.5 mM) as a
carbon source and penicillin (100 U/ml) and streptomycin
(100 µ g/ml).

Oocyte Injections
25–50 ng of either Ace-acr-16 or Nam-acr-16 cRNA alone,
or in equal amounts with cRNA encoding the accessory
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protein Hco-RIC-3 (accession # HQ116823), were loaded into
mineral oil-filled borosilicate glass pipettes pulled from a P-
1000 Flaming/Brown micropipette puller (Sutter Instrument Co,
Novato, CA, United States) and injected into the cytoplasm of
the vegetal pole of stage V or VI oocytes using a Nanoject II
(Drummond Scientific Company, Broomall, PA, United States).
Water injected oocytes acted as a negative control.

Oocytes were allowed a minimum of 24 h to synthesize
and express receptors, then assayed daily afterward. ACR-
16 is a cation channel that gates Na+ and Ca2+ ions,
which can in turn activate intracellular Ca2+-gated Cl−
channels endogenous to X. laevis oocytes. To counteract
the activity of these endogenous chloride channels,
selected oocytes were incubated with 100 µM of the
Ca2+ chelator BAPTA-AM (Sigma-Aldrich, Oakville, ON,
United States), for 1 h, then washed in ND96 immediately
prior to experiments.

Drug Solutions
Unless otherwise stated, each compound was purchased from
Sigma-Aldrich and dissolved in ND96 stock concentrations.
Where noted, compounds were dissolved in pure DMSO and
diluted in ND96 to a final concentration containing <0.1%
DMSO: acetylcholine chloride, choline, betaine, (-)-nicotine
hydrogen tartrate, glucosamine HCl, sodium gluconate,
bephenium hydroxynaphthoate (DMSO), nornicotine,
mecamylamine hydrochloride (DMSO), levamisole - (-)-
tetramisole hydrochloride, pyrantel citrate (DMSO), oxantel
pamoate (DMSO), morantel citrate (DMSO), ivermectin
(DMSO), BAPTA-AM (DMSO).

Electrophysiology
Two-electrode voltage clamp (TEVC) electrophysiology was used
to measure the function of expressed ion channels. Briefly,
oocytes were placed in a 212.5 µl (85 µl/mm, 2.5 mm tall)
RC-1Z perfusion chamber (Harvard Apparatus, Saint-Laurent,
QC, United States) and pierced by one voltage clamping,
and one current passing electrode. Glass microelectrodes (1–
5 M�) backfilled with 3 M KCl were connected to headstages
(Axon Instruments, Foster City, CA, United States) by Ag|
AgCl wires feeding into a GeneClamp 500B operational
amplifier (Axon Instruments), with which user-defined holding
potentials allows the measurement of changes in current
across the oocyte membrane. Except for current-voltage studies,
all oocytes were clamped at a holding potential of −60
mV. For current-voltage studies oocytes were subject to
repeated exposures of 100 µM acetylcholine at holding
potentials ranging from −75 mV to +50 mV, increasing by
increments of 25 mV.

ND96 (0.1% DMSO) and the drugs used in this study
were gravity-perfused into the oocyte chamber with a solution
exchange rate of less than 500 ms. Once a maximal current
was achieved, drug application ceased, and saline solution
was restored. All agonist responses were normalized to
a maximal acetylcholine response by exposing individual
replicate oocytes to acetylcholine before agonist exposure.
To test antagonism, compounds at indicated concentrations

were co-applied to oocytes with an EC50 concentration of
acetylcholine. For current-voltage studies a final 100 µM
acetylcholine was prepared in the following solutions:
ND96, 96 mM sodium gluconate, 96 mM glucosamine HCl,
1.8 mM CaCl2.

Recordings were digitized using Digidata 1322A (Axon
Instruments). Only oocytes with intact membranes capable of
maintaining voltage clamp were used.

In silico Homology Modeling
Modeller v9.23 was used to generate a homology model of the
extracellular domain (ECD) of ACR-16 from A. ceylanicum
and N. americanus, C. elegans, and Trichuris muris (Šali
and Blundell, 1993). The crystallized chimeric human
α-7 extracellular domain/Lymnaea stagnalis acetylcholine
binding protein bound to epibatidine in an open conformation
(protein data bank 3SQ6) served as a template for homology
modeling (Li et al., 2011). Fifty homodimer models were
generated for each species of ACR-16, including the
creation of models for each amino acid substitution, to
recreate the binding domain between adjacent subunits,
and the best models were chosen for docking simulations
based on Molpdf scores and Ramachandran plot analysis
calculated by Modeller.

Homodimers were used to prepare in silico ligand binding
analysis of a single binding site between adjacent subunits,
implemented by AutoDock Vina (Trott and Olson, 2010).
Molecules were instructed to bind within volume of a
15× 15× 15 Å box encompassing the orthosteric binding site.

Fifty binding orientations were generated per root mean
square from best fit with a default exhaustiveness value of 8
and the best binding poses were chosen according to predicted
binding energies. All imaging was performed using USCF
Chimera (Pettersen et al., 2004).

Statistical Analysis
All statistical analyses were performed using Prism 6.0
(GraphPad Software, San Diego, CA, United States). Semi-
log concentration-response curves were generated using a
non-linear regression defined as:

Imax =
1[

1+
(

EC50
[D]h

)]
where Imax is the maximal current response, [D] is the
concentration of drug, EC50 is the value of [D] at 50% maximal
response, and h is the Hill slope which was used to gauge positive
cooperativity for agonist binding. No sample calculation was
performed in this study.

Ethics Statement
All experiments complied with McGill University and Canadian
Council on Animal Care animal protocols. All surgical
procedures and animal care were performed by trained
personnel as outlined in AUP 2015-7758 issued by the McGill
Animal Care Committee.
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RESULTS

Cloning
Nested PCR of Ace- (accession # MT163735) and Nam-acr-16
(accession # MT163736) each generated transcripts encoding
498 amino acid polypeptides. The sequence alignment (Figure 1)
illustrates that both subunits contain signature pentameric
ligand-gated ion channel (pLGIC) cation characteristics
including a motif for cation selectivity, presence of a predicted
cys-loop, 4 transmembrane domain regions, and a predicted
signal peptide cleavage site after residue 21.

The amino acid sequences of Nam- and Ace-ACR-16 share 75–
78% identity with ACR-16 from the clade III nematodes A. suum
and P. equorum, as well as the clade V free-living nematode
C. elegans (Meldal et al., 2007). The greatest degree of shared
identity was among the hookworm ACR-16 receptors (95–98%)
and the closely related Hco-ACR-16 (84–88%). Ace- and Nam-
ACR-16 differ in amino acids at 22 residues, primarily within
the putative signal peptide and in the C-terminal region. The
A. ceylanicum and A. caninum receptors differ in 8 residues,
half of which are located in the signal peptide. Regions of
highest similarity include the transmembrane domains and
the large extracellular domain; however, some differences exist
in the aromatic loop regions that comprise the orthosteric
ligand binding domain and could play a role in differential
ligand specificity.

The human hookworm ACR-16 receptors expressed relatively
quickly, producing currents on a timescale and magnitude similar
to those reported for other ACR-16s (Raymond et al., 2000;
Abongwa et al., 2016; Charvet et al., 2018; Choudhary et al., 2019).
Maximal responses were detected 48 hr post-cRNA injection
and currents were detectable until oocyte quality degraded to
the point of loss of membrane integrity, roughly 4–5 days
after injection. Oocytes expressing Ace-ACR-16 alone elicited
very small, but detectable current responses upon an initial
1 mM acetylcholine application, used to screen for functional
expression (Figure 2A).

Oocytes co-injected with Ace-acr-16 and H. contortus ric-
3 elicited large concentration-dependent currents in response
to acetylcholine as early as 24 h after injection (Figure 2B),
while oocytes injected with water produced no response. In
comparison, formation of detectable Nam-ACR-16 responses
required the presence of RIC-3 (Figure 2A), but with some
notable and surprising differences. Nam-ACR-16 required 48 h
for functional expression, the magnitude of the acetylcholine
response was significantly smaller than for Ace-ACR-16, and
the signal from repeated exposures to acetylcholine diminished
over time (Figure 2C), in contrast to responses in Ace-ACR-16
injected oocytes, which remained constant (Figure 2D). These
differences were consistent regardless of the amount of Nam-acr-
16 cRNA injected.

Time Between Agonist Exposures
To investigate the reduction in Nam-ACR-16 signal from
repeated exposures to a single concentration of acetylcholine, we
measured the change in current amplitude as a function of time

between exposures to 1 mM acetylcholine (Figure 3). Oocytes
were first allowed to recover from voltage clamp and equilibrate
in ND96 buffer for 1 min before recording initial responses.
Incubation time prior to first exposure to acetylcholine did not
influence the magnitude of the initial response.

If agonist exposure generated a refractory desensitized
state in Nam-ACR-16, lengthening the recovery time between
exposures should reproduce maximal responses once a greater
proportion of receptors was again primed for activation. Up
to 1 min after an initial response to acetylcholine, subsequent
applications generated attenuated responses, and a third
application sometimes failed to generate a response. Only after
2 min continual washout with ND96 solution did we see rescue
of maximal amplitude, indicating a very slow but completely
reversible desensitization period.

Pharmacology
Beyond the differences reported above, we found
that acetylcholine was more potent on Ace-ACR-16
(EC50 = 20.64± 0.32 µM; Hill slope = 1.55± 0.13) than on Nam-
ACR-16 (EC50 = 170.1 ± 1 9.23 µM; Hill slope = 1.11 ± 0.37)
(Figure 4). The lower sensitivity of Nam-ACR-16 was magnified
in response to nicotine, which acted as a weak partial agonist for
this receptor (EC50 = 597.9± 59.12 µM; Hill slope = 6.19± 1.43;
maximal acetylcholine response = 30.4 ± 7.4%). Initial Nam-
ACR-16 nicotine trials produced such small currents that
we originally suspected degradation of the drug. However,
Ace-ACR-16 receptors expressed in the same week produced
large and reproducible responses to nicotine, comparable to
those elicited from acetylcholine (EC50 = 24.37 ± 2.89 µM; Hill
slope = 1.43± 0.15) (Figure 4B).

Current Voltage Trials
ACR-16 receptors gate Na+ and Ca2+ ions into the cell, which
in turn can activate endogenous intracellular Ca2+-gated Cl−
channels in X. laevis oocytes (Miledi and Parker, 1984). To ensure
that receptor activation measurements were not influenced by
this cascading Ca2+ signaling, we incubated oocytes expressing
Ace-ACR-16 with the intracellular Ca2+ ion chelator BAPTA-AM
(100 µM) for 1 h. Following incubation, oocytes were washed in
ND96 and voltage clamp measurements made immediately after.
This receptor was chosen because the stability and reproducibility
of tracings provided better accuracy than Nam-ACR-16 for
comparing BAPTA-treated versus untreated oocytes. Figure 5A
shows that BAPTA-AM treatment did not affect the sensitivity
or activation profile of Ace-ACR-16. However, it did alter
the reversal potential [(+)BAPTA-AM = 13.55 mV; (-)BAPTA-
AM = -8.53 mV] and slope [(+)BAPTA-AM = 34.6 ± 2.4; (-
)BAPTA-AM = 67.7 ± 2.6] of the current-voltage relationship,
indicating an altered population of ions transported across the
membrane (Figure 5B). Because of the variable pharmacology
of ACR-16 receptors reported in the literature, we sought to
validate the gating of Na+ and Ca2+ ions by completely replacing
the buffer ion composition with sodium gluconate (96 mM) as
an anion replacement, glucosamine HCl (96 mM) as a cation
replacement or CaCl2 (1.8 mM). Reversal potential values from
these ion replacement curves are in keeping with the values
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FIGURE 1 | (A) Sequence alignment of ACR-16 from Ancylostoma ceylanicum (accession # MT163735), Necator americanus (accession # MT163736)
Ancylostoma caninum (accession # QEM53385.1), Caenorhabditis elegans (accession # CCD64102.1), Haemonchus contortus (accession # AZS27833.1), Ascaris
suum (accession # KP756901), Parascaris equorum (accession # AZS27834.1), and the human α7 acetylcholine receptor subunit (accession # P36544.5). Amino
acids are shaded by consensus sequence similarity; black is most, and white is least similar. The ECD ligand binding loops A-E are denoted in red, the
characteristics cys-loop is indicated in blue, the cation selectivity motif is shown in purple and the transmembrane domains are in green. Red star indicates site of
Ile130 of Nam-ACR-16 (B)% Identity matrix of the polypeptide sequences for comparison.
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FIGURE 2 | Functional expression of ACR-16 receptors in response to acetylcholine. (A) Amplitude of current response to 1 mM acetylcholine in the presence or
absence of the accessory protein RIC-3 48 h after injection. Each point represents recordings from individual oocytes. n > 7; p < 0.05. (B) Ace-ACR-16 response
profile to increasing concentrations of acetylcholine. (C) Reproducibility of Nam-ACR-16 and (D) Ace-ACR-16 current response profile to repeated concentrations of
acetylcholine. Nam-ACR-16 displays reduced current responses to repeated exposures to acetylcholine.
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FIGURE 3 | (A) The effect of time between subsequent applications of 1 mM acetylcholine on the magnitude of current elicited from Nam-ACR-16. Oocytes given
2 min recovery time from an initial acetylcholine exposure produced significantly larger currents than any other timepoint. Data at each time point were derived from
experiments conducted on oocytes from at least two different frogs. n > 6, *p = 0.0004, **p < 0.0001. (B) Representative tracing of current responses from oocytes
expressing Nam-ACR-16 induced by varying time between exposures to acetylcholine.

indicative of a, primarily Na+, cation-gated AChR (Harrow
and Gration, 1985). In the absence of Na+ and Ca2+ ions
in solution, no current was detectable when acetylcholine was
applied (Figure 5C, glucosamine HCl).

Panel of Anthelmintics and Classic
Cholinergics Against the ACR-16
Receptors
Previous studies indicate that Ancylostoma spp. and
N. americanus respond differently to anthelmintics (Behnke
et al., 1993; Richards et al., 1995; Tritten et al., 2011). To
investigate differences in anthelmintic sensitivity between these
receptors, we tested them against a panel of drugs, including
cholinergic anthelmintics.

Nematodes possess 4 subtypes of AChRs: nicotine (N-
type), levamisole (L-type), morantel (M-type) and bephenium
sensitive (B-type). As expected for an N-type AChR, neither
receptor was activated by levamisole or bephenium. Ace-ACR-
16 was only weakly activated by the tetrahydropyrimidines
oxantel (15.6 ± 9.6% maximal acetylcholine response), pyrantel
(12.5 ± 7.5%) and morantel (5.5 ± 3.9%), while Nam-ACR-16
was only activated by pyrantel (8.3 ± 6.0%) (Figure 6A).
Raymond et al. (2000) showed that the C. elegans ACR-16
is antagonized by levamisole. To further characterize the
hookworm ACR-16s, we assayed compounds and anthelmintics
known to modulate the activity of pLGICs. Supporting the
findings of Raymond et al. (2000), we observed significant
inhibition of acetylcholine-induced channel activation by
levamisole for Ace-ACR-16 (65.1 ± 14.3% inhibition) and
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FIGURE 4 | (A) Concentration-response curves for acetylcholine on Ace- and Nam-ACR-16. Individual oocytes were exposed to increasing concentrations of
acetylcholine and all responses were standardized to the maximal current achieved within each oocyte. n > 6 (B) Concentration-response curves for nicotine on
Ace- and Nam-ACR-16. Individual oocytes were exposed to repeated maximal concentrations of acetylcholine to determine stability of response, and to serve as a
maximal effect reference to standardize all nicotine current responses to. Nicotine acts as a full agonist on Ace-ACR-16 but as a weak partial agonist of
Nam-ACR-16 n > 6.

Nam-ACR-16 (79.5± 7.7%) (Figure 6B). This inhibition appears
to be irreversible and robust.

The classical non-competitive cholinergic antagonist
mecamylamine was also inhibitory, with comparable inhibition
of acetylcholine responses for Ace-ACR-16 (94.7 ± 4.7%
inhibition) and Nam-ACR-16 (99.7 ± 0.4%) (Figure 6B).
Ivermectin had no effect on acetylcholine-induced currents after
either pre-treatment or simultaneous exposure of the oocyte.

Homology Modeling
We used homology modeling and in silico ligand docking
predictions to investigate structural differences between the
receptors that might underlie some of the differences in

pharmacology (Figure 7). Acetylcholine and nicotine docked
into the orthosteric binding pocket of both ACR-16 models
with comparable predicted energies (Acetylcholine: Ace-ACR-
16 = −4.3 kcal/mol, Nam-ACR-16 = −4.0 kcal/mol; nicotine:
Ace-ACR-16 = −5.4 kcal/mol, Nam-ACR-16 = −4.6 kcal/mol).
However, docking simulations simply place the ligand in a
position forming bonds with the lowest predicted binding
energies, and do not take into account hydrogen bonding and
π-cation interactions required for activating pLGICs.

Both agonists oriented centrally into the binding pocket of
Ace-ACR-16 with their cation nitrogens placed near aromatic
residues of loops B and C, notable for forming important π-
cation bonds with ligands (Dougherty, 2008). In comparison,
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FIGURE 5 | (A) BAPTA-AM was used to examine the role of activation of intrinsic Ca2+ sensing Cl− channels induced by Ca2+ influx from Ace-ACR-16 activation.
BAPTA-AM treatment had no effect on the ability of acetylcholine to activate Ace-ACR-16 in oocytes. n > 5; Vc = –60 mV (B) Current-voltage relationship of ACR-16
induced by 100 µM acetylcholine in ND96 (reversal potential = –8.5 mV), ND96 with BAPTA-treatment (reversal potential = 13.6 mV), 96 mM sodium gluconate
(reversal potential = 15.9 mV), 1.8 mM CaCl2 (reversal potential = 35.8 mV). BAPTA-associated inhibition of Ca2+ gated Cl− channels altered the conductance from
activating ACR-16. Oocytes were exposed to 100 µM acetylcholine at holding potentials beginning at –75 mV and increasing by 25 mV to +50 mV. (C) 100 µM
acetylcholine produced no current responses in 96 mM glucosamine HCl solution. Channel activity in response to acetylcholine was restored when this solution was
replaced with ND96.
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FIGURE 6 | (A) Ace-ACR-16 (left) and Nam-ACR-16 (right) agonist response profiles to classical cholinergics and anthelmintics. All current responses are
standardized relative to that of a maximal 1 mM acetylcholine response; n = 5 (B) inhibition of EC50 acetylcholine-induced responses in Ace- and Nam-ACR-16 by
levamisole and the AChR antagonist mecamylamine; n ≥ 4.

acetylcholine and nicotine docked more peripherally into Nam-
ACR-16, 4–5 Å closer to the transmembrane domain, placing
their cation nitrogens further from the aromatic pocket than in
Ace-ACR-16. These docking differences could offer a structural
origin to for the lower affinity for the site of activation in
Nam-ACR-16, potentially explaining the higher EC50 values for
this receptor. Furthermore, in the Nam-ACR-16 model, nicotine
molecules did not dock with the pyridine group presenting
to Loop E residues of the complementary subunit, which are
expected to hydrogen bond with a water molecule essential for
agonist activation (Celie et al., 2004; Blum et al., 2010). Indeed,
the best scoring docking simulation for Nam-ACR-16 flipped
the nitrogenous ring of nicotine away from Loop D of the
complementary subunit, roughly 9 Å further than in the Ace-
ACR-16 docking model. This difference conceivable prevents
the complete closure of binding pocket and could explain why
nicotine acted as a partial agonist on Nam-ACR-16.

Interestingly, our model also predicted significant differences
in tetrahydropyrimidine (oxantel, pyrantel, morantel) binding
between these receptors. When constrained to bind in the
Ace-ACR-16 orthosteric agonist binding pocket, oxantel
(−6.4 kcal/mol), pyrantel (−5.5 kcal/mol) and morantel
(−5.7 kcal/mol) all docked with similar energies, comparable
to acetylcholine and nicotine. All compounds docked within
loops A-C of the aromatic box and presented functional
groups to the complementary subunit where they are
expected to hydrogen bond with a water molecule within
the pocket. Using the same constraints for the Nam-ACR-16
receptor, all three tetrahydropyrimidine docking simulations
produced positive binding energies (oxantel = + 3.6 kcal/mol;
pyrantel = + 1.1 kcal/mol; morantel = + 0.7 kcal/mol) indicative
of poor affinity. Only when binding parameters were extended
to a large section of the extracellular domain was oxantel able to
dock with a higher affinity, but still in a site and conformation
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FIGURE 7 | Homology models of the Ace-ACR-16 and Nam-ACR-16, docking: acetylcholine (A,B), nicotine (C,D), pyrantel (E,F), and oxantel (G,H). The principal
(+) subunit contributing to key residues of Loops A, B and C, is colored green and the subunit contributing the complementary (-) face of the binding pocket
contributing Loops D, E and F is colored in purple ribbon. Carbon atoms of docked agonists are colored in orange ball and stick. Red and blue molecules show
oxygen and nitrogen atoms, respectively.

Frontiers in Molecular Neuroscience | www.frontiersin.org 12 November 2020 | Volume 13 | Article 601102105

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-13-601102 November 20, 2020 Time: 16:39 # 13

Kaji et al. ACR-16 from N. americanus and A. ceylanicum

FIGURE 8 | Homology models of oxantel docking into: (A) Ace-ACR-16 V130I (B) Nam-ACR-16 (C) Nam-ACR-16 I130L (D) Nam-ACR-16 I130V (E) Cel-ACR-16
(F) Cel-ACR-16 I130L (G) Cel-ACR-16 I130V (H) Tmu-ACR-16.

peripheral to the main binding pocket. These poses either failed
to present a functional group to the complementary subunit, or
placed the compound above the aromatic box where they are not
expected to form π-cation interactions.

Only the oxantel-insensitive Cel-ACR-16 and Nam-ACR-
16 possess an isoleucine on the complementary (−) subunit
proximal to the binding pocket, compared to a leucine in
the human α-7 receptor, and a valine in all other published

ACR-16s. We modeled the Cel-ACR-16 receptor and also found
an inability to dock oxantel (+2.5 kcal/mol), mirroring in vitro
results (Raymond et al., 2000) (Figure 8). Interestingly, Ile130
in both Cel- and Nam-ACR-16 and the Val130 of the oxantel-
insensitive Aca-ACR-16 points inward into the agonist binding
site, whereas the side chain points in the opposite direction
in Ace- and Asu-ACR-16, which both respond to oxantel. To
determine if more negative space in this position is associated
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with improved docking predictions, we mutated the models of
Nam- and Cel-ACR-16 from Ile130 to valine, which is one side-
chain carbon shorter, or to a leucine, which has the same length
as isoleucine but whose chain branches in the opposite direction.
We then repeated the docking simulations for acetylcholine and
oxantel (Figure 8) and found Val130 and Leu130 both allowed
simulations to generate binding energies comparable to those of
Ace-ACR-16 (Table 1), with oxantel better able to fit into the
binding pocket. As expected, reverse mutation of the analogous
position in Ace-ACR-16 (Val130 to isoleucine) had no effect on
predicted binding parameters.

Oxantel does not clear hookworm infections in standard
single-dose regimens, but is efficacious against the whipworm
Trichuris spp. We mined the genome of Trichuris spp. and, using
a curated gene annotation, obtained the predicted sequences of
ACR-16 from T. muris, T. trichiura, and T. suis. All three species
possess an analogous Ile130, and our homology modeling of
T. muris indicates that this residue extends toward the binding
pocket as in Cel- and Nam-ACR-16 (Figure 8). Remarkably,
docking simulations of oxantel into Trichuris ACR-16 yielded
strong predicted binding (−5.4 kcal/mol), and in orientations
more central to the binding pocket, similar to poses in Ace-
ACR-16. However, the acr-16 sequence of Trichuris spp. are more
divergent from the clade V nematodes and contains differences in
the binding pocket. One of these differences is that the predicted
Tmu-ACR-16 has an outward facing V129, whereas all the other
ACR-16 models have a M129 intruding into the binding pocket,
which may provide more space to accommodate oxantel. Future
site-directed mutagenesis studies will be required to elucidate the
functional effect of these changes.

Together with the electrophysiological data, our model
predictions suggest that there are separate mechanisms
of binding for nicotine and acetylcholine compared to
tetrahydropyrimidines, and that the Nam-ACR-16 agonist
binding pocket strongly discriminates between these two classes
of molecules. A caveat to the interpretation of these homology
modeling results is the observation of a pyrantel-induced signal
in oocytes expressing Nam-ACR-16, but no signal in response
to oxantel or morantel, a difference in efficacy inconsistent with
predicted binding. It is possible that the smaller and decaying
nature of Nam-ACR-16 responses to agonists, compared to

TABLE 1 | Calculated binding energies of in silico simulated agonist docking.

Binding energies (kcal/mol)

Dimer Acetylcholine Oxantel

Ace-ACR-16 V130→I −4.3 −6.4

Nam-ACR-16 −4 +4.3

Nam-ACR-16 I130→L −4.4 −3.3

Nam-ACR-16 I130→V −4.7 −4.4

Cel-ACR-16 −3.7 +2.5

Cel-ACR-16 I130→L −3.9 −1.5

Cel-ACR-16 I130→V −4.2 −2

Tmu-ACR-16 −4.9 −5.4

Ace-ACR-16, could prevent detection of low proportions of
activated receptors.

DISCUSSION

Expression and Agonist Activity of
Acetylcholine and Nicotine
Much of our understanding of anthelmintic targets and their
mechanisms of action is derived from studies of the free-living
nematode, C. elegans (reviewed by Geary and Thompson, 2001),
including the levamisole (Boulin et al., 2008) and ivermectin
receptors (Cully and Paress, 1991). However, large differences
in drug sensitivity have been reported between closely related
parasitic nematodes, even those with high levels of sequence
similarity in drug targets (Behnke et al., 1993; Tang et al., 2014;
Schwarz et al., 2015). This suggests that model organisms are
an appropriate starting point, but drug targets in each species
of parasitic nematode must be studied individually to assess
differences in pharmacodynamics. ACR-16 is one such drug
target relevant for hookworms of humans and animals.

Our results indicate that the ACR-16 sequence is highly
conserved across nematode species, especially the ligand-
binding and transmembrane domains. With such high similarity,
especially in the ligand-binding domain, one would predict
very similar pharmacological profiles, and this generally holds
true; Table 2 summarizes the current state of knowledge for
ACR-16 receptors. As a general trend, a functional ACR-16
take 2–3 days to reach maximal expression, requires the RIC-
3 accessory protein, and responds to acetylcholine and nicotine
at low µM EC50 values. They are antagonized by the classic
AChR antagonist mecamylamine and are not activated by
levamisole or bephenium.

Despite these similarities, there are surprising differences
that would not be predicted by phylogeny. The recently
published H. contortus ACR-16 was not successfully functionally
characterized, despite having high sequence identity with known
functional ACR-16s (Charvet et al., 2018). An important
caveat is that this protein (accession code # AZS27833.1)
differs from an earlier published sequence (accession code #
ABW07339.1) by a single amino acid in the cys-loop (serine
versus proline in ABW07339.1). This proline residue has been
reported to be of critical importance for ligand-activation in
the pLGIC family (Lummis et al., 2005; Rienzo et al., 2016),
and highlights the role that a single residue can play in
receptor activation.

Another unexpected difference is that A. ceylanicum ACR-
16 responses were in the large microamp range, whereas the
N. americanus ACR-16 receptor generated currents in the
nanoamp to small microamp range. Yet, the amplitude of
A. caninum ACR-16 responses reported by Choudhary et al.
(2019) better match with those from N. americanus rather than
A. ceylaniucm from its own genus. Furthermore, N. americanus
ACR-16 failed to achieve maximal channel activation from
nicotine (similar to Aca- and Cel-ACR-16, but dissimilar to Ace-,
Peq- and Asu-ACR-16), and nicotine was ∼fivefold less potent
than acetylcholine, in contrast to the other published ACR-16s.
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TABLE 2 | Comparison of ACR-16 pharmacology.

Species Acetylcholine
response (µ M EC50)

Maximal response
(current)

Nicotine response (µ
M EC50)

Response to
oxantel?

Research group

A. ceylanicum 20.64 nA-µA 24.33 Yes Present study

N. americanus 170.1 nA 570.7 No Present study

*Partial agonist

A. caninum 50 ∼100 nA *Partial agonist No Choudhary et al., 2019

H. contortus Non-functional Non-functional Non-functional Non-functional Charvet et al., 2018

C. elegans 15.85 62.5 ± 10 nA n/a No Raymond et al., 2000

C. elegans 55.4 nA-µA 12.6 n/a Ballivet et al., 1996

*Partial agonist

P. equorum 6.4 µA 2.9 n/a Charvet et al., 2018

A. suum 5.9 nA-µA 3.9 Yes Abongwa et al., 2016

Surprisingly, despite being phylogenetically closer to
N. americanus and A. caninum, A. ceylanicum ACR-16 receptor
pharmacology more closely resembles that of ACR-16 from
the clade III nematode A. suum. This is highlighted by large
evoked current amplitudes, greater potency of nicotine than
acetylcholine, and weak activation by oxantel on Ace- and
Asu-ACR-16, but not on Nam- and Aca-ACR-16 (Abongwa
et al., 2016). A limitation of our study was the use of a single,
high concentration of the panel of anthelmintics to screen for
agonist activity. These concentrations allowed us to compare
maximal agonist activity, but did not permit the determination
of competition or allosteric modulation.

Homology Modeling
We used homology modeling to determine if structural
differences in the binding pocket may explain differences in
the pharmacology of A. ceylanicum and N. americanus ACR-
16 receptors. Some differences in binding positions, but not
binding energies of nicotine and acetylcholine were predictive of
lower potency and efficacy on the Nam-ACR-16 receptor. The
inability of ligands to bind deeply into the aromatic box and
form hydrogen bonds with loop D of the complementary subunit
has been associated with reduced channel activation for human
AChRs (Celie et al., 2004; Blum et al., 2010). It is possible that
the inability to dock the pyrimidine of nicotine fully into the
binding pocket is related to its inability to produce maximal
current responses; in vitro mutagenesis studies will be required
to determine the binding partners involved.

Significant differences in binding energies were predicted
for tetrahydropyrimidine binding, expected to occupy the same
pocket (Bartos et al., 2006; Martin and Robertson, 2007).
Ace-ACR-16 responded to pyrantel and oxantel in vitro, and
both drugs docked into our in silico model with similar
predicted energies and orientations. In contrast, Nam-ACR-
16 was much less responsive to pyrantel in vitro, and not
at all to oxantel, and neither drug could be docked into
the in silico model with a negative kcal/mol (no bonds
predicted to form). Compared to acetylcholine and nicotine,
less is known regarding the intermolecular interactions required
for tetrahydropyrimidine efficacy on AChRs. Pyrantel-induced
activation is strongly associated with the presence of a glutamic

acid in loop B (Bartos et al., 2006; Rayes et al., 2004) and
a glutamine in loop D (Bartos et al., 2006). This loop D
glutamine is also required for morantel, but not acetylcholine
or oxantel binding to the α7 receptor (Bartos et al., 2009).
Interestingly, all characterized ACR-16 subunits lack these
residues, and instead possess an analogous loop D aspartic
acid and loop B glycine (Positions 82 and 139 in the
Figure 1 alignment, respectively). These differences in amino
acid composition may explain the lack of efficacy of pyrantel
and morantel, but do not explain differences between ACR-
16 receptors.

Nam-ACR-16 has an isoleucine in position 130 of the (-)
complementary subunit that contributes to the binding pocket.
In all oxantel-insensitive ACR-16s, this analogous residue points
inwards to the binding pocket, whereas it points away from the
pocket in oxantel-sensitive Ace- and Asu-ACR-16 models. This
difference in orientation could reflect limitations of our models,
but as a counterargument it accurately predicted acetylcholine
binding as in the A. suum ACR-16 model (Zheng et al., 2016)
as well as in crystallographic analysis of acetylcholine binding
(Pan et al., 2012; Olsen et al., 2014). Changing this residue
to the smaller valine in either Nam- or Cel-ACR-16 allowed
more space for oxantel to bind and yielded stronger predicted
binding energies.

One limitation to a putative role of a smaller residue in
susceptibility to oxantel is that this position is a leucine in the
human α-7 AChR, for which oxantel is a weak partial agonist.
Substitution of Ile130 with leucine in both Cel- and Nam-ACR-
16 also rescued predicted oxantel binding, albeit in a fashion
comparable to Ile130 to valine. Yao et al. (2008) showed that
loop E residues play a role in neonicotinoid selectivity and may
rationalize differences in Ace- and Nam-ACR-16 anthelmintic
binding in our models. Another limitation to a putative role of
a smaller residue in susceptibility to oxantel is that Aca-ACR-
16 contains an inward facing Val130 and did not respond to
oxantel. It is possible that oxantel currents are hidden by the small
magnitude of current generated by this receptor, or that this extra
space allows binding but not gating. Further studies using site-
directed mutagenesis on these receptors may shed light on the
role of the unique species-related residues involved in differential
anthelmintic efficacy.
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Increased space in this position alone is not likely to be a
sufficient condition for determining oxantel sensitivity as the
homology model of Tmu-ACR-16 also indicated the presence of
an inward facing Ile130 residue, but oxantel is predicted to bind
with high affinity. Trichuris spp. are paralyzed by oxantel, and our
model of a putative Trichuris ACR-16 sequence also predicted
strong ligand binding, despite the bulky side chain. However,
the clade I Trichuris spp. are phylogenetically divergent from
hookworms, and contain more sequence differences including
the absence of a bulky histidine residue in loop E, which provides
greater space for oxantel binding in our model. Interestingly, this
loop E histidine is also absent in the oxantel-sensitive Asu-ACR-
16 receptor (Abongwa et al., 2016).

Another unique characteristic of the putative Trichuris spp.
ACR-16 receptors is the presence of an outward branching valine
in place of a Met129 that branches into the aromatic box in
the other ACR-16s. Furthermore, the human α-7 sequence also
has a valine at this position but oxantel is a partial agonist on
this receptor. The δ-sulfur of methionine acts as an electrophile
for aromatic amino acids, forming methionine-π interactions as
strong as salt bridges and up to∼6 Å apart (Valley et al., 2012). It
is possible that the presence of M129 conditionally restricts space
for oxantel docking and introduces intra-subunit interactions
that alter oxantel binding and activation. These differences in
amino acid composition suggest that multiple species-specific
residues play a role in selective oxantel sensitivity, and that Ile130
may play a secondary role in oxantel selectivity.

The relevance of differential tetrahydropyrimidine activity on
ACR-16 receptors and its relationship to hookworm sensitivity to
this drug class has intriguing implications. Richards et al. (1995)
reported that N. americanus and A. ceylanicum are similarly
paralyzed by pyrantel in vitro. Additionally, pyrantel and oxantel
combination therapy has produced mixed reports in clearance
of worms, and modest efficacy in reducing egg count in human
hookworm infections (Rim et al., 1975; Moser et al., 2017). In
contrast, in vivo studies with oxantel alone forAncyostoma spp. or
N. americanus infections indicate that it has no direct effect on the
worms compared to high clearance levels against Trichuris spp.
(Keiser et al., 2013). Interestingly, oxantel has been suggested to
directly target N-type acetylcholine receptors as the mechanism
of anthelmintic activity (Martin et al., 2004). If ACR-16 is the
primary target of oxantel, then our results provide a mechanism
to explain the lack of in vivo efficacy against N. americanus. If
this is the case, then identifying a Trichuris spp. ACR-16 receptor
and determining its in vitro oxantel and pyrantel sensitivity
profiles may be illuminating. In support of this, the preprint of
a pharmacological profile of a T. suis ACR-16-like receptor was
made available online after the submission of this manuscript that
report super-agonism by oxantel compared to acetylcholine and
modest partial agonism by pyrantel (Hansen et al., 2020).

Levamisole
In line with all published ACR-16 data, neither Ace- or Nam-
ACR-16 was directly activated by levamisole, the anthelmintic
activity of which is strongly associated with L-type acetylcholine
receptors (Lewis et al., 1980). Of note, the first report of ACR-
16 function indicated that levamisole was an antagonist of this
receptor (Ballivet et al., 1996). Our results also show strong

inhibition of acetylcholine responses by levamisole. ACR-16
knockout strains of C. elegans respond to levamisole slightly, but
not significantly, less than wildtype worms (Touroutine et al.,
2005); these authors did not rule out the possibility that ACR-
16 sensitivity to levamisole is redundant to, and masked by, the
presence of L-AChRs. When the C. elegans L-type AChR was
abolished by a null unc-29 allele, roughly 10% of worms were
still paralyzed by exposure to levamisole (Duguet et al., 2016),
suggesting a small but detectable contribution of a subset of
levamisole-sensitive secondary targets. The significance of this
interaction for the in vivo anthelmintic properties of levamisole
is unclear, and we cannot discount the possibility that inhibition
of ACR-16 receptors plays a role in its anthelmintic action.

Conclusions
Our aim was to characterize ACR-16 receptors from hookworms
of humans and determine differences in function attributable
to species specificity. We found sensitivity to acetylcholine and
nicotine, the defining features of N-type AChRs, and furthermore
suggest that a structural constraint in the binding pocket of
N. americanus accounts for the failure of oxantel to activate the
receptor, which warrants further investigation. Together with
existing data from ACR-16 receptors of numerous nematodes,
our data suggest a great level of variability in response profiles
to anthelmintics even among closely related nematode species.
These implications caution against generalizing functional results
of ion channel drug targets from one nematode to another and
highlight the importance of relating therapeutic treatment to the
unique nature of each drug target.
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Neurologic damage often leads to neuropathic pain, for which there are no effective
treatments owing to its complex pathogenesis. The purinergic receptor P2X4 is
closely associated with neuropathic pain. Astragalin (AST), a compound that is used
in traditional Chinese medicine, has protective effects against allergic dermatitis and
neuronal injury, but its mechanism of action is not well understood. The present study
investigated whether AST can alleviate neuropathic pain in a rat model established
by chronic constriction injury (CCI) to the sciatic nerve. The model rats exhibited pain
behavior and showed increased expression of P2X4 and the activated satellite glial cell
(SGC) marker glial fibrillary acidic protein in dorsal root ganglia (DRG). AST treatment
partly abrogated the upregulation of P2X4, inhibited SGC activation, and alleviated
pain behavior in CCI rats; it also suppressed ATP-activated currents in HEK293 cells
overexpressing P2X4. These data demonstrate that AST relieves neuropathic pain by
inhibiting P2X4 and SGC activation in DRG, highlighting its therapeutic potential for
clinical pain management.

Keywords: neuropathic pain, P2X4 receptor, astragalin, chronic constriction injury, satellite glial cells, dorsal root
ganglia

INTRODUCTION

More than 100 million people worldwide suffer from pain, which severely affects their quality of life
and work productivity and imposes a considerable financial burden on their families and society
(Fitzgerald and McKelvey, 2016; Murai et al., 2016; Spahr et al., 2017). Neurologic damage can lead
to neuropathic pain, which includes spontaneous pain, hyperalgesia, and allodynia (sensitivity to
normal and innocuous stimuli) (Gu et al., 2016). The pathogenesis of neuropathic pain is complex

Abbreviations: ANOVA, analysis of variance; AST, astragalin; DRG, dorsal root ganglia; CCI, chronic constriction injury;
DMSO, dimethyl sulfoxide; ERK, extracellular signal-regulated kinase; GFAP, glial fibrillary acidic protein; MWT, mechanical
withdrawal threshold; P2X, purinergic receptor 2X; PBS, phosphate-buffered saline; pERK, phosphorylated extracellular-
regulated protein kinase; SGC, satellite glial cell; TNF-R1, tumor necrosis factor receptor 1; TWL, thermal withdrawal latency.
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and poorly understood, although it is thought to involve changes
in the function and structure of the central and peripheral
nervous systems. The fact that conventional analgesics that target
neurons are not always effective in alleviating neuropathic pain
suggests that non-neurologic mechanisms may be involved.

The purinergic receptor (P2 receptor) family is divided into
P2X (ionic) and P2Y (G protein-coupled) receptors (Burnstock,
2017). P2X2/3, P2X4, P2X7, P2Y1, P2Y2, and P2Y12 have been
implicated in the regulation of neuropathic pain (Jarvis, 2010;
Tsuda, 2017). P2X4 was shown to be upregulated in the ipsilateral
spinal dorsal horn following peripheral nerve injury (Tsuda et al.,
2003), and P2X4 knockout mice were insensitive to pain induced
by peripheral nerve injury (Ulmann et al., 2008). Conversely,
intrathecal injection of P2X4-positive cultured microglial cells
into normal rodents enhanced their response to painful tactile
stimulation (Tsuda et al., 2009a). These studies indicate that P2X4
is closely associated with neuropathic pain.

P2X4 expressed by satellite glial cells (SGC) of the dorsal root
ganglia (DRG) has been shown to be involved in neuropathic
pain (Ying et al., 2017; Yuan et al., 2018; Yang et al., 2019).
Large amounts of ATP are released after nerve injury, activating
P2X4 on SGCs (Kushnir et al., 2011; Kobayashi et al., 2013;
Ying et al., 2017). Chronic constriction injury (CCI) to the
sciatic nerve triggers the release of inflammatory factors and
induces upregulation of the activated SGC marker glial fibrillary
acidic protein (GFAP), which is implicated in the modulation
of neuropathic pain (Yuan et al., 2018). Astragalin (AST) is a
flavonoid extracted from the white stamen of some flowers with
known pharmacologic properties including anti-inflammatory,
antioxidant, and anti-allergic activities and protective effects
against dermatitis and neuronal injury (Rey et al., 2019). In the
present study, we investigated whether AST also has analgesic
effects using a rat model of CCI-induced neuropathic pain.

MATERIALS AND METHODS

Animals
Male Sprague–Dawley rats weighing 200 ± 20 g were purchased
from Changsha Tianqin Biological Co. (Hunan, China) and
allowed to acclimate to the laboratory environment for 7 days
before they were used in experiments. The rats were housed in
a ventilated room with the temperature controlled at 23◦C on a
12:12 h light/dark cycle with free access to water and food. All
animal procedures were approved by the Animal Protection and
Use Committee of the Medical School of Nanchang University.
The experiments in this study followed International Association
for the Study of Pain ethics guidelines and were carried out
according to the guidelines of Animal Research: Reporting of In
Vivo Experiments.

Drugs
Astragalin (C21H20O11, MW 448.38, >98% purity) was
purchased from Nanjing Herb Source Biotechnology Co.
(Jiangsu, China) and dissolved in 0.5% dimethyl sulfoxide
(DMSO). The P2X4 antagonist 5-(3-bromophenyl)-1H-
benzofuro(3,2-e)(1,4)diazepin-2(3H)-one (5-BDBD) was

purchased from Bio-Techne (Shanghai, China; cat. no. 3579).
All other chemicals were of analytic grade and obtained from
standard commercial suppliers.

Experimental Design
In order to determine the concentration of AST, we carried out a
preliminary experiment and designed three concentrations (25,
50, and 100 mg/kg) of AST to observe the analgesic effect of
AST by intragastric administration. The dose of AST was selected
based on the results of our pilot experiments and previous
literature (Zheng et al., 2019). Rats were randomly divided into
six groups (n = 8): control (Ctrl), sham operation (Sham),
rats with sciatic nerve CCI (CCI), Ctrl rats treated with AST
(Ctrl + AST), CCI rats treated with AST (CCI + AST), and
DMSO-treated CCI rats (CCI + DMSO). The control rats were
designed as a blank control without any drugs. The CCI + AST
and Ctrl + AST groups were intragastrically administered with
AST (50 mg/kg/day, dissolved into 10 mg/ml concentration with
0.5% DMSO, 1 ml volume for 200 g rats) once a day for 2 weeks
starting on day 2 after CCI. Rats in the CCI + DMSO group
were orally administered by gavage with the same volume of
DMSO (0.5%, dissolved in normal saline) daily for 2 weeks. In
order to evaluate the role of P2X4 receptors and the involvement
of extracellular signal-regulated kinase (ERK) signaling in the
effects of P2X4, the P2X4 antagonist 5-BDBD was added in the
experiment. 5-BDBD (dissolved in 0.5% DMSO) was prepared
to be 100 µM. After fixation under anesthesia, each rat in the
CCI + 5-BDBD group was intravenously injected with 10 µl of
5-BDBD through the tail vein, while the CCI + DMSO group
rat was injected with 10 µl of 0.5% DMSO once daily from days
7 to 13 after CCI operation. A new microsyringe was changed
every day for each rat. There were no unexpected, new, and/or
significant hazards or risks associated with this work.

Animal Model
We used CCI of the rat sciatic nerve as a neuropathic pain model.
Rats were anesthetized by intraperitoneal injection of 10% chloral
hydrate (3 ml/kg). After immobilizing the rat in a prone position,
the right hind leg was disinfected with 75% ethanol solution.
A skin incision was made along the inside of the femur, and
the sciatic nerve was completely exposed after separating the
subcutaneous tissue and muscle. The sciatic nerve was ligated
four times using a 4-0 chromic gut suture starting 7 mm distal to
the sciatic nerve trunk, with each suture separated by a distance
of 1 mm. Sham rats underwent the same operation as CCI rats
but without nerve ligation.

Behavioral Tests
Pain behavior was measured on day 0 (before the experiment) and
days 1, 3, 5, 7, 9, 11, 13, and 15 after CCI. Rats were allowed to
adapt to the surrounding environment before behavioral testing.
The mechanical withdrawal threshold (MWT) was determined
by observing the withdrawal response induced by mechanical
stimulation using a BME-404 electronic mechanical pain detector
(Tsuda et al., 2009b; Leung and Cahill, 2010). The rat was placed
on a metal frame with a 1 × 1-mm mesh and allowed to move
freely during the 15-min adaptation period. The right hind foot
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of the rat was stimulated five times at 5-min intervals using the
metal wire of the pain detector through the mesh from bottom
to top. Average stimulus intensity causing foot withdrawal of the
five times was used as the MWT(g) in rats.

Thermal withdrawal latency (TWL) was assessed with a BME-
410C Thermal Paw Stimulation System (Boerni, Tianjin, China)
(Wang et al., 2016; Li et al., 2017; Peng et al., 2017). The rat was
placed on a 3-mm-thick plexiglass plate and allowed to adapt to
the environment for 15 min at room temperature (26.0± 0.5◦C).
When the hind paw on the side of CCL contacted the glass
plate, a light from the stimulator focused on the palm. The
latency from the start of irradiation to hind limb retraction
was recorded. Five trials were performed for each rat at 5-
min intervals, and the average measurement was taken as TWL.
Irradiation time never exceeded 30 s to avoid thermal injury. The
experimenter who carried out the behavioral tests was blinded to
the treatments of the animals.

Molecular Docking
Using human (h) P2X4 as the target protein and AST as the
ligand, molecular docking simulations were carried out using
the AutoDock Tools (ADT) of AutoDock 4.2 software1 and the
Python scripts ligand4.py and prepare receptor4.py. The target
protein binding pocket was identified with the ADT molecular
observer. The parameters were saved as system default values.
Finally, MGLTools2 and PyMOL software3 were used to view
the output file.

Double Immunofluorescence Labeling of
P2X4 and GFAP
L4–L6 DRG were removed from four rats in each group
anesthetized with chloral hydrate on day 15 after CCI and
fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 1 day (Burnstock, 2013; Jia et al., 2017), followed
by dehydration overnight at 4◦C in 20% sucrose solution. The
tissue was cut into sections at a thickness of 10 mm on a
cryostat (Leica Biosystems, Wetzlar, Germany); the sections were
washed three times for 5 min each in PBS, then permeabilized
in 0.3% Triton X-100 for 15 min. Non-specific antigens were
blocked with 10% goat serum (Zhongshan Golden Bridge
Company, Zhongshan, China) for 1 h at 37◦C. Sections were
incubated overnight at 4◦C with mouse anti-GFAP (1:200
dilution; 38014, Signalway Antibody, Nanjing, China) and rabbit
anti-P2X4 (1:200; APR-002, Alomone Labs, Jerusalem, Israel)
primary antibodies and washed three times for 10 min each
in PBS (Yuan et al., 2018). They were then incubated with
secondary antibodies conjugated with fluorescein isothiocyanate
or tetramethylrhodamine (1:200 dilution) for 1 h at 37◦C,
followed by three 10-min washes in PBS. Immunoreactivity was
visualized with an epifluorescence microscope (Olympus, Tokyo,
Japan). Eight different fields of vision from different DRGs were
selected to take photos. The fluorescence intensity values of the
eight photos were measured by ImageJ software. Eight data were

1http://autodock.scripps.edu/
2http://mgltools.scripps.edu/
3https://pymol.org/2/

obtained from each group. Then, the data of each group were
analyzed statistically.

Real-Time Quantitative (q)PCR
L4–L6 DRG isolated from rats anesthetized with chloral hydrate
on day 15 after CCI were rinsed with ice-cold PBS, and total
RNA was extracted using the Total RNA Extraction kit (Promega
Biotech, Shanghai, China) according to the manufacturer’s
instructions. The RNA was reverse transcribed into cDNA
using the cDNA Synthesis kit (Thermo Fisher Scientific,
Shanghai, China). RNA samples were analyzed by qPCR with
SYBR Green MasterMix on an ABI Prism 7500 instrument
(Applied Biosystems, Foster City, CA, United States) using
the following forward and reverse primers (Sangon Biotech,
Shanghai, China): P2X4, 5′-CCCTTTGCCTGCCCAGATAT-
3′ and 5′-CCGTACGCCTTGGTGAGTGT-3′; and
β-actin, 5′-AAGATCCTGACCGAGCGTGG-3′ and 5′-
CAGCACTGTGTTGGCATAGAGG-3′. The threshold cycle
(CT) was used to calculate the expression level of target
genes in each sample normalized to that of β-actin (2−1 1

CT method).

Western Blotting
On day 15 after CCI, L4–L6 DRG was isolated from rats
anesthetized with chloral hydrate and immediately washed
with precooled PBS. DRG tissue was homogenized on ice
by trituration in lysis buffer [50 mM TrisCl (pH 8.0),
150 mM NaCl, 0.1% dodecyl sodium sulfate, 1% Nonidet P-40,
0.5% sodium deoxycholate, 100 µg/ml phenyl methylsulfonyl
fluoride, and 1 µg/ml aprotinin] and incubated on ice for
40 min. The homogenate was centrifuged at 6,000 × g for
10 min, and the supernatant was collected. Total protein
concentration in the supernatant was determined with the Lowry
method. After dilution with sample buffer [100 mM TrisCl,
200 mM dithiothreitol, 4% sodium dodecyl sulfate (SDS), 0.2%
bromophenol blue, and 20% glycerol] and heating at 95◦C for
10 min, samples containing equal amounts of protein (20 µg)
were separated by SDS–polyacrylamide gel electrophoresis (Bio-
Rad, Hercules, CA, United States) on a 12% acrylamide gel,
and the proteins were transferred to a polyvinylidene difluoride
membrane. Non-specific antigens were blocked by incubating
the membrane for 2 h at room temperature in 5% skim milk;
this was followed by overnight incubation at 4◦C with the
following primary antibodies: rabbit anti-P2X4 (1:500; Alomone
Labs), rabbit anti-ERK1/2 (1:1,000), and anti-phosphorylated
(p)ERK1/2 (1:2,000) (both from Cell Signaling Technology,
Danvers, MA, United States); and rabbit anti-tumor necrosis
factor receptor (TNF-R)1 (1:800) and mouse anti-GFAP (1:800)
(both from Abcam, Cambridge, MA, United States). After
incubation with horseradish peroxidase-conjugated secondary
antibody for 2 h, protein bands were visualized with a
chemiluminescent substrate (Thermo Fisher Scientific, Waltham,
MA, United States). The membrane was stripped and reprobed
with anti-β-actin antibody (1:800; Abcam), which was used
to normalize target protein expression level. Quantification of
protein level expressed as integrated optical density was measured
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using Image Pro-Plus software (Media Cybernetics, Rockville,
MD, United States).

Cell Culture and Transfection
HEK293 cells were grown in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, 1% penicillin,
and streptomycin in a 37◦C, 5% CO2 humidified incubator.
Full-length cDNA encoding rat P2X4 (1,185 bp) was inserted
into the pcDNA3.1(+)/EGFP/IRES vector (ampicillin resistance)
containing an enhanced green fluorescent protein (EGFP)
reporter to generate pcDNA3.1(+)/EGFP/IRES-P2RX4. Cloning
site was NheI/XbaI. The plasmid was constructed by Shanghai
Nuovo Biological Technology Co. (Shanghai, China) and
was transiently transfected into cells using Lipofectamine
2000 reagent (Invitrogen, United States) according to the
manufacturer’s instructions. When the cells reached 70–80%
confluence, the culture medium was replaced with OptiMEM
for 2 h. The transfection medium was prepared as follows: (a)
Dilute 4 µg of plasmid with OptiEME to 250 µl, (b) dilute
10 µl of Lipo2000 with OptiEME to 250 µl, and (c) mix
the above two solutions and incubate at room temperature
for 20 min. Then, 500 µl of cDNA/lipofectamine solution
was added to each well followed by incubation for 6 h at
37◦C and 5% CO2. Control cells were transfected with the
empty pcDNA3.1(+)/EGFP/IRES vector. After incubation, the
cells were washed in minimal essential medium containing 10%
fetal bovine serum and cultured for 24–48 h. GFP fluorescence
was evaluated to determine the transfection efficiency. Whole-
cell patch clamp recordings were carried out 1–2 days
after transfection.

Electrophysiology
Electrophysiologic recordings were carried using a
whole-cell patch clamp amplifier (Axopatch 200B; Axon
Instruments/Molecular Devices, San Jose, CA, United States).
HEK293 cells with green fluorescence (i.e., expressing P2X4)
were selected for recording. Microelectrodes were filled with
an internal solution composed of (mM) K gluconate (145),
MgATP (2), EGTA (0.75), HEPES (10), CaCl2 (0.1), and
Na3GTP (0.3). The bath was continuously perfused with
extracellular solution composed of (mM) KCl (2.5), NaCl
(126), glucose (10), CaCl2 (2.4), MgCl2 (1.2), and NaHCO3
(18). The osmotic pressure of the extracellular and internal
solutions was adjusted to 340 mOsm with sucrose. The pH
of the extracellular solution was adjusted to 7.4 with NaOH
and that of the internal solution was adjusted to 7.3 with
KOH. The resistance of the recording electrode was 2–6 M�.
The holding potential was −70 mV. ATP (Sigma-Aldrich, St.
Louis, MO, United States) and the P2X4 antagonist 5-BDBD
were dissolved in extracellular solution; AST was dissolved
in 0.5% DMSO and diluted to different concentrations with
extracellular solution. The drugs were rapidly administered
through a manifold consisting of 10 capillaries made of fused
silica coated with polyimide with an inner diameter of 200 µm.
The distance from the tubule mouth to the examined cell was
approximately 100 µm. The solution was transported from a
separate container by gravity flow. One barrel was used to apply

the drug-free extracellular solution to rapidly terminate drug
application. The drug was applied every 4 min for 2 s, and the
effect was reproducible. The data were low-pass filtered at 2 Hz,
digitized at 5 kHz, and stored on a laboratory computer using
the Digidata 1200 system and pClamp 10.0 software (Axon
Instruments/Molecular Devices).

Statistical Analysis
Data were analyzed using SPSS software (SPSS Inc., Chicago,
IL, United States) and are presented as mean ± SEM. Multiple
comparisons for western blotting, qPCR, immunofluorescence,
and electrophysiology data were performed by one-way analysis
of variance (ANOVA) followed by Fisher’s post hoc test. Pain
behavior data were evaluated by two-way ANOVA. p < 0.05 was
considered statistically significant.

RESULTS

AST Alleviates Pain Behavior in CCI Rats
The preliminary experiment results showed that a different
dose of AST treatment CCI rats increased the MWT (Figure
1A) and TWL (Figure 1B). Dose groups (50 and 100 mg/kg)
significantly reduced the pain threshold of CCI rats, and there
was no difference between them. One dose group (25 mg/kg) had
a weak effect on pain behavior. According to the above result
and the literature (Zheng et al., 2019), we chose 50 mg/kg by
intragastric administration for follow-up experiments. MWT and
TWL were measured before the operation and no differences
were observed across groups (p > 0.05). On days 1, 3, 5,
7, 9, 11, 13, and 15 post-CCI, MWT (Figure 1C) and TWL
(Figure 1D) were significantly lower in the CCI rats than in the
Ctrl group (p < 0.001) and were increased in the CCI + AST
group from day 5 to day 15. On the final day of the experiment,
MWT (Figure 1C) declined in the CCI (9.238 ± 0.774) and
CCI + DMSO (10.04 ± 0.783) groups compared to the Ctrl
group (29.219 ± 0.28), while an increase was observed in
CCI + AST rats (29.691 ± 0.164). There were no differences
between the Ctrl, Sham (27.998 ± 0.528), and Ctrl + AST
groups (29.891 ± 0.086) (p > 0.05), and no difference between
CCI and CCI + DMSO groups (p > 0.05). By day 15, TWL
was decreased in CCI (13.118 ± 1.103) and CCI + DMSO
(14.13 ± 1.105) groups relative to the Ctrl group (25.181 ± 0.62)
but increased in CCI + AST rats (26.975 ± 0.993) (Figure 1D).
There were no differences between Ctrl, Sham (24.684 ± 0.685),
and Ctrl + AST (26.359 ± 0.331) groups (p > 0.05), or between
CCI and CCI + DMSO (p > 0.05) groups. 5-BDBD increased
MWT and TWL from day 9 to day 13 compared with CCI rats
(Figures 1E,F).

Molecular Docking of AST With hP2X4
Protein
We performed molecular docking to predict whether AST and
P2X4 interact. The optimal docking configuration between
AST and hP2X4 revealed that AST strongly interacts
with Tyr299 in the A and B chains of hP2X4 protein.
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FIGURE 1 | Astragalin (AST) alleviates pain behavior in chronic constriction injury (CCI) rats. (A,B) Different dose of AST treatment CCI rats increased the mechanical
withdrawal threshold (MWT) (A) and thermal withdrawal latency (TWL) (B). The 50- and 100-dose groups significantly reduced the pain threshold of CCI rats, and
there was no difference between them. The 25-dose group had a weak effect on pain behavior. (C,D) On the indicated days after CCI, MWT (C) and TWL (D) were
significantly reduced relative to sham-operated (Sham) rats. Treatment with AST increased MWT and TWL from day 5 to 15. (E,F) On the indicated days after CCI,
MWT (E) and TWL (F) were significantly reduced relative to sham-operated (Sham) rats. Treatment with 5-(3-bromophenyl)-1H-benzofuro(3,2-e)(1,4)diazepin-2(3H)
-one (5-BDBD) increased MWT and TWL from day 9 to 13. Data are presented as mean ± SEM (n = 8 rats/group). ***p < 0.001 vs Ctrl; ##p < 0.01, ###p < 0.001
vs CCI.

FIGURE 2 | Molecular docking of AST with hP2X4 protein. (A) Forward view. (B) Top view. (C) Chemical structure of AST. (D) Docking bag. The green and blue rod
structures are the A and B chains of the hP2X4 protein, respectively; the yellow dotted line is the hydrogen bond connecting the residue on the chain and AST. The
binding energy of AST with P2X4 was –7.3 kcal/mol.

The binding energy for the interaction was calculated as
−7.3 kcal/mol (Figure 2).

AST Decreases P2X4 Level in DRG of
CCI Rats
The effect of AST on P2X4 mRNA and protein levels in DRG
of CCI rats was examined by real-time qPCR and western
blotting, respectively. P2X4 mRNA level was elevated in CCI

rats (1.43 ± 0.11) relative to the Ctrl group (p < 0.01) but was
reduced in CCI + AST rats (0.96 ± 0.06) relative to CCI rats
(p < 0.001) (Figure 3A). There were no significant differences
in P2X4 transcript level between the Ctrl, Sham (1.04 ± 0.33),
and Ctrl + AST (0.94 ± 0.13) groups or between CCI + DMSO
(1.57 ± 0.11) and CCI (p > 0.05) groups. P2X4 protein level was
also higher in CCI rats (1.23± 0.11) than in Ctrl rats (0.32± 0.02)
(p < 0.001), and lower in the CCI + AST group (0.34 ± 0.01)
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FIGURE 3 | AST decreases P2X4 level in the dorsal root ganglia (DRG) of CCI rats. (A,B) Relative expression of P2X4 mRNA (A) and protein (B) was increased in
CCI rats compared to the Ctrl group, and decreased in AST-treated CCI rats compared to CCI rats. (C) P2X4 protein expression in CCI rats was decreased by
P2X4-selective antagonist 5-BDBD compared with that in the untreated CCI rats. Data are presented as mean ± SEM of three independent experiments for each
bar (Each group sample was from eight rats.). **p < 0.01, ***p < 0.001 vs Ctrl, ###p < 0.001 vs CCI.

FIGURE 4 | AST inhibits satellite glial cell (SGC) activation in DRG of CCI rats. (A) Colocalization of P2X4 and GFAP in rat DRG was detected by double
immunofluorescence labeling. Green and red signals are GFAP and P2X4 labeled with fluorescein isothiocyanate and tetramethylrhodamine, respectively. Arrows
indicate cells positive for both P2X4 and GFAP. Scale bar, 20 µm. (B) P2X4 and GFAP colocalization was more extensive in CCI rats than in Ctrl rats and was lower
in CCI rats treated with AST than in untreated CCI rats. (C) Western blot analysis of GFAP protein level. GFAP expression was increased in CCI rats compared to Ctrl
rats, an effect that was abrogated by AST treatment. Data are presented as mean ± SEM. For fluorescence analysis, eight photos from four rats were taken from
each group to get the mean number. For western blotting analysis, each group samples were from eight rats, and three independent repeated experiments were
conducted. ***p < 0.001 vs Ctrl, ###p < 0.001 vs CCI.

than in the CCI group (p < 0.001) (Figure 3B). There were no
differences between the Ctrl, Sham (0.35± 0.03), and Ctrl + AST
(0.26 ± 0.03) groups or between the CCI + DMSO (1.37 ± 0.16)

and CCI groups (p > 0.05). In order to observe whether blocking
the activation of P2X4 receptor affects the expression of P2X4
receptor, we also detected the expression of P2X4 receptor in
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FIGURE 5 | AST inhibits TNF-R1 expression in the DRG of CCI rats. TNF-R1
was upregulated in CCI rats relative to Ctrl rats and downregulated by AST
treatment compared to untreated CCI rats. Data are presented as
mean ± SEM of three independent experiments for each bar (Each group
sample was from eight rats.). ***p < 0.001 vs Ctrl, ###p < 0.001vs CCI.

CCI rats treated with 5-BDBD. The results were as follows:
Ctrl (0.17 ± 0.03), Sham (0.188 ± 0.04), CCI (0.85 ± 0.06),
and CCI + 5-BDBD (0.21 ± 0.05) (Figure 3C). P2X4 protein
expression in CCI rats was also decreased by 5-BDBD compared
with that in the untreated CCI rats. Thus, AST treatment as
well as 5-BDBD induced the downregulation of P2X4 in the
DRG of CCI rats.

AST Inhibits SGC Activation in DRG of
CCI Rats
We examined whether P2X4 is expressed in activated SGCs by
double immunofluorescence labeling of DRG with antibodies
against P2X4 and GFAP. The results showed that P2X4
colocalized with GFAP in SGCs (Figure 4A), with greater
colocalization in the CCI group (5.38 ± 0.45) than in the Ctrl
group (1.0 ± 0.12) (p < 0.001) and less colocalization in the
CCI + AST group (1.13 ± 0.04) than in CCI rats (Figure 4B).
There were no differences in P2X4 and GFAP colocalization
between the Ctrl, Sham (1.00± 0.18), and Ctrl + AST (0.8± 0.12)
groups or between the CCI + DMSO (5.11 ± 0.41) and CCI
groups (p > 0.05).

To determine the degree of SGC activation, we also
evaluated GFAP protein expression in DRG by western
blotting (Figure 4C). GFAP expression was upregulated in
CCI rats (2.73 ± 0.22) compared to Ctrl rats (1.24 ± 0.13)
(p < 0.001). Meanwhile, no differences were observed between
Sham (1.22 ± 0.17), Ctrl, and Ctrl + AST (1.07 ± 0.14) groups
(p > 0.05). GFAP level was lower in CCI + AST rats (1.13± 0.20)
than in CCI rats (p < 0.001). There was no difference in GFAP
protein level between the CCI + DMSO (2.74 ± 0.28) and CCI
groups (p > 0.05).

FIGURE 6 | 5-BDBD inhibits extracellular signal-regulated kinase (ERK)
signaling in DRG of CCI rats. (A) Western blot analysis of pERK, ERK, and
β-actin levels. (B) Total ERK level did not differ significantly between groups.
(C) pERK1/2 level was increased in CCI rats compared to Ctrl rats and
decreased in CCI rats by treatment with the P2X4 antagonist 5-BDBD. Data
are presented as mean ± SEM of three independent experiments for each bar
(Each group sample was from eight rats.) *p < 0.05 vs Ctrl, #p < 0.05 vs CCI.

AST Inhibits TNF-R1 Expression in DRG
of CCI Rats
TNF-α released from the activated glial cells acts on TNF-R1
expressed by DRG neurons. Upregulation of TNF-R1 expression
in DRG neurons enhances their sensitivity to mechanical and
thermal stimuli following peripheral nerve injury. Western
blotting analysis revealed increased TNF-R1 expression in the
CCI group (1.11± 0.03) compared to the Ctrl group (0.33± 0.04)
(p < 0.001; Figure 5). TNF-R1 level was lower in the CCI + AST
group (0.37 ± 0.03) than in the CCI group (p < 0.001); however,
there were no differences between the Ctrl, Sham (0.33 ± 0.04),
and Ctrl + AST (0.43± 0.03) groups or between the CCI + DMSO
(1.12± 0.13) and CCI groups (p > 0.05).

AST Inhibits ERK Signaling in DRG of
CCI Rats
To determine whether the ERK signaling pathway mediates the
effects of P2X4, we examined the expression levels of ERK and
phosphorylated extracellular-regulated protein kinase (pERK) in
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FIGURE 7 | AST inhibits ERK1/2 activation in the DRG of CCI rats. (A) Western blot analysis of pERK, ERK, and β-actin levels. (B) Total ERK level did not differ
significantly between groups. (C) pERK1/2 level was increased in CCI rats compared to Ctrl rats and decreased in CCI rats by AST treatment. Data are presented as
mean ± SEM of three independent experiments for each bar (Each group sample was from eight rats.). ***p < 0.001 vs Ctrl, ###p < 0.001 vs CCI.

DRG. Total ERK level did not differ significantly across groups
(p > 0.05; Figures 6A,B, 7A,B). The increase in pERK1/2 level
in the CCI group was abrogated by treatment with the P2X4
antagonist 5-BDBD (0.88 ± 0.10) relative to the Ctrl group
(1.16 ± 0.11) (p < 0.001; Figures 6A,C). pERK1/2 level was
significantly higher in CCI rats (3.04 ± 0.29) than in Ctrl rats
(0.82 ± 0.25) (p < 0.001; Figures 7A,C), but was lower in
CCI + AST rats (0.55 ± 0.11) than in CCI rats (p < 0.001).
There were no differences in pERK1/2 between the Ctrl, Sham

(0.65± 0.1), and Ctrl + AST (0.53± 0.09) groups or between the
CCI + DMSO (2.82± 0.42) and CCI groups (p > 0.05).

Effect of AST on ATP-Activated Currents
in HEK293 Cells Expressing P2X4
ATP-activated currents in HEK293 cells transfected with
pcDNA3.1(+)/EGFP/IRES-P2RX4 plasmid and control cells
transfected with the empty pcDNA3.1(+)/EGFP/IRES vector
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FIGURE 8 | Effect of AST on ATP-activated currents in HEK293 cells
expressing P2X4. (A) Representative traces showing that AST (50 µM)
inhibited the ATP (100 µM)-induced current in HEK293 cells transfected with
P2X4 plasmid. Control cells not transfected with P2X4 do not respond to ATP
at the concentrations. (B) Histogram of current density in the presence of
indicated drugs. AST (50 µM) and the P2X4-selective antagonist 5-BDBD
(10 µM) inhibited the ATP-activated current in HEK293 cells. DMSO has no
effect on ATP-activated current. (C) Concentration–response curve for AST
obtained with 100 µM ATP. The IC50 value 33.73 ± 2.25 µM was derived
from the equation of the sigmoidal function giving the best fit to the data. Each
data point represents mean ± SEM of six cells. ***p < 0.001 compared with
ATP current produced by the cells transfected with P2X4 receptor in the
absence of drugs.

were recorded by whole-cell patch clamping. Currents were
generated in HEK293 cells overexpressing P2X4 but not in
control cells by application of ATP (100 µM). AST (50 µM)
treatment blocked the ATP current generated in P2X4-
overexpressing cells, but to a lesser degree than the P2X4
antagonist 5-BDBD (10 µM). DMSO has no inhibition effect on
ATP-activated current in cells expressing P2X4 receptors. AST
inhibited ATP activated current in a manner of concentration–
response (Figure 8).

DISCUSSION

Neuropathic pain is a type of chronic pain caused by nerve injury
(Gu et al., 2016). The results of the present study demonstrate
that the pain threshold of CCI rats was significantly lower
than that of Ctrl rats; in contrast, there was no hyperalgesia
in the Sham group, indicating that the neuropathic pain model
was successfully established. AST is a compound used in
traditional Chinese medicine that has anti-inflammatory and
neuroprotective effects (Rey et al., 2019). We found here that
MWT and TWL were increased in AST-treated and 5-BDBD-
treated CCI rats compared to untreated CCI rats, indicating that
P2X4 receptor is involved in pain transmission, and AST can
alleviate mechanical and thermal hyperalgesia.

P2X4 expression is upregulated in peripheral nerve injury,
and P2X4 activation in DRG is a key factor in the development
and maintenance of neuropathic pain (Kushnir et al., 2011;
Burnstock, 2013; Kobayashi et al., 2013; Ying et al., 2017).
Using a molecular docking approach, we determined that AST
can interact with P2X4. Previous studies have suggested that
inhibiting P2X4 is a potential strategy for the management of
neuropathic pain (Burnstock, 2013; Stokes et al., 2017). Our result
also showed that 5-BDBD treatment in CCI rats decreased the
expression of P2X4 and alleviated the pain behavior. It suggests
that P2X4 was implicated in the neuropathic pain. To determine
whether AST exerts its analgesic effect via P2X4 activation, we
examined P2X4 mRNA and protein expression in DRG and
found that both were upregulated in CCI rats relative to sham-
operated rats; AST treatment reversed this trend, demonstrating
that AST inhibits P2X4-mediated signaling to relieve neuropathic
pain in a rat model. This was supported by our whole-cell
patch clamping experiments using HEK293 cells overexpressing
hP2X4; the ATP-activated current in these cells was reduced by
treatment with AST or the selective P2X4 antagonist 5-BDBD.

Primary sensory ganglia contain sensory neurons and
surrounding SGCs (Hanani, 2005), which have been implicated
in the transmission of pain information (Huang et al., 2013;
Rollini et al., 2017). P2X4 is mainly expressed in SGCs of DRG
(Kushnir et al., 2011; Kobayashi et al., 2013). In this study,
we observed that P2X4 colocalized with GFAP in SGCs to a
greater extent in CCI rats than in Ctrl rats. GFAP is upregulated
in activated SGCs (Hanani, 2005; Burnstock, 2013; Costa and
Moreira, 2015). In the present study, SGCs were activated in CCI
rats; treatment with AST reduced P2X4 and GFAP colocalization
in SGCs relative to CCI rats. This provides additional evidence
that AST suppresses the transmission of nociceptive signals by
decreasing P2X4 expression in DRG SGCs, thereby inhibiting
SGC activation to alleviate neuropathic pain.

Neuropathic pain involves communication between SGCs and
neurons in sensory ganglia (Hanani, 2005; Huang et al., 2013).
Activated glial cells release the proinflammatory cytokine TNF-
α, which acts on TNF-R1 expressed by DRG neurons, enhancing
their sensitivity to mechanical and thermal stimuli following
peripheral nerve injury (Trang and Salter, 2012; Tsuda et al.,
2013). We observed that TNF-R1 was upregulated in DRG of CCI
rats. We speculate that the suppression of P2X4 expression and
SGC activation by AST in CCI rats inhibits the release of TNF-α
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by these cells, leading to downregulation of TNF-R1 in neurons
and a reduction in pain sensitivity.

The ERK signaling pathway in glial cells and neurons is
important for the transmission of pain information in the CCI
model (Zhao et al., 2018). P2X4 is known to activate ERK
signaling (Ulmann et al., 2008; Tsuda et al., 2009a; Leung and
Cahill, 2010), which stimulates the production of cytokines
involved in the intensification of neuropathic pain sensation
(Popiolek-Barczyk et al., 2015; Rojewska et al., 2016). In this
study, ERK phosphorylation was significantly increased after
CCI, consistent with a previous report (Jurga et al., 2017). This
suggests that ERK1/2 signaling functions downstream of P2X4 to
mediate neuropathic pain, which is supported by our observation
that administration of 5-BDBD decreased pERK1/2 level in CCI
rats. AST decreased P2X4 expression and pERK levels in DRG
of CCI rats. These results suggest that AST may alleviate CCI-
induced neuropathic pain by decreasing the expression of P2X4
receptor and suppressing ERK1/2 signaling.

In order to observe whether AST could specifically act
on the P2X4 receptor, HEK293 cells transfected with P2X4
receptor plasmid were used. Our results showed that AST
significantly inhibited the ATP-activated currents in HEK293
cells transfected with P2X4 receptor. The electrophysiological
results combined with downregulation of P2X4 mRNA and
protein after AST treatment confirmed that AST inhibited the
transmission of nociceptive signaling by acting on the P2X4
receptor. Some literatures have shown that the expression of
P2X4 is increased in inflammatory state (Winkelmann et al.,
2019). After CCI injury, the rats were in the inflammatory state.
Astragalin has an anti-inflammatory effect (Li et al., 2013; Fu
et al., 2020). Therefore, the mechanism of astragalin in reducing
the expression of P2X4 receptor may be through inhibiting
inflammation. In this study, we also found that the expression
of TNF-α receptor in CCI rats was decreased after administration
of astragalin.

It has been reported that there is interaction between neurons
and SGCs in the sensory ganglia (Huang et al., 2013), and
purinergic receptors and inflammatory substances are involved
in the communication (Hanani, 2012). Our supplementary
experimental results showed that 5-BDBD could decrease P2X4
receptor expression and relieve pain behaviors in CCI rats, which
suggested that P2X4 receptor activation plays an important role
in neuropathologic pain behaviors caused by CCI. Therefore,
astragalin may relieve the pain behaviors of CCI rats by reducing
the upregulated expression and function of P2X4 receptor.

In conclusion, the upregulated P2X4 receptor in SGCs of
dorsal root ganglion is involved in the process of CCI-induced

neuropathic pain. AST reduces the upregulated expression and
function of P2X4 receptor and then inhibits the activation of
SGC, thus alleviating the pain behaviors of CCI rats. These
results provide evidence that AST has therapeutic potential for
the effective clinical management of neuropathic pain.
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Diverse populations of GABAA receptors (GABAARs) throughout the brain mediate
fast inhibitory transmission and are modulated by various endogenous ligands and
therapeutic drugs. Deficits in GABAAR signaling underlie the pathophysiology behind
neurological and neuropsychiatric disorders such as epilepsy, anxiety, and depression.
Pharmacological intervention for these disorders relies on several drug classes that
target GABAARs, such as benzodiazepines and more recently neurosteroids. It
has been widely demonstrated that subunit composition and receptor stoichiometry
impact the biophysical and pharmacological properties of GABAARs. However, current
GABAAR-targeting drugs have limited subunit selectivity and produce their therapeutic
effects concomitantly with undesired side effects. Therefore, there is still a need to
develop more selective GABAAR pharmaceuticals, as well as evaluate the potential
for developing next-generation drugs that can target accessory proteins associated
with native GABAARs. In this review, we briefly discuss the effects of benzodiazepines
and neurosteroids on GABAARs, their use as therapeutics, and some of the pitfalls
associated with their adverse side effects. We also discuss recent advances toward
understanding the structure, function, and pharmacology of GABAARs with a focus on
benzodiazepines and neurosteroids, as well as newly identified transmembrane proteins
that modulate GABAARs.

Keywords: GABA, GABAAR, benzodiazepines, neurosteroids, pharmacology, LH4, Clptm1, Shisa7

INTRODUCTION

Efforts aimed at uncovering mechanisms driving inhibitory transmission have not only contributed
to our understanding of nervous system function, but have also led to the development of several
drugs used in the treatment of neurological and psychiatric disorders. In the brain, fast inhibitory
transmission is predominantly mediated by GABAA receptors (GABAARs), which are pentameric
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ligand-gated ion channels that conduct Cl− upon activation
(Olsen and Sieghart, 2009; Sigel and Steinmann, 2012; Gielen
and Corringer, 2018). Thus far, nineteen GABAAR subunits, α(1–
6), β(1–3), γ(1–3), δ, ρ(1–3), ε, θ, and π, have been identified
in humans (Farrant and Nusser, 2005; Olsen and Sieghart, 2009;
Sieghart and Savić, 2018) and the subunit composition, as well as
arrangement, of GABAARs contribute to receptor properties such
as trafficking, localization, kinetics, and pharmacology (Levitan
et al., 1988a; Sigel et al., 1990; Lavoie et al., 1997; Belelli and
Lambert, 2005; Herd et al., 2007; Sigel and Steinmann, 2012).
Neuronal activity is dynamically regulated by both phasic and
tonic inhibition resulting from GABAARs localized at synaptic
or extrasynaptic regions, respectively (Mody and Pearce, 2004;
Farrant and Nusser, 2005; Jacob et al., 2008; Lorenz-Guertin
and Jacob, 2018; Chiu et al., 2019; Tomita, 2019). Furthermore,
GABAARs are ubiquitously expressed across the brain, albeit in
a region-, circuit- and cell-specific manner (Sieghart and Sperk,
2002; Engin et al., 2018). Deficits in GABAergic signaling are
associated with the pathophysiology behind several neurological
and psychiatric conditions (Macdonald et al., 2004; Ramamoorthi
and Lin, 2011; Ben-Ari et al., 2012; Brickley and Mody, 2012;
Hines et al., 2012; MacKenzie and Maguire, 2013; Rudolph and
Möhler, 2014; Lorenz-Guertin et al., 2018) and many treatment
strategies employ GABAAR-targeting drugs. Several therapeutic
drug classes, including barbiturates, benzodiazepines, general
anesthetics, and neurosteroids, target GABAARs at distinct
allosteric binding sites and are commonly used to treat these
disorders (Olsen and Sieghart, 2009; Olsen, 2018). Although
they are widely employed for their sedative-hypnotic, anxiolytic,
anticonvulsant, and/or muscle relaxant properties (Sieghart and
Savić, 2018), adverse consequences such as drug dependence
and withdrawal set limitations to their long-term use (Lalive
et al., 2011; Tan et al., 2011; Balon and Starcevic, 2020).
Thus, elucidating the structural and functional properties of
GABAARs, as well as developing more selective GABAAR-
targeting drugs with less side effects remain of high importance
in modern drug discovery.

Contemporary studies on GABAARs have provided
potentially and exciting opportunities for the development
of more selective and efficacious drugs that target these receptors.
Recent breakthroughs include new structural insights into
ligand-bound GABAARs (Laverty et al., 2017, 2019; Miller et al.,
2017; Zhu et al., 2018; Masiulis et al., 2019; Kim et al., 2020),
the properties of different GABAAR subunit variants (Benkwitz
et al., 2004; Boileau et al., 2010; Rajgor et al., 2020), and the
recent characterization of transmembrane interacting proteins
that modulate GABAAR trafficking and function (Davenport
et al., 2017; Martenson et al., 2017; Yamasaki et al., 2017; Ge
et al., 2018; Han et al., 2019, 2020). Although only initially
characterized, these new observations of GABAAR accessory
proteins add another layer of complexity to GABAAR regulation
that should importantly be considered in drug screens and
future pharmacology studies (Han et al., 2020). Our review will
briefly focus on the role of GABAAR dysfunction in epilepsy,
anxiety, and postpartum depression (PPD) as GABAAR-based
pharmacotherapy is primarily employed as a treatment strategy
in these conditions. Due to their widespread use in these

disorders, an update on GABAAR function and pharmacology
with respect to benzodiazepines and neurosteroids will be
given. Additionally, we discuss recent studies on GABAAR
structures, GABAAR subunit variants, and the discovery of
GABAAR-associated transmembrane proteins. Lastly, we
highlight potential opportunities in GABAAR pharmacology
development as a result of these advancements.

A BRIEF HISTORY ON GABAARs AS
PROLIFIC DRUG TARGETS AND THEIR
THERAPEUTIC USAGE

Drugs targeting GABAARs have been in use since the early 1900s
(Figure 1), long before the isolation and cloning of receptor
subunits in the 1980s (Sigel et al., 1982, 1983; Barnard et al., 1987;
Schofield et al., 1987; Seeburg et al., 1990). Barbiturates were
first employed for their anticonvulsant and sedative-hypnotic
properties (Smart and Stephenson, 2019). However, a decline
in their clinical use resulted from high mortality risk due to
accidental overdose and the advent of benzodiazepines (López-
Muñoz et al., 2005). The initial discovery of chlordiazepoxide
in 1955 by Leo Sternbach at Hoffman-La Roche and diazepam
(DZ) shortly after in 1959 created excitement for benzodiazepines
(Figure 1), allowing them to become one of the most widely
marketed and prescribed drugs (Mehdi, 2012). However, it
was not accepted until decades later that adverse side effects
such as addiction could occur with long-term usage (Lalive
et al., 2011; Mehdi, 2012; Votaw et al., 2019). Although their
site-of-action had not yet been determined, by the mid-to-
late 1970s, it was known that barbiturates and benzodiazepines
enhanced inhibition by potentiating the actions of GABA
(Smart and Stephenson, 2019). Following the discovery of the
various GABAAR subunits, many studies have been devoted
toward characterizing the physiological and pharmacological
properties of GABAARs with respect to subunit composition
(Barnard et al., 1987; Schofield et al., 1987; Levitan et al.,
1988b; Pritchett et al., 1989; Seeburg et al., 1990; Farrant and
Nusser, 2005; Vithlani et al., 2011; Engin et al., 2018; Sieghart
and Savić, 2018). GABAARs harbor several binding sites for
barbiturates, benzodiazepines, general anesthetics, alcohol, and
neurosteroids (Sieghart, 2015). Depending on the GABAAR
subtype, many of these compounds exhibit differences in ligand
sensitivity, resulting in different physiological and behavioral
responses (Olsen and Sieghart, 2009). Accordingly, substantial
work has been devoted toward understanding the binding
mode and functional responses of various ligands at different
GABAAR subtypes.

Given their pivotal role in mediating fast inhibitory
neurotransmission, it is not surprising that alterations to
GABAAR function are involved in many neurological and
psychiatric disorders. GABAAR dysfunction has been observed
in a myriad of conditions including seizures, sleep disorders,
and anxiety-like disorders (Greenfield, 2013; Nuss, 2015;
Engin et al., 2018; Amengual-Gual et al., 2019). Mutations
in discrete GABAAR subunits have been shown to impair
receptor properties, such as trafficking and ligand sensitivity
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FIGURE 1 | Historical timeline depicting select highlights that have advanced the field of GABAAR biology contrasted to events in GABAAR pharmaceutical
development. BDZ, benzodiazepines; EM, electron microscopy; FDA: Food and Drug Administration; GA, general anesthetics; NS, neurosteroids; NT,
neurotransmitter.

(Hernandez and Macdonald, 2019; Maljevic et al., 2019). For
instance, the first GABAAR subunit mutations associated with
epilepsy were discovered in the γ2 subunit (Baulac et al., 2001;
Wallace et al., 2001) and since then, a multitude of other
mutations have been identified (Hernandez and Macdonald,
2019; Maljevic et al., 2019). Importantly, benzodiazepines
remain as frontline drugs in attenuating seizures (Greenfield,
2013; Amengual-Gual et al., 2019) even though a variety of
GABAAR-independent pathophysiological alterations can
contribute to seizure generation (Stafstrom, 2010). Additionally,
anxiety-like behaviors have also been observed concomitantly
with dysregulation of inhibitory circuits (Smith and Rudolph,
2012; Smith et al., 2012; Nuss, 2015; Engin et al., 2018)
and benzodiazepines continue to stand the test of time as
effective anxiolytics (Balon and Starcevic, 2020). Apart from
benzodiazepines, the therapeutic potential of neurosteroids have
also garnered interest following the recent FDA approval of
brexanolone (i.e., allopregnanolone; Mody, 2019) for postpartum
depression (PPD) (Figure 1). During pregnancy, increased
hormone production has been observed along with enhanced
neurosteroid levels, such as allopregnanolone, and transient
changes in allopregnanolone concentrations are implicated as
a contributing factor to temporary changes in GABA-mediated
inhibition, which can result in PPD-associated affective behaviors
(Frye et al., 2011; Schüle et al., 2014). The therapeutic utility
of neurosteroids in other forms of depression, anxiety, and
epilepsies are also currently being explored (Lévesque et al., 2017;
Czyk, 2019; Walton and Maguire, 2019; Zorumski et al., 2019;

Belelli et al., 2020). We acknowledge that a variety of neurological
and neuropsychiatric conditions involve GABA dysregulation
(Ramamoorthi and Lin, 2011; Mele et al., 2019), but we have
chosen to focus on disorders where GABAAR pharmacology
is currently and commonly used: benzodiazepines for epilepsy
and anxiety, as well as neurosteroids for PPD. Individuals
suffering from these conditions stand the most to gain from
the development of novel therapeutic GABAAR-targeting drugs
that achieve higher specificity and efficacy, while also mitigating
adverse side effects.

BENZODIAZEPINE ACTIONS ON
GABAARs

GABAARs with high sensitivity to benzodiazepines are typically
tri-heteromeric and composed of two α 1-3, 5, two β (1-3), and
one γ2 subunit (Farrant and Nusser, 2005). Similar to GABA,
subunit composition alters sensitivity to benzodiazepines (Minier
and Sigel, 2004). The classical, high-affinity benzodiazepine
binding site is present at the extracellular α-γ interface and
upon binding, benzodiazepines can increase GABA affinity
(Twyman et al., 1989; Lavoie and Twyman, 1996), modulate
gating by priming the receptor toward a preactivated step,
and affect the rate of desensitization (Twyman et al., 1989;
Gielen et al., 2012; Goldschen-Ohm et al., 2014; Jatczak-
Śliwa et al., 2018). With respect to single-channel properties,
benzodiazepines increase the frequency of channel opening and
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bursting, with no effect on conductance or channel opening
duration (Twyman et al., 1989; Rogers et al., 1994). The actions
of benzodiazepines observed at the microscopic level continue
to shape our understanding of how inhibitory postsynaptic
currents (IPSCs) are modulated. Accordingly, in the presence of
benzodiazepines, IPSC decay is prolonged and at some synapses,
an increase in amplitude has also been observed (Möhler et al.,
2002; Mozrzymas et al., 2007; Karayannis et al., 2010). The
efficacy of benzodiazepine potentiation ranges from partial to full
allosteric modulation, which is dependent on the binding mode
of the benzodiazepine ligand and its effects on GABAAR gating
properties (Elgarf, 2018).

Given that the high affinity binding site exists at the α–
γ interface, a multitude of side effects can occur following
administration due to their non-selective targeting of GABAARs.
Classical benzodiazepines interact non-selectively with all
GABAARs containing α1-, α2-, α3-, α5-, and γ2 subunits (Moody
and Jenkins, 2018). Whereas α1-containing GABAARs have
the greatest distribution throughout the brain (Möhler et al.,
2002), α2-, α3-, and α5-containing GABAARs are expressed
with greater confinement to specific brain regions (Engin et al.,
2018). Modulation of α1- and α2-containing GABAARs are
associated with the sedative (Rudolph et al., 1999; McKernan
et al., 2000; Rowlett et al., 2005) and anxiolytic (Löw et al.,
2000) properties of benzodiazepines, respectively. In addition,
α3-containing GABAARs have also been implicated with the
anxiolytic effects of benzodiazepines (Atack et al., 2005; Dias
et al., 2005), but this has also been disputed (Löw et al., 2000;
Behlke et al., 2016). Lastly, α5-containing GABAARs may also
mediate certain aspects of anxiety behaviors (Botta et al., 2015)
and modulation of this subtype can result in anxiolysis (Behlke
et al., 2016). As a result of the predominant behavioral effects
produced by α1- and α2-containing GABAARs, there have been
attempts to develop novel compounds that target these GABAAR
subtypes specifically. Most notably, non-benzodiazepines (also
known as z-drugs) were developed and are used as sleep aids due
to their higher selectivity for α1-containing GABAARs (Atack,
2011; Tan et al., 2011; Cheng et al., 2018; Sieghart and Savić,
2018). However, there are currently no FDA-approved, subtype-
selective GABAAR-targeting drugs that function as anxiolytics
and are devoid of sedative properties.

One concern associated with long-term usage of
benzodiazepines is the development of tolerance based on
observations of reduced GABAergic transmission along with
altered subunit composition following chronic benzodiazepine
treatment (Uusi-Oukari and Korpi, 2010; Jacob et al., 2012;
Vinkers and Olivier, 2012; Lorenz-Guertin et al., 2019). The
development of benzodiazepine tolerance likely results from
decreased GABAAR surface availability due to enhanced
inhibition from prolonged drug exposure (Gallager et al.,
1984). Interestingly, changes in GABAAR expression appear
to be subunit-specific (Uusi-Oukari and Korpi, 2010) and are
also dependent on cell-type and brain region (Poisbeau et al.,
1997; Jacob et al., 2012; Foitzick et al., 2020). For example,
prolonged DZ treatment has been observed to reduce total
γ2 expression due to increased lysosomal degradation of this
subunit (Lorenz-Guertin et al., 2019). Phosphorylation of

GABAARs by specific protein kinase C (PKC) isoforms have
been demonstrated to impact benzodiazepine sensitivity in
recombinant GABAARs (Leidenheimer et al., 1992; Qi et al.,
2007; Nakamura et al., 2015). In addition, calcineurin-dependent
dephosphorylation following application of DZ has also been
shown to induce endocytosis of GABAARs (Nicholson et al.,
2018). Although benzodiazepines non-selectively target α1-
3,5/γ2-containing GABAARs throughout the brain, it is possible
that variability in benzodiazepine sensitivity among different cell
types arises from changes in GABAAR subunit post-translational
modifications (PTMs) and/or their interactions with GABAAR-
interacting proteins (Jacob et al., 2012). Together, these features
could result in variable GABAAR turnover rate in different
neuronal populations and may explain why benzodiazepine
tolerance for the sedative-hypnotic effects occur more rapidly in
comparison to the anticonvulsant/anxiolytic actions (Bateson,
2002; Vinkers and Olivier, 2012), but this supposition requires
further clarification.

Furthermore, although acute treatment with benzodiazepines
is generally considered safe, their chronic use can result in
physical dependence (Soyka, 2017; Silberman et al., 2020) and
potentially drug abuse/misuse (Lalive et al., 2011; Tan et al., 2011),
which is a major public health concern across the world (Votaw
et al., 2019). In general, drugs of abuse “hijack” brain reward
circuitry leading to enhanced dopamine (DA) release from the
ventral tegmental area (VTA) into the nucleus accumbens (NAc)
(Kauer and Malenka, 2007). Mechanistically, benzodiazepines
activate α1-containing GABAARs on GABAergic interneurons in
the VTA, resulting in disinhibition which promotes DA release
(Tan et al., 2010). Additionally, activation of α2-containing
GABAARs in the NAc have also been shown to mediate reward
learning associated with benzodiazepines (Reynolds et al., 2012;
Engin et al., 2014). It is important to note that the abuse
liability for benzodiazepines is the highest in individuals who use
other drugs of abuse (Silberman et al., 2020). Additionally, the
development of physical dependence can occur independently
of addiction (Silberman et al., 2020). Lastly, how tolerance
develops requires further elucidation, due to observations that
the development of tolerance differs based on the usage of
the benzodiazepine (Vinkers and Olivier, 2012). One potential
reason for disparities observed in tolerance and risk of misuse
is due to the overall half-life of the type of benzodiazepine
(Vinkers and Olivier, 2012). Thus, targeting GABAARs based
on subunit-specificity continues to remain important not only
toward understanding the roles of different subtypes in circuits
and behaviors, but also for achieving optimal therapeutic efficacy
while mitigating adverse effects.

NEUROSTEROID ACTIONS ON GABAARs

In contrast to the historical usage of benzodiazepines as
pharmacotherapy, neurosteroids are the newest class of
GABAAR-targeting drugs, with brexanolone as the first
therapy indicated for the treatment of PPD (Cristea and
Naudet, 2019; Mody, 2019). Neurosteroids are robust
modulators of both synaptic and extrasynaptic GABAARs
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(Belelli and Lambert, 2005; Belelli et al., 2020). Thus, their effects
on GABAergic transmission are mediated by prolonging phasic
inhibition, as well as increasing tonic conductance. Neurosteroid
binding sites on GABAARs were initially discovered within
the transmembrane domains of the α1β2γ2 between the α

and β subunit interface. and key residues regulating their
binding are largely conserved among α2-5/β3γ2 and α4β3δ

subtypes (Hosie et al., 2006, 2009). Additionally, neurosteroids
potentiate GABA-mediated currents with higher efficacy in
δ-containing GABAARs compared to γ2-containing GABAARs
(Bianchi and Macdonald, 2003; Belelli et al., 2020). Comparable
to benzodiazepines, neurosteroids increase the frequency of
single channel openings, but also prolong the channel open
duration similarly to barbiturates (Twyman and Macdonald,
1992; Belelli et al., 2020). Furthermore, neurosteroids enhance
the duration of IPSCs by prolonging the decay time (Lambert
et al., 2003). Interestingly, relatively high concentrations
(>100 nM) of neurosteroids can directly activate GABAARs
in the absence of GABA (Belelli and Lambert, 2005). These
observations may potentially be clinically relevant given
that altered neurosteroid concentrations in the brain have
been observed in neuropsychiatric conditions such as PPD,
anxiety, and stress (Purdy et al., 1991; Schumacher et al., 2003;
Belelli et al., 2020).

It has been previously demonstrated that knock-in mice with
α2-containing GABAARs rendered insensitive to neurosteroid
potentiation for this subtype exhibit anxiety-like behaviors
without displaying depressive-like phenotypes nor effects on
analgesia (Durkin et al., 2018). These observations potentially
suggest a specific role for how neurosteroids might be useful as
anxiolytics given that α2-containing GABAARs have already been
associated with the anxiolytic effects of benzodiazepines (Löw
et al., 2000). While the behavioral effects of neurosteroids can
be interrogated based on their interaction with distinct GABAAR
subtypes (Belelli et al., 2020), achieving subtype-selectivity
may prove challenging due to conserved binding sites among
synaptic and extrasynaptic GABAARs (Hosie et al., 2007, 2009).
Neurosteroid modulation of GABAARs are also regulated by
phosphorylation status, which affects receptor expression and/or
surface trafficking, as well as neurosteroid sensitivity (Smith
et al., 2007; Abramian et al., 2014; Comenencia-Ortiz et al., 2014;
Nakamura et al., 2015). Distinct neurons have been observed
to exhibit differences in their sensitivity to neurosteroids due
to changes in phosphorylation mediated by different kinases,
such as protein kinase A (PKA) or PKC (Fáncsik et al., 2000;
Hodge et al., 2002; Vicini et al., 2002; Harney et al., 2003;
Kia et al., 2011). Together, both phosphorylation of GABAAR
subunits and changes to endogenous neurosteroid levels can have
profound effects on phasic and tonic inhibition, contributing to
the heterogeneity of inhibition across brain regions.

There has been growing interest in the therapeutic
development of neurosteroids for potential application in
other forms of depression such as major depressive disorder
(zuranolone; Sage Therapeutics) and treatment-resistant
depression (zuranolone; Sage Therapeutics, ganaxolone; Marinus
Pharmaceuticals). Indeed, it has been observed that neurosteroid
levels are reduced in depression and treatment with various

antidepressants can normalize these concentrations (Lüscher and
Möhler, 2019). Given the comorbidity of anxiety and depression,
the potential for neurosteriods being employed as effective
anxiolytics are also being explored (Schüle et al., 2014; Czyk,
2019; Gunduz-Bruce et al., 2019; Lüscher and Möhler, 2019;
Zorumski et al., 2019). Additionally, neurosteroids are also being
considered for use in seizure disorders such as refractory status
epilepticus and PCDH19-related epilepsy (ganaxolone; Marinus
Pharmaceuticals). Polypharmacy involving administration of
both benzodiazepines and neurosteroids together are also
being considered for mitigating epileptic seizures (Rogawski
et al., 2020). Taken together, there is the possibility that further
development of neurosteroids as a therapeutic agent will be
applicable to other neurological disorders.

RECENT ADVANCES IN GABAAR
BIOLOGY

Extensive characterization into the physiological and
pharmacological properties of distinct GABAARs continues
to provide insight toward their relevance at the cellular,
circuit, and behavioral level. The past two decades have seen
the development of subtype-selective compounds targeting
GABAARs with specific pharmacological and behavioral actions
(Rudolph and Knoflach, 2011; Sieghart and Savić, 2018; Chen
et al., 2019). Additionally the recent emergence of structural data
revealing GABAARs bound with different ligands will certainly
help refine and guide drug development (Olsen et al., 2019).
Differences in expression profiles and receptor function among
GABAAR subtypes, subunit variants due to alternative splicing
(Boileau et al., 2003, 2010; Eom et al., 2011; Miller et al., 2018),
and mechanisms that preferentially enrich mRNA transcripts of
discrete GABAAR subunits at specific subcellular regions (Rajgor
et al., 2020), continue to highlight the diversity of GABAergic
signaling in neuronal inhibition. Furthermore, the discovery
of transmembrane proteins that associate with GABAARs are
beginning to shed light on their molecular mechanisms in vivo
and may also provide strategies for targeting select GABAAR
subtypes and in turn, lead to the development of more effective
therapeutics for neurological and psychiatric disorders.

Structural Insights Into GABAARs and
Signaling Mechanisms
Molecular modeling of drug-receptor interactions relies on high-
resolution structures and aims to characterize not only the
spatial architecture of the receptor, but how ligand binding
induces changes in receptor conformation and influences channel
gating (Olsen et al., 2019). Several structures of AMPA receptors
(AMPARs) bound to ligands and/or in complex with auxiliary
subunits help exemplify how these interactions are critical for
modulating AMPAR function (Herguedas et al., 2019; Nakagawa,
2019; Zhao et al., 2019; Kamalova and Nakagawa, 2020). In
contrast, until recently, there has been a lack of structural
data regarding GABAARs, which has limited our understanding
of how these receptors structurally interact with their ligands.
New studies using cryogenic electron microscopy (cryo-EM)
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to examine full-length, synaptic GABAARs are now available
and will be important for bridging the link between receptor
architecture and their pharmacological signaling mechanisms
(Laverty et al., 2019; Masiulis et al., 2019; Kim et al., 2020).
In addition to high affinity benzodiazepine sites at the α-
γ interface, other benzodiazepine binding sites on GABAARs
have also been inferred (Walters et al., 2000; Baur et al.,
2008; Ramerstorfer et al., 2011; Wongsamitkul et al., 2017;
Sigel and Ernst, 2018; Lian et al., 2020). Recently, cryo-EM
studies confirmed the presence of a low-affinity binding site
present within the transmembrane domain of the αβ interface
as described in earlier studies (Walters et al., 2000; Ramerstorfer
et al., 2011; Sigel and Ernst, 2018; Masiulis et al., 2019; Lian et al.,
2020). Moreover cryo-EM studies have identified the presence
of other distinct benzodiazepine binding sites, specifically within
the β-α and γ-β interfaces (Masiulis et al., 2019; Kim et al.,
2020). It has been shown that DZ concentration-response curves
exhibit biphasic responses (Walters et al., 2000; Baur et al.,
2008; Ramerstorfer et al., 2011; Wongsamitkul et al., 2017).
Potentiation of GABA by high concentrations of DZ (>20
µM) is thought to be mediated by a low-affinity binding site
and submaximal GABA responses from α1β2 receptors lacking
the γ2 subunit have been shown to be potentiated by high
concentrations of DZ, which were not blocked by flumazenil
(Walters et al., 2000; Baur et al., 2008; Ramerstorfer et al., 2011;
Wongsamitkul et al., 2017). Although the amount of DZ used
in this particular study far exceeds the concentration needed
for their therapeutic effects (<0.3 µM), activation of this low-
affinity site may potentially mediate the anesthetic properties
of benzodiazepines (Walters et al., 2000; Olsen, 2018; Masiulis
et al., 2019; Kim et al., 2020). While this study only assessed
the effects of DZ in α1β2 and α1β2γ2 GABAARs (Walters et al.,
2000), it should be noted that other benzodiazepine binding sites
distinct from the α-γ interface appear to be present in cryo-
EM structures of both α1β2γ2 (Kim et al., 2020) and α1β3γ2
GABAARs (Walters et al., 2000; Olsen, 2018; Masiulis et al., 2019).
Interestingly, when comparing the binding of partial and full
benzodiazepine agonists, partial benzodiazepine agonists appear
to sit deeper within the α/γ binding pocket and could explain
differences in efficacy between DZ and bretazenil, respectively
(Masiulis et al., 2019). Although these studies highlight the
discovery of other unique benzodiazepine binding sites, there
are currently no studies that have demonstrated that these
unique, low-affinity binding sites can mediate the anesthetic
effects of benzodiazepines in isolation. In the future, it would be
interesting to explore the conditions that facilitate the activity
of GABAARs through these low-affinity sites and whether
these sites can be selectively targeted. It also is possible that
future cryo-EM structures may reveal subtle differences in the
benzodiazepine binding pocket among distinct, benzodiazepine-
sensitive GABAARs, which could help in the development of
more subtype-selective compounds.

Structural data has also highlighted the importance of
key residues (Hosie et al., 2006) and the binding modes of
distinct neurosteroid ligands on GABAARs (Laverty et al.,
2017; Miller et al., 2017; Sugasawa et al., 2020). Previously,
it was thought that the allosteric modulation and direct

activation of GABAARs by neurosteroids were due to binding
on distinct sites, at the α subunit and the αβ interface,
respectively (Hosie et al., 2006). However, structures of GABAAR
chimeras bound with tetrahydrodeoxycorticosterone (THDOC)
later revealed that both actions resulted from binding at the same
site (Laverty et al., 2017). It was also shown that neurosteroids,
such as pregnanolone sulfate, occupy a separate site within
the intra-subunit transmembrane domain of the α subunit
distinct from THDOC (Laverty et al., 2017). Accordingly, it
has recently been shown that different neurosteroid ligands
can promote either the activation or desensitization of α1β3
GABAARs by binding to the intersubunit interface of the
β-α subunits or within the intrasubunit on β3, respectively
(Laverty et al., 2017; Miller et al., 2017; Sugasawa et al., 2020).
Currently, it remains unknown whether neurosteroid binding
sites among synaptic and extrasynaptic GABAAR are structurally
distinct when ligand bound and if these differences can be
exploited for the development of novel neurosteroids with
varying efficacy and specificity. However, to date, there are a lack
of neurosteroid-based ligands designed for subtype-selectivity
(Althaus et al., 2020), such as exclusively targeting α2-containing
GABAARs for their anxiolytic properties without modulating
α4-containing GABAARs. Similar to benzodiazepines, future
cryo-EM studies may also uncover unique differences among
neurosteroid binding sites in different GABAAR subtypes that
can be therapeutically leveraged.

Spatial Expression Profiles of GABAAR
Subtypes and GABAAR Subunit Variants
The circuit and behavioral roles mediated by specific GABAAR
subtypes are dependent on their abundance in precisely
defined regions. High GABAAR sensitivity to benzodiazepines is
conferred by a histidine residue in the N-terminal extracellular
region (Wieland et al., 1992) and is specific to GABAARs
containing α1-, α2-, α3-, and/or α5 subunits. However,
GABAARs containing these subunits can be found across the
brain and overall modulation of these GABAARs contributes
to both the desired therapeutic effect, but also some of the
side effects. Therefore, it is important to understand how brain
regions are modulated in a circuit-specific manner and the
physiological role of GABAARs subtypes within brain regions.

With respect to the anxiolytic effects of benzodiazepines,
the amygdala has received prominent attention due to its
role in mediating emotional responses and this structure
can be divided into discrete subdivisions based on cell-
type, circuit, and physiological role (Ehrlich et al., 2009).
Differences in GABAAR subtypes expressed in subdivisions
of the amygdala have been observed (Fritschy and Mohler,
1995; Pirker et al., 2000; Kaufmann et al., 2003; Fujimura
et al., 2005). Although nearly all GABAARs are expressed
throughout the amygdala, the region and cellular localization of
these GABAAR subtypes can impact anxiety behaviors (Engin
et al., 2018). For example, in the central amygdala (CeA), α5-
containing GABAARs are associated with anxiety-like behaviors
in a cell-specific manner (Haubensak et al., 2010; Botta et al.,
2015). Specifically, knockdown (KD) of α5-containing GABAARs
in PKCδ+ neurons results in anxiogenesis, highlighting the
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importance of subtype- and cell-specific regulation of anxiety-
like behaviors (Haubensak et al., 2010; Herman et al., 2013;
Botta et al., 2015). Additionally, α1-containing GABAARs are
localized on corticosterone releasing factor neurons and have
been shown to contribute to anxiety-like phenotypes possibly
through the regulation of neuronal excitability (Gafford et al.,
2012; Herman et al., 2013). However, the specific role of
α1-containing GABAAR activity within the CeA with respect
to control over anxiety-like behaviors has yet to fully be
determined (Engin et al., 2018). In line with these observations,
benzodiazepines have also been shown to impact CeA activity
and anxiety-like behaviors (Carvalho et al., 2012; Botta et al.,
2015; Griessner et al., 2018). Although this could also be due to
a higher degree of α2-containing GABAAR expression (Fritschy
and Mohler, 1995; Pirker et al., 2000), the cell-type and circuit-
specific role of α2-containing GABAARs in CeA is not completely
understood (Engin et al., 2018). Further complications teasing
out the effects of benzodiazepines come from the fact that
benzodiazepines non-selectively modulate all α1-3, 5-containing
GABAARs distributed across the entire amygdala (Fritschy and
Mohler, 1995; Pirker et al., 2000; Engin et al., 2018). Taken
together, the complexity regarding the microcircuitry governing
anxiety and how both region- and cell-specific expression of
GABAAR subtypes can impact anxiety behaviors still requires
further investigation.

Furthermore, subcellular localization of GABAARs also
profoundly determines the type of neuronal inhibition exhibited
and how GABAAR-targeting drugs will modulate neuronal
activity (Kerti-Szigeti and Nusser, 2016; Nathanson et al., 2019;
Kramer et al., 2020). The mobility and diffusion of GABAARs
between synaptic and extrasynaptic regions are dependent on
subunit composition, specific motifs within the intracellular
domain of certain subunits, and the interaction of GABAARs
with scaffolding partners such as gephyrin or radixin (Jacob
et al., 2005; Thomas et al., 2005; Loebrich et al., 2006; Bannai
et al., 2009; Mukherjee et al., 2011; Tyagarajan and Fritschy,
2014; Hausrat et al., 2015; Hannan et al., 2019; Davenport
et al., 2020). Recently, there have been reports of differences in
synaptic and extrasynaptic GABAAR subunit localization, as well
as neuron-specific differences (Schulz et al., 2018; Magnin et al.,
2019). For example, it is well-established that in hippocampal
pyramidal neurons, the α5 subunit is predominantly expressed
at extrasynaptic regions and mediates the majority of tonic
inhibition (Crestani et al., 2002; Caraiscos et al., 2004; Farrant
and Nusser, 2005; Glykys and Mody, 2007; Glykys et al.,
2008). Interestingly, α5-containing GABAARs can also localize
synaptically and contribute to phasic inhibition (Brady and
Jacob, 2015; Schulz et al., 2018; Davenport et al., 2020).
Furthermore, in hippocampal somatostatin interneurons, α5-
containing GABAARs appear to be localized synaptically as they
co-localize with VGAT and are targeted by vasoactive intestinal
polypeptide (VIP)- and calretinin-expressing (Schulz et al., 2018;
Magnin et al., 2019), but not parvalbumin interneurons. In
addition, α5-GABAARs targeted by VIP interneurons appear
to be involved in anxiety-like behaviors (Magnin et al.,
2019). More work is needed to understand how distinct
GABAARs are targeted by different inhibitory inputs and how

differences in compartment localization can dynamically regulate
neuronal activity. For example, it is currently unknown whether
pharmacological targeting of perisomatic or dendritic inhibition
exclusively can result in better therapeutic efficacy. Although
currently not feasible, future endeavors examining the specific
roles of GABAARs and their contributions to perisynaptic
and/or dendritic inhibition will provide a more mechanistic
understanding of input-specific inhibition and could perhaps
allow these mechanisms to be manipulated pharmacologically.

In addition, GABAAR splice variants with differences in
function and pharmacology continue to further enhance the
diversity and classification of GABAAR subtypes (Whiting et al.,
1990; Boileau et al., 2010; Miller et al., 2018; Smart and
Stephenson, 2019; Rajgor et al., 2020). For example, the γ2
subunit can exist as either a long (γ2L) or short (γ2S) variant,
with the latter missing eight amino acids in the long intracellular
loop (Whiting et al., 1990; Boileau et al., 2010). Functionally,
γ2S differs from γ2L in zinc sensitivity and kinetics, and the
surface expression of γ2S alone is possible even when co-
transfected with α and β subunits (Boileau et al., 2003, 2010).
Additionally, γ2L and γ2S expression changes over the course
of development and their expression is confined to different
brain regions (Wang and Burt, 1991; Gutiérrez et al., 1996).
Noteworthily, it has also been observed that in schizophrenia, γ2S
is decreased (Huntsman et al., 1998) which elicits the question
as to whether γ2L and/or γ2S are differentially involved in other
neurological and neuropsychiatric conditions. Lastly, PTMs can
influence GABAAR properties and phosphorylation of the serine
site S343 which is exclusive to the γ2L variant and not in γ2S
(Lorenz-Guertin et al., 2018) has been documented (Nakamura
et al., 2015). However, more research is required in order to
identify other residues within the γ2L and γ2S variants that
are subject to phosphorylation or other PTMs, as well as how
these PTMs modulate GABAAR properties. With newer tools
that can achieve greater drug targeting specificity (Shields et al.,
2017; Atasoy and Sternson, 2018; Rao et al., 2019; Crocetti and
Guerrini, 2020) along with rational drug design (Antkowiak and
Rammes, 2019; Scott and Aricescu, 2019), it may be possible in
the near future for drug development strategies to exploit these
differences in order to maximize the therapeutic efficacy of newer
compounds while also decreasing the likelihood of unwanted side
effects by “sparing” other GABAAR subtypes.

GABAAR-Associated Transmembrane
Proteins
Although a majority of compounds have been developed that
target the pore-forming subunits of GABAARs, recent advances
in the field of GABAAR biology have illuminated that native
GABAAR exist as a complex with other accessory proteins rather
than in isolation (Khayenko and Maric, 2019). Within the past
decade (Figure 1), novel transmembrane proteins have been
discovered that associate with native GABAARs and have distinct
effects on receptor trafficking, kinetics, and/or pharmacology (see
Han et al., 2020 for an in-depth review). Therefore, these proteins
present themselves as potentially novel sites for new GABAAR
drug development.
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Lipoma HMGIC Fusion Partner-Like 4
Lipoma HMGIC fusion partner-like 4 (Lhfpl4, LH4; also
referred to as GABAAR Regulatory Lhfpl4 [GARLH4]) is a
four-pass transmembrane protein that was recently shown to
critically regulate GABAAR anchoring at inhibitory synapses
and thus impact the strength of fast inhibitory synaptic
transmission. Indeed, both KD (Yamasaki et al., 2017) and
knockout (KO) (Davenport et al., 2017; Wu et al., 2018) of
LH4 resulted in decreased GABAAR clustering, as well as
diminished GABAergic synaptic transmission and GABAergic
synapse density (Davenport et al., 2017; Yamasaki et al., 2017;
Wu et al., 2018). Additionally, LH4 forms a tripartite complex
with GABAARs and neuroligin-2 (NL2) (Davenport et al., 2017;
Yamasaki et al., 2017; Wu et al., 2018), a postsynaptic inhibitory
cell adhesion molecule (Poulopoulos et al., 2009; Li et al., 2017b;
Lu et al., 2017). Interestingly, the δ subunit plays an important
role in the regulation of GABAAR assembly within the cerebellum
by preventing incorporation of γ2 and LH4 (Martenson et al.,
2017). Incorporation of the δ subunit prevented assembly of γ2
into GABAARs, as well as the interaction with LH4 (Martenson
et al., 2017). In this manner, δ-containing GABAARs became
extrasynaptically localized whereas γ2-containing GABAARs
were localized at synapses via their interaction with both LH4 and
NL2 (Davenport et al., 2017; Martenson et al., 2017; Yamasaki
et al., 2017; Wu et al., 2018). Lastly, although LH4 did not alter
sensitivity to endogenous GABA, THIP, or picrotoxin (Yamasaki
et al., 2017), LH4-dependent modulation of other GABAAR-
targeting compounds still requires further investigation.

Cleft Lip and Palate Transmembrane Protein 1
Abnormal trafficking of GABAARs can involve a variety of
mechanisms, leading to a lack of GABAAR availability at the
neuronal surface. Specifically, a novel transmembrane protein,
cleft lip and palate transmembrane protein 1 (Clptm1) was
identified as a negative regulator of GABAAR forward trafficking
of both synaptic and extrasynaptic GABAARs through receptor
confinement primarily in the ER and reduced the surface
availability of GABAARs (Ge et al., 2018). Importantly, this
modulation of GABAAR forward trafficking impacted inhibitory
transmission bi-directionally; overexpression and KD of Clptm1
resulted in diminished and enhanced postsynaptic inhibitory
responses, respectively. Additionally, this bi-directional effect was
similarly observed in tonic currents generated from extrasynaptic
GABAARs. Mechanistically, these data suggest that Clptm1 is a
pan-GABAAR regulator and thus impacts both synaptic and tonic
inhibition through restriction of receptor forward trafficking.

Shisa7
Members of the Shisa family of proteins are single-pass
transmembrane proteins containing both cysteine and proline
rich domain on the N- and C-terminus, respectively (Pei
and Grishin, 2012). Specifically, Shisa6-9 are referred to
as cystine knot AMPAR membrane proteins (CKAMP)
(Farrow et al., 2015) due to the presence of an AMPAR
interacting domain in the C-terminus (von Engelhardt,
2019). Notably, Shisa7 (CKAMP59) has emerged as an
interesting member of the Shisa family in that unlike

other CKAMP counterparts, Shisa7 has a direct role in
GABAAR regulation at inhibitory synapses (Han et al.,
2019). While other CKAMPs are localized at glutamatergic
synapses (von Engelhardt et al., 2010; Klaassen et al., 2016;
Peter et al., 2020), we observed that Shisa7 co-localizes
specifically with gephyrin and GABAARs in hippocampal
neurons (Han et al., 2019) and not at excitatory synapses
as reported in an earlier study (Schmitz et al., 2017).
Functionally, Shisa7 regulated GABAAR trafficking and
inhibitory transmission without affecting excitatory synaptic
transmission (Han et al., 2019). Strikingly, Shisa7 also modulates
GABAAR kinetics and pharmacological properties. Indeed,
in heterologous cells, Shisa7 decreased the deactivation time
constants of α1β2γ2 and α2β3γ2 receptors, and conversely
Shisa7 KO prolonged the decay time constant of GABAergic
transmission in hippocampal neurons (Han et al., 2019). Lastly,
Shisa7 increased DZ-induced potentiation of GABAARs in
heterologous cells and Shisa7 KO significantly reduced DZ
actions in vivo (Han et al., 2019). Taken together, this is the first
documentation of a transmembrane auxiliary subunit unique
to GABAARs that can influence receptor trafficking, kinetics,
and pharmacology.

Targeting Transmembrane Accessory Molecules That
Interact With Native GABAARs
Although 19 different GABAARs subunits have been identified,
there are a multitude of different possible subunit combinations
that can occur. Thus, one potential obstacle to overcome
regarding the development of subtype-specific GABAAR-
targeting drugs is achieving better therapeutic efficacy and
selectivity. One strategy is to “think outside the receptor” and
evaluate whether there are “druggable” targets that coexist with
native GABAARs independent of the pore-forming subunits.
For example, gephyrin is a well-known postsynaptic scaffolding
protein that associates with GABAARs at inhibitory synapses
and dysregulation of gephyrin possibly contributes to disrupted
GABAAR signaling in disease (Tyagarajan and Fritschy,
2014). A recent preliminary study identified that artemisinin,
an anti-malarial compound, could bind to gephyrin and
subsequently affect GABAAR-mediated signaling in pancreatic
cells, suggesting within this context that artemisinins could
prove useful in treating diabetes (Li et al., 2017a). Additionally,
crystallography studies identified that artemisinin and its
derivatives bind to the GABAAR binding pocket in gephyrin
and resulted in destabilization of gephyrin, as well as α1-
and α2-containing GABAARs (Kasaragod et al., 2019). This
exciting piece of evidence suggests that proteins that interact
with GABAARs can be targeted and subsequently impact
GABAAR signaling, making them ripe candidates for new
drug development.

In addition to GABAAR-associated scaffolds and molecular
adaptor proteins (Khayenko and Maric, 2019), newly identified
transmembrane proteins that interact with GABAARs are
additional targets that can potentially be exploited in drug
development. In fact, transmembrane AMPAR regulatory
proteins (TARPs), which are auxiliary subunits of AMPA
receptors (Ziff, 2007; Milstein and Nicoll, 2008), are
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currently being evaluated for the treatment of epilepsy
and pain (Maher et al., 2017). Thus, the discovery of
novel GABAAR-associated transmembrane proteins (LH4,
Clptm1, and Shisa7) as discussed above provide a potentially
exciting opportunity for drug development. For example,
Shisa7 can modulate GABAAR kinetics and pharmacology
(Han et al., 2019). Thus, it will be interesting to investigate
whether there are any compounds that can interact with
Shisa7 and/or other transmembrane proteins, or their
interfaces with GABAARs, to produce clinically relevant
effects. In terms of selectivity, LH4 could potentially offer
an opportunity to selectively target γ2-containing GABAARs
while “sparring” δ-containing GABAARs. Collectively, these
initial characterizations of transmembrane GABAAR regulators
have provided the foundation for a new understanding
of GABAAR-mediated mechanisms of inhibitory control
(Han et al., 2020), and present new potential targets for
GABAAR drug screening.

SUMMARY AND FUTURE OUTLOOK

Characterization and investigation of the various binding
sites on GABAARs have provided invaluable data for the
development of pharmaceuticals that are used to treat a wide
variety of neurological conditions and psychiatric disorders.
However, there are still many challenges and issues to be
faced with the current state of available GABAAR-targeting
drugs. One of the biggest challenges comes from ubiquitous
expression of GABAAR subtypes throughout the brain.
This can prove to be problematic when considering off-
target drug effects and unforeseen complications from drug
administration due to drug binding across many GABAAR
subtypes in different brain regions. Considering the nature
of current GABAAR pharmaceuticals, the design of these
drugs is based on previously characterized binding sites,
such as the high affinity benzodiazepine binding site which
exists between the α and γ subunits (Moody and Jenkins,
2018). However, there is still a lack of new and clinically
relevant subunit-specific GABAAR-targeting drugs despite
scientific success in furthering our understanding of GABAAR
structure and function (Figure 1). The need for subtype-specific
GABAAR-targeting drugs is not solely confined to clinical
applications, but is also needed in biomedical research. The
expression of specific GABAARs in unique cell populations
and the lack of compounds for certain subunits, such as a
commercially available δ subunit-selective antagonist, only
highlights the importance for the future development of
more highly selective compounds and will help address
the role of specific GABAARs at the cellular, circuit, and
behavioral level.

Although initial studies have characterized the role of
transmembrane GABAAR accessory proteins within the
hippocampus and cerebellum (Martenson et al., 2017; Yamasaki
et al., 2017; Ge et al., 2018; Wu et al., 2018; Han et al., 2019), it
has not yet been investigated whether these observations apply
to other brain regions. Therefore, the possibility exists that these

proteins might differentially impact GABAAR function within
discrete brain regions which contributes to their impact on
physiology and behavior, as well as the pharmacological effect
of drugs. While GABAARs are expressed throughout the brain,
the potential region-specific distribution of GABAAR-associated
transmembrane proteins could enhance the selectivity for future
GABAAR-targeting drugs. Considering this, further investigation
requires cell- and circuit-specific interrogation to define how
these accessory proteins function in different brain regions.
Understanding how these transmembrane proteins associate
with GABAAR and their role within defined brain structures
could potentially allow for the development of drugs that target
these GABAAR-associated transmembrane proteins directly
or compounds that work synergistically with other GABAAR-
targeting drugs to enhance their therapeutic efficacy and limit
unwanted side effects.

To complement structural and binding studies, genetic
studies have also proved invaluable in our understanding of
GABAARs. For example, knockin mice harboring histidine-to-
arginine mutations in α1- α2- α3-, or α5- GABAAR subunits
render them insensitive to benzodiazepines (Rudolph et al., 1999;
Löw et al., 2000; McKernan et al., 2000; Rudolph and Möhler,
2004) and have provided critical insight and direction toward
the development of several subtype-selective ligands (Rudolph
and Möhler, 2006; Rudolph and Knoflach, 2011; Richter et al.,
2012; Forman and Miller, 2016; Yamaura et al., 2016; Solomon
et al., 2019). However, genetic approaches also have limitations
and can pose a challenge in studying specific contributions of
discrete GABAAR subtypes, as well as modeling alterations to
GABAAR function in disease. For example, GABAAR expression
and subunit composition change throughout development and
there are differences in GABAAR subtypes within various brain
regions (Luscher et al., 2011), which creates difficulty in studying
the role of GABAAR in KO models. Genetic deletion of subunits
can also create complications when studying discrete subunit
contributions to GABAAR function. For example, complete KO
of the γ2 subunit results in death shortly after birth (Günther
et al., 1995), preventing a functional analysis of γ2 subunit
in vivo at later time points. Furthermore, genetic deletion of α

subunits can result in compensatory effects. Indeed, deletion of
the α1 subunit can promote upregulation of other α-containing
subtypes in response (Sur et al., 2001; Kralic et al., 2002a,b,
2006). Additionally, deletion of the γ2 subunit can lead to
compensation through replacement of synaptic GABAARs with
the γ3 subunit (Kerti-Szigeti et al., 2014). Thus, the development
of more selective drugs would allow for precise investigation as to
the role of subtype-selective GABAARs and further elucidates the
role of GABAARs in health and disease.

A major goal in GABAAR drug discovery has been to
discover compounds that are more selective and efficacious with
less side effects. Although classical benzodiazepines have been
successfully used to treat a wide variety of conditions (Chen
et al., 2019), their non-selective binding to essentially all γ2-
containing GABAARs can account for many of their side effects
(Engin et al., 2018; Chen et al., 2019). The recent emergence of
several high-resolution structures of GABAARs (Laverty et al.,
2017, 2019; Miller et al., 2017; Phulera et al., 2018; Zhu et al., 2018;
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Masiulis et al., 2019) will be important for precision-based
drug design that enhances drug selectivity for discrete receptor
subtypes. Excitingly, the discovery of transmembrane GABAAR
accessory proteins will likely provide further opportunities to
develop compounds that can target GABAARs in complex
with other accessory proteins, but not bind and modulate
GABAARs in isolation. In summary, there is a need for
future interrogation of GABAAR pharmacology which takes
into account distinct subunit compositions, discrete brain
region localizations, and associated GABAAR proteins that
better mimic native receptor complexes when designing
future pharmaceuticals.
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Pyrazoloquinolinones (PQs) are a versatile class of GABAA receptor ligands. It has
been demonstrated that high functional selectivity for certain receptor subtypes can be
obtained by specific substitution patterns, but so far, no clear SAR rules emerge from
the studies. As is the case for many GABAA receptor targeting chemotypes, PQs can
interact with distinct binding sites on a given receptor pentamer. In pentamers of αβγ

composition, such as the most abundant α1β2γ2 subtype, many PQs are high affinity
binders of the benzodiazepine binding site at the extracellular α+/γ2− interfaces. There
they display a functionally near silent, flumazenil-like allosteric activity. More recently,
interactions with extracellular α+/β− interfaces have been investigated, where strong
positive modulation can be steered toward interesting subtype preferences. The most
prominent examples are functionally α6-selective PQs. Similar to benzodiazepines, PQs
also seem to interact with sites in the transmembrane domain, mainly the sites used
by etomidate and barbiturates. This promiscuity leads to potential contributions from
multiple sites to net modulation. Developing ligands that interact exclusively with the
extracellular α+/β− interfaces would be desired. Correlating functional profiles with
binding sites usage is hampered by scarce and heterogeneous experimental data,
as shown in our meta-analysis of aggregated published data. In the absence of
experimental structures, bound states can be predicted with pharmacophore matching
methods and with computational docking. We thus performed pharmacophore
matching studies for the unwanted sites, and computational docking for the extracellular
α1,6+/β3− interfaces. The results suggest that PQs interact with their binding sites with
diverse binding modes. As such, rational design of improved ligands needs to take a
complex structure-activity landscape with branches between sub-series of derivatives
into account. We present a workflow, which is suitable to identify and explore potential
branching points on the structure-activity landscape of any small molecule chemotype.

Keywords: GABAA receptor, allosteric modulation, pyrazoloquinolinone, functional selectivity, computational
docking, pharmacophore analysis
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INTRODUCTION

The WHO Model List of Essential Medicines contains many
allosteric modulators of GABAA receptors, among them
several benzodiazepines and many sedative general anesthetics
such as propofol. Despite their big usefulness, side effects
are associated with all of them. One of the promising
avenues to produce improved GABAA receptor targeting
medications is the exploitation of subtype selective targeting
(Olsen and Sieghart, 2009; Sieghart and Savic, 2018). In this
vein, functionally selective ligands, i.e., ligands which exert
allosteric effects at certain subtypes while binding “silently”
to other subtypes, have gained considerable attention over
the last years (Rudolph and Knoflach, 2011; Skolnick, 2012;
Sieghart and Savic, 2018). The most advanced functionally
selective compound so far seems to be basmisanil, a
functionally α5-selective negative modulator acting at the
benzodiazepine binding site (Liogier d’Ardhuy et al., 2015;
Roche, 2016).

In addition to compounds, which target the high affinity
benzodiazepine binding sites, functionally selective ligands have
been described for other binding sites such as the site at which
the general anesthetic etomidate binds (Sieghart and Savic, 2018),
a modulatory site at extracellular α+/β− interfaces (Varagic
et al., 2013a), and for some functionally selective ligands the
binding sites have not been identified (Sieghart and Savic, 2018).
The extracellular interfaces show greater sequence diversity
compared to the binding site in the transmembrane domain
(TMD) (Puthenkalam et al., 2016), and thus are considered highly
promising targets to obtain compounds with a narrow subtype
preference profile.

Since the first description of the ECD (extracellular domain)
α+/β− as a modulatory site for pyrazoloquinolinones (PQs),
considerable effort was invested to explore the potential
for subtype selective targeting of this site (Ramerstorfer
et al., 2011; Varagic et al., 2013a,b; Mirheydari et al., 2014;
Simeone et al., 2017, 2019; Knutson et al., 2018; Treven
et al., 2018). Recently this site has been claimed to mediate
the anxiolytic effects of etifoxine (Mattei et al., 2019) and is
considered as a promising target for drugs devoid of some
of the side effects displayed by the popular benzodiazepine
targeting medications, such as benzodiazepines themselves
(diazepam, alprazolam, etc.) or the Z-drugs (zolpidem,
zopiclone, and zaleplon). PQs comprise the ECD α+/β−
targeting scaffold with the highest number of ligands
which have been studied, and have delivered prototypical
functionally a6-preferring compounds (Varagic et al., 2013a;
Knutson et al., 2018; Treven et al., 2018; Simeone et al.,
2019) and compounds with affinity and efficacy β1-selective
profiles (Simeone et al., 2017). Yet little is known about the
precise molecular determinants of their interactions with
GABAA receptors.

Figure 1 pyrazoloquinolinones were first introduced as high
affinity ligands of the benzodiazepine binding site (Zhang et al.,
1995; Savini et al., 1998, 2001; Carotti et al., 2003). Many
years after their introduction it was realized that CGS 9895
does not elicit any modulatory effect by its interaction with the

FIGURE 1 | Schematic representation of the PQ scaffold. The positions of
substitutions are marked to match Table 1 on the 2D structure.

benzodiazepine binding site, but rather modulates GABA elicited
currents by the so-called modulatory PQ (mPQ) site at the ECD
α+/β− interface (Ramerstorfer et al., 2011; Sieghart et al., 2012).
The first subtype selective PQs with pronounced functional
selectivity for α6β2,3γ2 receptors over all other α isoforms
were presented in 2013, and the description of compounds
with β1-preferring profiles followed in 2017 (Varagic et al.,
2013a; Simeone et al., 2017). The involvement of the ECD
α+/β− interface was demonstrated in three separate studies
(Ramerstorfer et al., 2011; Varagic et al., 2013b; Maldifassi et al.,
2016), of which one postulated additional binding sites that
overlap with the “low affinity diazepam sites” (Walters et al.,
2000; Maldifassi et al., 2016). Thus, for a rational improvement
of selectivity profiles more insight is needed concerning the
use of multiple binding sites in a given receptor pentamer
(Iorio et al., 2020).

Further improvement of PQs seems very promising as several
members of this scaffold have already demonstrated low toxicity
and considerable clinical promise in the seventies and eighties.
After the introduction of the functional selectivity potential, pre-
clinical studies demonstrated promise for novel indications such
as sensorimotor gating deficits (Chiou et al., 2018), trigeminal
neuropathic pain (Puri et al., 2012; Vasovic et al., 2019) and
migraine (Fan et al., 2018).

Thus, a detailed understanding (ideally at the atom level)
of their mode of action and the molecular determinants of
selective interactions is highly desired to accelerate development
of PQs that might be suitable as drugs (Knutson et al., 2018).
Here we present a thorough re-analysis of the experimental data
since 2011 (Ramerstorfer et al., 2011; Varagic et al., 2013a,b;
Mirheydari et al., 2014; Maldifassi et al., 2016; Simeone et al.,
2017, 2019; Treven et al., 2018) and complement it with a
computational analysis of functionally selective and unselective
PQs to shed light on the molecular determinants of their complex
pharmacological profile.
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TABLE 1 | List of compounds from the selected papers, together with their substitution pattern.

Code Ligand R8 R7 R6 R′4 R′3 Series

1 CGS 8216 H H H H H CGS 8216

2 CGS 9896 H H H Cl H R′4

3 CGS 9895 H H H OMe H R′4

4 XHe-IIII-063 H H H C≡CH H R′4

5 XHe-II-087c H H tBu Br H R6+R′4

6 XHe-III-006c H Br H Br H R7+R′4

7 PWZ-009A1 H OMe H H H R7

8 PZ-II-029 H OMe H OMe H R7+R′4

9 DCBS 176 H C≡CH H OMe H R7+R′4

10 DCBS 177 H Et H OMe H R7+R′4

11 DCBS 183 H COMe H OMe H R7+R′4

12 LAU 463 H Br H OMe H R7+R′4

13 MTI 40 H F H OMe H R7+R′4

14 MTI 54 H Cl H OMe H R7+R′4

15 MTI 91 H Me H OMe H R7+R′4

16 MTI 98 H CF3 H OMe H R7+R′4

17 LAU 163 Cl H H H H R8

18 DCBS 32 Cl H H H Br R8+R′3

19 LAU 159 Cl H H H OMe R8+R′3

20 DCBS 142 Cl H H H Me R8+R′3

21 DCBS 152A Cl H H H COOH R8+R′3

22 DCBS 146 Cl H H H CN R8+R′3

23 DCBS 120 Cl H H H NH2 R8+R′3

24 PZ-II-028 Cl H H OMe H R8+R′4

25 LAU 162 Cl H H COOEt H R8+R′4

26 LAU 157 Cl H H NO2 H R8+R′4

27 LAU 161 Cl H H CN H R8+R′4

28 LAU 156 Cl H H Me H R8+R′4

29 LAU 206 Cl H H NH2 H R8+R′4

30 LAU 462 Cl H tBu OMe H R6+R8+R′4

31 PWZ-007A OMe H H H H R8

32 DCBS 76 OMe H H Me H R8+R′4

33 LAU 176 OMe H H OMe H R8+R′4

34 LAU 177 OMe H H CN H R8+R′4

35 DCBS 96 OMe H H NH2 H R8+R′4

36 XHe-III-24 tBu H H F H R8+R′4

37 XHe-II-006 tBu H H Br H R8+R′4

38 XHe-II-17 tBu H H C≡CH H R8+R′4

39 PB-XHe Me Me H Br H R7+R8+R′4

Series is defined by the substitution positions on rings A and D (see Figure 1). CGS 8216, the unsubstituted parent compound, is in a separate group. At the same
time, it can be considered the smallest member of all the series, with all positions bearing −H. All the compounds were used for efficacy analysis. Marked in blue are the
compounds included in the docking and pharmacophore analysis, while the compound marked in magenta was included only in the pharmacophore analysis.

MATERIALS AND METHODS

Aggregation of Relevant Data From the
Literature
From the selected papers we extracted efficacies for each
compound (Table 1) and receptor combination (including the
mutated receptors) (Ramerstorfer et al., 2011; Varagic et al.,
2013a,b; Mirheydari et al., 2014; Maldifassi et al., 2016; Simeone
et al., 2017, 2019; Treven et al., 2018). Tabulated efficacy was

extracted for the concentration, at which the modulation was
the highest, except in the case of one study (Simeone et al.,
2017), where calculated maximal efficacies were taken from the
Supplementary Information. Where the mean modulation per
compound concentration was given in the Supplementary, we
used the data from such table. Else, the efficacy was estimated
from the graphs. For each extracted value we also noted if the
value represents the maximal efficacy based on the graphs. The
whole dataset is available in Supplementary Table 1.
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TABLE 2 | Range of settings used in the pharmacophore screens.

LigandScout MOE

Identified features* 3–8* 14–21*

Omitted features 1–5 8–14

Exclusion spheres Off or Default None or 1.8 Å

Ligand shape radius n.a. None or 2–3.5 Å

See Supplementary Tables 2–6 for the parameters used in the 13 screens.
*The number of identified features depends on the input PDB, and on the
thresholds unique for each program.

Ligand Preparation
The ligand structures were prepared and energy minimized in
MOE 2019.0102 (Molecular Operating Environment [MOE],
2020), and saved in mol2 format. For pharmacophore
analysis with LigandScout the SMILES code of each
compound was extracted.

Structure-Based Pharmacophore
Analysis
Structure-based 3D pharmacophore screening was performed
with MOE and LigandScout 4.4.4 (Wolber and Langer, 2005).
For LigandScout the “match all query features” screening mode
was used with the Pharmacophore-Fit scoring function. In
MOE the unified pharmacophore algorithm was used. For the
3D structure-based pharmacophore modeling the cryo-electron
microscopy-derived structures of GABAA receptors were used
(PDB IDs: 6HUP, 6HUO, 6HUK, 6D6T, 6D6U, and 6X3V (Zhu
et al., 2018; Masiulis et al., 2019; Kim et al., 2020); 6X3V was
published after this study was completed, and was utilized for
a smaller number of screens). Two different pharmacophore
screening series were performed. In the first series (screens 1.1,
1.2, see Supplementary Table 2) both programs were used. The
pharmacophore features of each structure were automatically
generated by each program, and default settings were used
together with the option to omit features in the matching step.
Table 2 lists the range of settings, Supplementary Figure 1 shows
representative features, and Supplementary Table 2 provides the
specific settings.

In the second series of screens with MOE, program features
were explored for the best replication of known binders to the
TMD β+/α− (see Table 2, results, and Supplementary Tables 3–
6).

Protein Preparation
For ECD α6+/β3− binding site we created an α6β3γ2 model
with Modeler 9.23 (Webb and Sali, 2016). The used template was
6HUP. As the substitution of the α subunit does not result in
any INDELs in the ECD and TMD, (Supplementary Figure 2)
standard settings without alignment optimization were applied.

The docking was performed for ECD α1+/β3− and ECD
α6+/β3− binding sites. The ECD α1+/β3− binding site structure
was taken from 6HUP (Masiulis et al., 2019). GABA was
transferred into the binding site of interest by superposing
it to ECD β3+/α1−. Then ECD α1+/β3− subunits and the
ligand were saved as mol2 file. In the same manner as for the

ECD α1+/β3− pocket, we transferred GABA from 6HUP ECD
β3+/α1− to the appropriate pocket of the α6β3γ2 model. The
two chains of interest and the ligand were then saved as mol2 file.

Computational Docking
For docking we used Gold v.2020.1 (Jones et al., 1997). The
template configuration file was generated using Hermes GUI
and then used through CSD Python API by substituting
the docked ligand.

Proteins were first prepared by adding hydrogens and
extracting the template ligands from the pockets. Binding sites
were defined as a volume 7 Å from the template ligand. We
set autoscale on 2, number of generated poses on 200, and
disabled early termination. Generated poses were evaluated with
chemscore. For bigger amino acids around the template ligand
the rotamer library was set on free and for four amino acids
on loop C (α1Ser205, α1Ser206, α1Thr207, and α1Gly208) soft
potentials were used. The remaining settings were left on default.

Analysis of Docking Results
We extracted scoring and rescoring results from the docking
runs using CSD Python API. Furthermore, the ligand-protein
complexes were generated for each pose and saved as PDB files.
By using MOE, we measured spherical coordinates of a subset
of core ligand atoms for each pose complex (Supplementary
Figure 3). The coordinate system was defined by Cα-atoms
of pre-defined amino acids–α1Gly208 as origin and α1Ser205,
α1Tyr210, and β3Met115 as axes, with homologous amino acids
used for ECD α6+/β3−.

The coordinates were analyzed in R v4.0.2 (R Core Team,
2020) using an adapted “phenotypic earth mover’s distance”
pipeline, described by Chen et al. (2020). RMSD of the compound
atoms was used as distance between samples in hierarchical
clustering. The number of clusters used for ECD α1+/β3−
and ECD α6+/β3− binding sites were 80 and 40, respectively.
Subsequently, the clusters in which no compound had more
than 10 poses were discarded with the poses not considered in
the following analysis. After the removal, the ECD α1+/β3−
docking results retained 4979, while the ECD α6+/β3− docking
results retained 5755 out of 6000 poses. In the next step every
compound was described as a distribution of the sums of
chemscores for all poses in a cluster. To calculate the difference
between individual clusters, principal component analysis was
first used to reduce the dimensionality of the circular coordinates.
Coordinates of connected atoms have a high level of cross-
correlation (Supplementary Figure 4). As principal components
are orthogonal to each other, after the PCA step cross-correlation
is eliminated. Subsequently, the first three components were
used to calculate the distances between cluster centroids as
a measure of their dissimilarity. The chemscore distributions
and the distances between cluster centroids were then used to
compute ligand dissimilarity with earth mover’s distance. The
resulting distance matrix was used to compute a 3D diffusion
map of the ligands.
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RESULTS

Ligand Properties in Functional Studies
Efficacy data was aggregated from all functional PQ studies
since the seminal report of the ECD α1+/β3− binding site
(Ramerstorfer et al., 2011; Varagic et al., 2013a,b; Mirheydari
et al., 2014; Maldifassi et al., 2016; Simeone et al., 2017, 2019;
Treven et al., 2018). Due to the different compound solubilities
and apparent potencies, in many cases full dose response curves
could not be obtained, and thus maximum efficacy can be
extrapolated only from some datasets. To be able to compare
efficacies across the compounds, the modulation elicited at
10 µM compound concentration was used whenever available. It
should be noted that this data might not only reflect differences in
the theoretical maximum efficacy, but also the diverse positions of
the data points in the respective dose response curves i.e., close to
maximal efficacy, rising phase, or in the case of biphasic responses
rising or falling phase (Supplementary Table 1). However, the
gross trends in efficacy remain valid and interesting to derive
potential structure-activity relations and to correlate structural
hypotheses with the experimental data.

Functional data for most of the compounds in Table 1 exists
in α1β3 receptors as this was the receptor isoform that was used
to demonstrate the existence of the modulatory ECD α1+/β3−
binding site of PQs (Ramerstorfer et al., 2011; Figure 2A).

For a broad range of compounds and substitution patterns,
we observe (near) silent interactions with the α1β3 receptors
(Figure 2A). Silent or near silent binding in α1β3 receptors
renders ligands with this property potential candidates for
selective agents in non-α1 or non-β3 assemblies. While many
compounds are known to elicit higher efficacy in β2- and
β3-containing receptors, very few functionally β1-selective
compounds have been described so far (Simeone et al., 2017). In
a small study involving six PQs, amino-substituted compounds
have been demonstrated to display functional β1-preference
(Figure 2B). Specifically, DCBS 96 exhibits functional selectivity,
as it is a silent modulator in non-β1 receptors (Simeone et al.,
2017), while LAU 206 displays a slight functional β1-preference.

Binary αβ receptors have been confirmed to exist, but are
thought to represent a small population of native receptors (Olsen
and Sieghart, 2009; Mortensen et al., 2011), while the majority
of receptors in the mammalian CNS contain a γ2 subunit. The
γ2 subunit confers benzodiazepine sensitivity and high affinity
PQ binding to receptors (Sieghart and Savic, 2018). The impact
of the γ2 subunit on PQ efficacy has been demonstrated to be
relatively low (Ramerstorfer et al., 2011; Varagic et al., 2013a,b),
though there are a few cases with modest impact (see Figure 3A).
For example, PWZ-009A1 positively modulates α2β3 receptors
(176%), but not α2β3γ2 (Figure 3C). On the other hand, the
introduction of γ2 potentiates the efficacy of CGS 9896 by two-
fold (from 182% in binary to 363%) in α2β3-containing receptors
(Figure 3B). Thus, even though the integration of the γ2 subunit
in the receptors is incomplete and variable in oocytes (Baburin
et al., 2008), a clear influence is seen for specific combinations
of compound and α-isoform. This might be due to allosteric
coupling of interactions between the ECD αx+/γ2− and ECD

αx+/β3− site. Low efficacy modulation in the nM range by
interactions with specific ECD αx+/γ2− interfaces has been
probed with concatenated subunits (Simeone et al., 2019), as well
as with the use of steric hindrance/cysteine mutations in position
γ2M130 (Ramerstorfer et al., 2011; Varagic et al., 2013a,b). It has
been concluded that the high affinity binding at this site can, for
some compounds and in some αx+/γ2− sites, elicit very low
efficacy modulation but remains silent in most cases.

While the impact of the γ2 subunit remained limited in all
observations so far (mean 1.1-fold with two-fold maximal change
compared to the reference αxβ3 receptor), the delta subunit has
been demonstrated to impact more profoundly on efficacy (i.e.,
3.1-fold higher efficacy in α1β3δ compared to α1β3 for LAU
177; Supplementary Figure 5). As is the case for γ2, both the
ligand identity and the α isoform determine the magnitude of
the δ-sensitivity. It remains to be investigated experimentally how
many additional binding sites, allosteric interactions between
binding sites, and receptor properties drive these phenomena.

While the γ2 subunit is ubiquitously expressed in mammalian
brains, α isoforms show higher degree of regio-specificity (Pirker
et al., 2000; Hortnagl et al., 2013), and thus represent promising
targets for subtype specific drugs. Since binary receptors with
α4 and α6 subunits feature low GABA currents (Mortensen
et al., 2011), the influence of these two isoforms on efficacy
was studied only in αxβ3γ2 receptors (Varagic et al., 2013a,b;
Treven et al., 2018). Here we present aggregated efficacy data
for αxβ3γ2 receptors from several studies (Ramerstorfer et al.,
2011; Varagic et al., 2013a,b; Mirheydari et al., 2014; Simeone
et al., 2017, 2019; Treven et al., 2018). Among the compounds
with low or very low efficacy in α1β3 or α1β3γ2 receptors, several
turned out to display functional preference for other receptor
subtypes. Specifically, many compounds have high efficacy in
α6β3γ2 receptors and comparatively low or nearly no efficacy in
the remaining αxβ3γ2 receptors (Figure 4). The cumulative data
reveals that several different substitution patterns can lead to α6
selectivity. The R7 and R7+R′4 series contain both unselective
and α6-selective compounds (Varagic et al., 2013a; Simeone
et al., 2019). Additionally, the R8+R′3 series features the whole
range of unselective compounds, an α6 selective compound (LAU
159), and with DCBS 152A a compound which exerts a mixed
NAM/PAM profile (Figure 4 and Supplementary Figure 6).
Only low to moderate efficacy compounds act silently in the
off-target receptors. In contrast, compounds with very high
efficacy tend to be α6-preferring, but display also moderate
or high modulatory effect in all other isoforms (Figure 4 and
Supplementary Figure 6).

In all subunit combinations tested in the experimental studies,
a broad range of efficacies was observed. An aggregated view
of the data in the light of compound series indicates that
no particular substitution pattern shows strong tendencies for
α-selectivity, or for (near) silent interactions with any subunit
combination. As was discussed previously, substituents on rings
A and D impact non-linearly on efficacy (Varagic et al., 2013b),
and this is confirmed by the re-analysis of additional datasets.
Thus, to identify a path forward for optimization of subtype
profiles, complementary insight is needed.
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FIGURE 2 | Efficacy in binary α1β receptors. (A) Qualitative overview of total modulatory efficacy (% change of the reference GABA current at 100%) observed in
α1β3 receptors at a condition used most in the experimental studies. Bars are colored by the compound series. A black horizontal line is placed on 100% to
delineate the point of no modulatory effect. (B) Comparison of calculated maximal efficacy between α1β3 and α1β1 for six compounds from the R8+R′4 series.

FIGURE 3 | Efficacy of γ2-containing receptors compared to the respective αxβ3 (x = 1, 2, 3, 5) reference receptor. (A) All compounds displayed on the full efficacy
scale. Efficacy is the % change of the reference GABA current at 100%. High efficacy compounds are labeled. The green box indicates which part of the graph is
enlarged in panels (B,C). (B) The scale is chosen to accommodate mid-efficacy compounds. (C) The scale is chosen for low efficacy and negative modulator
compounds. Legends for the color code (ligand series) and symbol use (α isoform) for all panels are displayed.

Binding Site Usage
As described in the introduction, PQs have been demonstrated to
interact with a multiplicity of binding sites, as shown in Figure 5.
Here we briefly review the details of the experimental evidence.

Radioligand displacement is a standard method to
demonstrate usage of a known binding site, for which
radioligands are available. Such data has been accumulated
for ECD α+/γ2− for the case of PQs over many years (Zhang
et al., 1995; Savini et al., 1998, 2001; Carotti et al., 2003;
Knutson et al., 2018). In Table 3 we provide the Ki data
available for the compounds we study here. Most of them
display affinities in the nanomolar range, with the notable
exceptions of LAU 462 (Simeone et al., 2017) and XHe-II-087c
(Varagic et al., 2013a,b).

For all other sites, which can be targeted by PQs, radioligands
are not yet available. Thus, mutational analysis is commonly
used to test binding site hypotheses. We list all the described
GABAA receptor mutations for PQs in Supplementary Table 7.

The ECD α+/β− site was first described in 2011 (Ramerstorfer
et al., 2011), when a mutation-based so-called steric hindrance
approach was employed to demonstrate a pronounced loss of
modulation by CGS 9895 upon covalent modification of cysteines
placed at selected positions in the ECD α1+(α1V211C) and
ECD β3− (β3Q64C) half pockets (Supplementary Table 7 and
Supplementary Figure 7). In later studies similar findings for
ECD α1+/β3− were presented for PZ-II-028 and XHe-II-087c
(Varagic et al., 2013b), and LAU 177 (Mirheydari et al., 2014).
Furthermore, for PZ-II-028, PZ-II-029, and CGS 8216 steric
hindrance at ECD α6+/β3Q64C-MB was demonstrated (Varagic
et al., 2013a). Mutational studies provided further evidence of
α1Y209 involvement in the modulatory effects of CGS 8216,
CGS 9895, CGS 9896, LAU 176, and LAU 177 (Maldifassi et al.,
2016; Supplementary Table 7 and Supplementary Figure 7).
Interestingly, α1Y209Q exerted a variable impact on these
compounds (Supplementary Table 1; Maldifassi et al., 2016).
Contributions of the complementary part of the ECD α+/β−
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FIGURE 4 | αxβ3γ2 efficacy. In panels (A,B) efficacy (% change of the
reference GABA current at 100%) is presented in the form of heatmaps for the
compounds with data available in all α-subunits. (A,B) Rows represent
different compounds, while columns represent the receptors; both the rows
and columns are ordered by similarity. (A) Heatmap of compounds with high
efficacies (all above 500%) and (B) heatmap of compounds with lower
efficacies. (C) Efficacy of compounds in the α6β3γ2 receptor. Bars are colored
by the compound series. A black horizontal line is placed on 100% to
delineate the point of no modulatory effect.

interfaces were not only probed by steric hindrance, but
also investigated through “conversion mutants.” β3N41R – a
substitution of an amino acid for a corresponding β1 isoform
amino acid – was utilized to probe the influence of this residue
on the efficacy of compounds, which display variable degrees
of functional β preferences (Simeone et al., 2017; Figure 2B,
Supplementary Table 7 and Supplementary Figure 7). The
results, obtained with the mutant receptor demonstrated the
impact of this position on the subtype-specific potency and
efficacy of six ligands from the R8+R′4 series (Supplementary
Table 1). In another line of work γ2 residues were introduced to
the β3 complementary face, showing Q64A to have a big impact
on the potency of CGS 9895 (Siebert et al., 2018a).

Transmembrane domain sites were investigated so far only in
two studies. CGS 9895 displays low efficacy in α1β1 compared
to α1β3, and was seen to lose efficacy in the conversion mutant
β3N265S [N290S according to the nomenclature with the signal
peptide included, (Ramerstorfer et al., 2011)]. A more extensive
investigation for CGS 9895 and LAU 177 probed the influence
of the homologous position at TMD β2+(N265I), α1+(S269I),
and γ2+(S280I) expressed either individually with two wild
type subunits, or all three mutated subunits in combination

FIGURE 5 | Binding sites on GABAA receptors and sites proposed to be used
by PQs. (A) Schematic side view of the membrane spanning receptor, with all
so far described binding sites shown on a representative interface. Sites
discussed in this work are depicted in light brown. ECD stands for
extracellular domain, TMD for transmembrane domain and ICD for intracellular
domain. (B) Schematic top view of the receptor ECD consisting of α, β, and a
γ subunit. GABA sites are labeled. The ECD α+/γ2– site and the ECD α+/β–
site are established extracellular PQ sites. (C) Schematic view of a plane
through the upper TMD at the level of the binding sites used by e.g.,
etomidate. The unique pockets are at TMD β+/α– (two etomidate sites), TMD
α+/β–, TMD γ+/β– (both barbiturate sites) and TMD α+/γ2–. In panels (B,C),
the approximate localizations of the mutations are indicated by asterisks, and
the mutants are listed. The curved arrows indicate the direction from principal
to complementary, counterclockwise if viewed from extracellular. M-B refers to
the cysteine reactive reagent MTSEA-biotin. The # marked mutant β1N290N
corresponds to β1N265N, as both conventions (numbering with or without
signal peptide) have been used in the literature.

(Maldifassi et al., 2016). Thus, for CGS 9895 and LAU 177
mutational analysis at multiple TMD binding sites indicates
that the ECD α+/β− interface is not the only contributor
to the efficacy of modulation. Instead, net modulation was
also influenced to some degree by all the sites at the upper
TMD interfaces. These sites are otherwise known for conveying
the action of ligands such as etomidate, barbiturates, or
avermectin (Lynagh and Lynch, 2012; Maldifassi et al., 2016;
Iorio et al., 2020). In conclusion, the combined experimental
evidence demonstrates that PQs depending on the details of
the substitution patterns are ligands of at least five distinctive
binding sites on a given GABAA R pentamer: The ECD
α+/γ2− (benzodiazepine), the ECD α+/β−, the TMD β+/α−
(etomidate), and the TMD α+ and γ+ containing interfaces
(Figure 5). This has been underappreciated, and since it is now
clear that total modulation could come from both the ECD
α+/β− site together with multiple TMD sites, it is not surprising
that we see almost no correlation between ligand structure
variations and variations in efficacy profiles.

The ECD principal component of the α subunits is unique for
each isoform, making ECD sites preferred for selective targeting
over the more conserved TMD sites (Supplementary Figure 2).
Though PQs exert at least some of their effect through ECD
α+/β− sites, the data suggests the total efficacy for many of
them could come from multiple sites. All in all, this points to
the clear need to develop ligands specific for the ECD α+/β−
sites (Sieghart et al., 2012). Supplementary Figure 2 depicts
an alignment of the ECD segments contributing to the sites
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TABLE 3 | PQ pharmacophore screen 3.1 results from MOE (RMSD values) into
the flumazenil-bound structures (PDB ID: 6D6T and 6D6U) with series information
and the Ki/IC50 values (nM) as reported in the original papers.

Code Ligand MOE 6D6T MOE 6D6U Series ECD α+/γ2−
Ki/IC50 (nM)

1 CGS 8216 0.3337 0.3477 CGS8216 0.17

2 CGS 9896 0.4206 0.4367 R′4 0.5

3 CGS 9895 R′4 0.32

4 XHe-IIII-063 0.2916 0.3916 R′4 0.073

5 XHe-II-087c R6+R′4 7000

6 XHe-III-006c 0.2925 R7+R′4 34

7 PWZ-009A1 0.3329 0.3674 R7 1.3

8 PZ-II-029 0.388 0.5197 R7+R′4 0.3

24 PZ-II-028 0.3874 R8+R′4 ∼0.1 (*)

28 LAU 156 0.2935 0.3879 R8+R′4 0.05

29 LAU 206 0.2904 0.3895 R8+R′4 0.12

30 LAU 462 R6+R8+R′4 >100000

31 PWZ-007A 0.3335 0.3542 R8 0.1

32 DCBS 76 0.2933 0.3879 R8+R′4 0.05

33 LAU 176 0.3972 R8+R′4 0.07

35 DCBS 96 0.2908 0.3898 1

36 XHe-III-24 0.3298 R8+R′4 0.25

37 XHe-II-006 0.292 0.3909 R8+R′4 4.7

38 XHe-II-17 0.291 R8+R′4 3.3

39 PB-XHe 0.2914 R7+R8+R′4 108

(*) denotes a consensus Ki estimate based on slightly discrepant values from
the literature. Purple color highlights the compounds with very low affinity. See
Supplementary Table 5 for the details of the screen.

that can be targeted selectively. Furthermore, it shows the TM1
(transmembrane helix 1) contribution of α subunits to the
etomidate site, which lacks variable amino acids. Supplementary
Figure 7 displays in a representative 3D structure rendering the
positions in the ECD α1+/β3− site where mutational analysis
was published. In order to steer ligand properties toward the
desired profiles, structure activity relationship (SAR) models can
be employed as depicted in Supplementary Figure 8. Individual
SAR models would be built for the desired site, as well as for
each unwanted site.

Computational Predictions of Binding
Modes at the ECD and TMD Sites
If bound state structures are available, SAR model building and
thus ligand design can be structure based and ligands with
distinctive ligand-protein interactions can be modeled separately.
Even in the absence of experimental structures with PQs in any
of the before mentioned sites, diverse computational methods
can be employed. For ligand-bound pockets, pharmacophore
matching offers rapid throughput, while computational docking
is needed for binding sites in apo states. Thus, pharmacophore
matching was employed for two of the PQ site candidates.
Several structures have been released with benzodiazepines at
the high affinity ECD α+/γ2− site (Zhu et al., 2018; Masiulis
et al., 2019), and in one of them diazepam also occupies the
TMD β3+/α1− site (Masiulis et al., 2019). By using these,
structure-based pharmacophore methods can be applied to the

high affinity ECD α1+/γ2−, and to the TMD β3+/α1− site.
After the study was completed, an etomidate-bound structure
also became available (Kim et al., 2020).

Pharmacophore methods aim to identify ligand features that
drive interactions with a specified target (see Supplementary
Figure 1; Wolber and Langer, 2005; Sanders et al., 2012). Overlay-
based methods such as LigandScout and RMSD-based methods
as implemented in MOE tend to be quite complementary in
performance (Sanders et al., 2012). Thus, both were used as
described in the “Materials and Methods”. In the screens with
default parameters (screens 1.1 and 1.2, Supplementary Table 2)
matches of several PQs with the high affinity flumazenil-derived
pharmacophores were observed. Screens into the diazepam and
alprazolam bound states, in contrast, yielded almost no matches.
Of note, flumazenil does not share a common binding mode
with diazepam and alprazolam (Elgarf et al., 2018; Zhu et al.,
2018; Masiulis et al., 2019). Thus, the flumazenil bound structure
represents a pharmacophore distinct from the diazepam and
alprazolam bound states. Like flumazenil, PQs are mostly silent
binders (Ramerstorfer et al., 2011), making the results consistent
with the functional similarity, and weakly suggestive of different
pocket regions mediating silent versus PAM ligands.

Screens 1.1 and 1.2 into the TMD-bound diazepam
pharmacophore resulted in nearly no matches for PQs. For
five known binders of the TMD β3+/α1− site, four matches were
seen in screen 1.1, while screen 1.2 only matched midazolam,
which is expected based on the high similarity with diazepam
(Supplementary Table 2).

In the further analysis we focused on the use of MOE, which
has been suggested to perform well for binding mode prediction,
while LigandScout is the better choice for enrichments (Sanders
et al., 2012). To design unwanted binding out of a scaffold,
binding mode hypotheses are needed. In a next step we thus
tested a variety of screening parameters in MOE for the ability
to recapitulate structurally diverse binders of the TMD β3+/α1−
site, and to identify settings which recapitulate more of the
high affinity binders at the flumazenil-bound ECD α1+/γ2−
site. For this, etomidate, loreclezole, mefenamic acid, midazolam,
and valerenic acid were utilized as known binders, and the
Z-drugs zolpidem, zaleplon and zopiclone were used as non-
binders for the TMD. In a series of eight screens (2.1 to 2.8, see
Supplementary Tables 3, 4) the influence of exclusion sphere and
ligand shape radii was explored.

In the benchmarking screens we monitored the hits among
high affinity binders to the flumazenil pharmacophore for the
ECD α1+/γ2− site. Settings with exclusion sphere usage enabled
(radius at the default value) as used in screen 3.1 performed well
for high affinity PQs at the ECD α1+/γ2− site (Table 3 and
Supplementary Table 5). The 6D6T-derived pharmacophore was
matching 17 of 18 high affinity PQs and rejecting the compounds
with Ki > 7000 nM.

For the diazepam-bound TMD β3+/α1− site in 6HUP,
different parameters needed to be optimized to correctly match
etomidate, loreclezole, mefenamic acid, midazolam and valerenic
acid to the site, while retaining the rejection of Z-drugs. In brief,
optimizing ligand shape radius, and disabling exclusion spheres
proved beneficial as documented in detail in Supplementary
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FIGURE 6 | Representative PQ bound states from the MOE pharmacophore
screen (A) Structure-based pharmacophore predictions into the ECD α1+/γ2–
flumazenil-bound structure (PDB ID: 6D6T) from LigandScout (blue) and MOE
(pink) for CGS 8216. (B) Screen 3.2 predictions for XHe-III-006c (blue) and
CGS 9896 (yellow) in ECD α1+/γ2– (PDB ID: 6D6T). (C) Screen 3.2 results for
CGS 8216 (blue) and LAU 165 (yellow) in TMD β3+/α1– diazepam-bound
structure (PDB ID: 6HUP); diazepam is depicted in balls and sticks. (D) CGS
8216 (yellow) results from screen 4.1 in etomidate-bound TMD β3+/α1– with
ligand shape radius set on 2.5 Å. Etomidate is shown in balls and sticks
representation (PDB ID: 6x3V).

Tables 3, 4. After this study was completed, an etomidate-
bound structure of the TMD β3+/α1− site also became available
(Kim et al., 2020). We thus added screen 4 (Supplementary
Table 6), in order to have a side-by-side comparison of the
diazepam-derived and the etomidate-derived pharmacophore
models of this site. In both models the positive controls
were correctly matched while the Z-drugs were rejected, in
line with experimental findings. At settings which match the
known binders and reject Z-drugs, up to 17 PQs also match
(Supplementary Tables 5, 6). Due to the lack of experimental
data, which is available only for two PQs (Maldifassi et al., 2016)
the individual predictions from the screens at the TMD site
cannot be verified beyond the observation that pharmacophore
screening predicts binding of PQs to this site based on both the
diazepam-bound and the etomidate-bound 3D structures.

The highly satisfactory performance of screen 3.1 for the high
affinity interactions with the ECD α1+/γ2− site justifies the use
of the predicted binding mode models toward structure-based
drug design. Interestingly, PQs do not show a single binding
mode resulting from the best performing screen, but a diversity of
binding modes (Figures 6A,B). Of the predicted binding modes,
one overlaps well with what has been proposed previously based
on docking and MD simulations (Siebert et al., 2018b) (see pink
pose in Figure 6A).

The TMD site matches cannot be verified due to the lack of
experimental data, but some insights can still be gained. Again,

we observe a diversity of binding modes resulting from the
pharmacophore matching (Figures 6C,D). This is not surprising
in the light of enabling feature omission, and a ligand shape
radius allowance which permits the matching of the chemically
highly diverse known binders. Of note, the recently released
diazepam-bound barbiturate site at the TMD γ2+/β2− site
features a binding mode of diazepam very different from the one
in the etomidate site (Kim et al., 2020).

The binding mode hypotheses derived from the screens into
the high affinity site are consistent with all available experimental
evidence, and thus a valid starting point to explore avenues for the
reduction of affinity to this site. The large hydrophobic tBu group
in R6 works well, but renders the compounds poorly soluble.
Thus, a structure-guided approach to novel derivatives should
accelerate ligand development. In the case of the interactions with
the TMD site, more experimental observations are needed to rank
the predicted structures.

Docking
To generate structural hypotheses for PQ interactions with the
target site of interest, we performed docking of 30 compounds
(Table 1) into ECD α1+/β3− and ECD α6+/β3− pockets.
The docking runs were analyzed as shown in Figure 7A and
described in the “Materials and Methods” section. In short,
extracted coordinates were used for dimensionality reduction and
clustering. All pose clusters that were populated by less than 10
poses of any individual compound were discarded. This resulted
in 27 pose clusters in case of ECD α1+/β3− (1.1–1.27, Figure 7B
upper) and 19 in case of ECD α6+/β3− (6.1–6.19, Figure 7C
upper). As pose scoring represents a quantitative measure for
“pose fitness,” we switched to score-weighted population analysis
in the remainder of the analysis. This meant summing up the
scores of poses, residing in each individual cluster – be it for
pooled data, or when looking at individual compounds.

In both binding sites the cumulative pooled score accumulates
in a single pose cluster, with the following cluster having
approximately half the accumulated score (Figure 7B) or less
(Figure 7C). Thus, the pooled data could indicate an overall
preference for a single binding mode for the compound class
(common binding mode hypothesis). On the other hand, the
individual compounds might not follow the trends observed in
the pooled data (multiple binding modes hypothesis). Indeed,
when looking at the individual compounds we see a high level
of variation in the distribution of score between the pose clusters
(Supplementary Figures 10, 12). For example, in both binding
sites CGS 9896 shows preference for pose clusters 1.1 and 6.1–
clusters with the highest aggregated score. On the other hand, in
case of XHe-III-24 there is very little accumulation of score in
pose clusters 1.1 and 6.1. It rather prefers pose cluster 1.19 in case
of α1+/β3−, or 6.8 in α6+/β3− (Figures 7B,C).

Sum of score distributions for all compounds are provided in
Supplementary Figures 10, 12. Both ECD α1+/β3− and ECD
α6+/β3− pose spaces show substantial diversity (Figures 8A,
9A). In both cases the full space can be divided in two subsets,
defined by the general orientation of the molecule. Interestingly,
the mean pose score in the subsets also differs significantly for
both α1+/β3− (p-value 1.428 × 10−06) and α6+/β3− (p-value
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FIGURE 7 | Docking analysis pipeline and clustering results. (A) A scheme depicting the analysis workflow of docking results. First the polar coordinates get
extracted from the generated docking poses. The coordinates are then used for principal component analysis and clustering; the results from both are in turn used
to calculate distances between centroids of clusters and to produce a distribution of score across the clusters for all compounds. The score distributions and
between-cluster distances are then used by Earth mover’s distance calculation to compare the compounds. (B,C) Distribution of score across the clusters for ECD
α1+/β3– (B) and ECD α6+/β3– (C) docking. Top graph depicts the score weighted distribution when all the compounds are pooled together, while the bottom
graphs depict the distribution for two representative compounds–CGS 9896 (left) and XHe-III-24 (right). Compound structures are depicted in panel (B) inserts.

6.94 × 10−11). When looking at the sum of score across the pose
clusters with all the compounds pooled together (Figures 7B,C)
the highest scoring cluster from the less preferring subset (1.6
for ECD α1+/β3− and 6.10 for ECD α6+/β3−) does not seem
to be a contender for a single best candidate binding mode. On
the other hand, both cluster 1.6 and 6.10 seem to be preferred
in compounds with an amino group on ring D (Figures 8B,
9B–DCBS120, DCBS 96; Supplementary Figures 10, 12). When
looking at the position of the molecule in the pocket for these two
clusters and the other clusters in the same subsets, we observe
a 180◦ turn compared to the clusters from the other subsets
(Figures 8A, 9A). Clusters 1.1 and 6.1 have most accumulated
score (Figures 7B,C). Interestingly, they are both defined by a
similar orientation of the molecule in the pocket (Figures 8A,
9A and Supplementary Figure 14). The per-compound score
distributions thus support the multiple binding mode hypothesis.

The posing space together with the sum of score distributions
across the pose clusters imply that individual ligands show
distinctive profiles: unambiguous posing into highly populated
clusters, unambiguous posing into rare clusters, and ambivalent
posing. In a next step this was analyzed in more detail. The

distribution of scores across the pose clusters and the distance
between the clusters on the dimensionality reduced space can be
used to compare the compounds between each other. The used
algorithm (Earth mover’s distance) produces pairwise distances
between the compounds, which in turn can be used to produce an
embedding – a visual representation of dissimilarity. Figure 8B
depicts such an embedding for the ECD α1+/β3− docking run,
while a detailed view is given in Supplementary Figure 11. In the
full embedding space are four distinct clusters, where the majority
of compounds occupy one large compound cluster. This most
populated compound cluster can be seen to fragment further in a
magnified view (Figure 8B and Supplementary Figure 11). Most
compounds follow a central line, with a branch that contains
compounds with an amino group on ring D (DCBS 120, LAU 206,
and DCBS 96). The compounds on this branch are ambiguously
posed, with a relative decrease of score in pose cluster 1.6 and
an increase in pose cluster 1.24. The central branch at one
end features the non-ambiguous case of the pose cluster 1.1-
preferring CGS 9896, and aligns on an axis with compounds that
show mixed preferences and a decreasing pose cluster 1.1 to 1.19
ratio, with LAU 157 on the most distal position and nearly equal
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FIGURE 8 | Docking analysis results for ECD α1+/β3–. (A) In the center posing space for ECD α1+/β3– docking is depicted. Each point on the graph represents a
single pose from all docking runs in this binding site. The position of the points is defined by the first three principal components of the PCA analysis. The clusters are
shown in different colors. Representative poses for two clusters with highest accumulated score are depicted on the left side, while a representative pose from the
pose cluster 1.6–highest accumulated score in the other subset of pose clusters, is depicted on the right. Clusters 1 (darker green) and 19 (lighter green) are
depicted on the left, while cluster 6 (magenta) is depicted on the right. (B) Full compound embedding for ECD α1+/β3– is shown in the center top. The space in the
square is shown enlarged in the center-bottom. Each point on the two graphs represents a single compound. The score distributions of the selected compounds are
shown on both sides of the two central graphs.

scores accumulating in these two pose clusters (Figure 8B and
Supplementary Figure 11).

The distant compound clusters contain a total of six
compounds. XHe-III-0087c and LAU 462 populate their own
unique compound clusters. XHe-II-24, XHe-II-17, and XHe-II-
006, the only three compounds with tBu on the R8 position,
populate a compound cluster with a strong preference for
pose cluster 1.19 (Figure 8B and Supplementary Figures 10,
11). Generally, the compounds which are furthest from the
most populated compound cluster all contain a tBu rest on
ring A, and account for 5 out of 6 largest compounds in
the considered set.

To explore how modifications in position R6 influence the
posing space, we added three compounds which fall into a series
between PZ-II-028 and LAU 462 (Figure 10A). This results in a

compound embedding in which LAU 462 is no longer isolated far
from other compounds, but the endpoint of a separate branch, on
which the compounds are positioned according to the increasing
size of R6 substituent (Figure 10B). Of note, bulk in R6 does not
seem to induce a single new binding mode, but leads to multiple
candidates (Figures 10C–E). The combined results indicate that
bulk in both R6 and R8 induce critical branching points.

The compound space for ECD α6+/β3− docking looks similar
to the ECD α1+/β3− (compare Figures 8B, 9B). A large
compound cluster fragments further when zooming into it, and
three compound clusters are more distal to this aggregate. The
main compound cluster shows a major preference for pose
clusters 6.1 and 6.3 (Figure 9B, lower part). Of those, pose cluster
6.1 is very similar to 1.1 (Supplementary Figure 14). In the score
distributions of the α6+/β3− results we observe a higher degree
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FIGURE 9 | Docking analysis results for ECD α6+/β3–. (A) In the center, the posing space is depicted. Each point on the graph represents a single pose from all
docking runs in this binding site. The position of the points is defined by the first three principal components of the PCA analysis. The pose clusters are shown in
different colors. Representative poses for two pose clusters with the highest accumulation of score are shown on the left side (cluster 1 in green and cluster 3 in
orange), while the representative poses from two clusters with high accumulated score only in a small subset of compounds are depicted on the right (cluster 10 in
dark orange and cluster 14 in yellow). (B) Full compound embedding for ECD α6+/β3– is shown in the center top. The space in the square is shown enlarged in the
center-bottom. Each point on the two graphs represents a single compound. The score distributions of the selected compounds are shown on both sides of the two
central graphs.

of ambiguity between the most populated pose cluster 6.1 and the
relatively similar 6.3 (Supplementary Figure 12).

There are some notable differences between compound
space in α6+/β3− versus α1+/β3−. The position of LAU
462, which in α1+/β3− populated a unique compound cluster
with very ambiguous posing, is in α6+/β3− near the most
populated compound cluster with a posing preference for
cluster 6.1. As in α1+/β3−, the group of compounds with
tBu on R8 (XHe-II-006, XHe-II-17, and XHe-III-24) are
again distal to the most populated compound cluster, albeit
less far away in compound space. In contrast, the three
compounds with amino group on ring D (DCBS 96, DCBS
120, and LAU 206) are positioned further away from the main
cluster compared to ECD α1+/β3−. Comparing the compound
spaces with branching graphically shown (Supplementary

Figures 11, 13) provides an overview of the similarities
and differences.

Analysis of posing space and compound embedding indicates
a complex structure-activity landscape of the PQ scaffold with
multiple branching points. The two pockets display some
common pose clusters and some differences, which manifest
in distinctive compound embeddings. In an effort to relate
the structural predictions to experimental observations, we
examined several compounds in more detail, searching for
potential structural hypotheses for their efficacy profiles in
different receptor subtypes. CGS 9895 and CGS 9896 display
similar efficacy in α1-containing receptors. However, CGS 9896
is nearly unselective while CGS 9895 exerts high efficacy in
the α6β3γ2 receptor (Figure 4B, Supplementary Figure 6,
and Supplementary Table 1). In the posing space, the score
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FIGURE 10 | Extended ECD α1+/β3– docking analysis with R6-substituted compounds. (A) 2D structures of the compounds that were analyzed in detail; their
poses are marked with color in panel (B). P1, P2, and P3 are additional compounds, with increasing size of the residue in position R6. (B) Compound embedding of
the extended docking results. Colored dots show the compounds from panel A while gray dots represent other compounds. (C) Best scored pose of CGS 8216
from pose cluster 1.1. (D) Best scored pose of P3 from pose cluster 1.4. (E) Best scored pose of LAU 462 from pose cluster 1.27.

distributions indicate that both compounds unambiguously favor
pose cluster 1.1 in the ECD α1+/β3− docking (Supplementary
Figure 10). In contrast, CGS 9895 shows strong, but not exclusive
preference for the similar pose cluster 6.1 in the ECD α6+/β3−
docking, while CGS 9896 populates pose clusters 6.1 and 6.3
in an ambivalent fashion (Supplementary Figure 12). While
these correspond to fairly similar binding modes for the fused
ring system, ring D is posed quite distinctively and thus can
be expected to make different interactions with the protein
(Figure 11A and Supplementary Figure 15). This structural
hypothesis for the observed difference in efficacy preference
would require experimental testing to confirm or reject it, but
further support comes from another compound with a similar
score distribution. PWZ-009A1 also populates pose cluster 6.3,
and also has relatively modest efficacy in the α6β3γ2 receptor

(Figure 4B and Supplementary Figure 6). Thus, two ligands with
different substituent patterns share posing space preferences and
efficacy profiles, a finding which should be explored further in a
systematic study of derivatives.

Probably the most striking efficacy profile has been reported
for DCBS 152A, which exerts negative allosteric modulation in
αxβ3γ2 (x = 1, 2, 4, 5), is silent in α3β3γ2, and a positive allosteric
modulator in α6β3γ2 (Treven et al., 2018; Supplementary
Figure 6). DCBS 152A is an ambivalently posing compound
in ECD α1+/β3−, with a slight pose cluster 1.1 preference
(Supplementary Figure 10) and also ambivalently posing in ECD
α6+/β3−, with a preference for pose cluster 6.1 (Supplementary
Figure 12). The substituent on ring D is in the R′3 position,
which could pose in two rotationally equivalent positions, but
interestingly only one of these possibilities occurs in the posing
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FIGURE 11 | Showcase of representative poses from docking results. (A) Top
ranking poses from clusters with highest sum of scores for CGS 9895 and
CGS 9896 from ECD α6+/β3– docking. For CGS 9895 cluster 1 is depicted
(green), while for CGS 9896 clusters 1 (blue) and 3 (orange) are depicted. The
variable amino acids in α subunits on loop C, and strands 9 and 10 are
marked in yellow. (B) Top ranking poses from several clusters for DCBS 152A
docking. From ECD α1+/β3– docking clusters 1 (green) and 3 (orange) are
depicted, while from the ECD α6+/β3– docking only cluster 1 (blue) is viewed.
The variable amino acids in α subunits on loop C, and strands 9 and 10 are
marked in yellow.

space. Furthermore, pose cluster 6.1 from the ECD α6+/β3−
has the ring D consistently turned 90◦ compared to the pose
clusters 1.1 and 1.3. As is the case for CGS 9895 and CGS
9896, the main difference in the alternative pose clusters mainly
impacts on ring D position (Figure 11B and Supplementary
Figure 16). In turn, the substituent contacts loop C in distinctive
ways. This structural hypothesis is thus very consistent with
the fact that each alpha isoform features a unique sequence
signature in loop C, as depicted for the case of α1 and α6 in
the Supplementary Figure 2 (Puthenkalam et al., 2016). In this
showcase, the intriguing observations for a single compound
suggest a follow up.

All in all, the exhaustive sampling and analysis of posing space,
score distributions across pose clusters and the identification of
branching points in compound embedding show the potential to
generate interesting structural hypotheses. Putative correlations
with experimental findings are still somewhat limited for
compounds with ambiguous score distributions and a more
diverse posing space, but will be highly informative for the design
of decisive experiments. The analysis of the docking data can
readily be applied to much larger compound sets in future studies.

DISCUSSION

Historically, PQs have been developed as ligands of the high
affinity benzodiazepine binding sites (Iorio et al., 2020; Vega
Alanis et al., 2020). In turn, a number of derivatives such as
CGS 8216, CGS 9895, and others were used in pre-clinical
research. Based on their in vivo profiles they were considered
as a compound class exerting positive, silent (antagonistic)
or negative allosteric modulation by their interaction with
the benzodiazepine binding sites, with the substitution pattern
defining the efficacy profile. Additionally, a tritiated version

of CGS 8216 has been widely utilized as a radioligand
(Boast et al., 1985).

Due to promising in vivo efficacies as anticonvulsant and
anxiolytic drugs, the toxicology of the compound class was
assessed and found to be very favorable. Although these initial
developments did not result in any clinical drug, the interest
has recently been revived due to the discovery of a “mPQ
binding site,” which is located at extracellular α+/β− interfaces
(Sieghart et al., 2012). In turn, the description of PQs with α6-
selective effects stimulated pre-clinical studies aimed at novel
therapeutic principles targeting α6-containing GABAA receptors
in the cerebellum (Chiou et al., 2018) and in the trigeminal
nociceptive pathway (Fan et al., 2018; Vasovic et al., 2019). As is
the case for previously tested compounds of this class, these novel
α6-selective PQs also display excellent toxicological properties in
pre-clinical assays (Knutson et al., 2018).

Further improvement of this promising class of GABAA
receptor modulators has been achieved when trying to overcome
challenges in their physicochemical and metabolic properties
(Knutson et al., 2018). In turn, this resulted in an ever-
growing availability of functional and mutational data for novel
derivatives of this scaffold.

Re-analysis of all aggregated data provides some insights
concerning ligand features that may drive desired functional
selectivity. The initially described R8+R′4 substituted
compounds show no tendency toward α selectivity, while
exhibiting limited β selectivity. Adding bulk on position R6 is a
promising path to eliminate ECD α+/γ2− affinity, and it seems
to induce different binding mode preferences leading to a branch
in the PQ-SAR landscape (see Figure 10). The less explored
R7+R′4 substituted compounds led to the initial description
of α6-preferring compounds, but too few compounds exist
to derive robust SAR models. The desired loss of efficacy in
α1-containing combinations was incomplete for most cases in
this series. Generally, compounds with very high efficacy tend to
be less selective. In contrast, compounds bearing substituents in
R8+R′3 tend to display lower efficacy but combined improved
selectivity, as exemplified by LAU 159 (Figure 4; Treven et al.,
2018). Moreover, this series delivered the first compound with a
mixed NAM/PAM profile. This compound interacts with αxβ3γ2
receptors with a completely novel profile of isoform specificity:
as NAM in the isoforms α1, 2, 4, 5, while being silent in α3 and
PAM in α6.

An emerging challenge in the exploitation of promising
subtype profiles is the promiscuity with which these compounds
bind to several distinctive sites on the receptors. This is not
unique to the PQ chemotype, and has also been observed
consistently for benzodiazepines (Walters et al., 2000; Maldifassi
et al., 2016; Masiulis et al., 2019; Iorio et al., 2020; Kim et al.,
2020). To take advantage of the variable ECD α+/β− sites we
aim to advance the understanding of PQ SAR in two steps
that ideally can be accomplished sequentially: (1) bound state
hypotheses of promising subtype selective sub-series provide the
features which are needed to drive recognition and selectivity at
the desired site; (2) the off-target interactions are designed away
by the introduction of features that do not interfere with ECD
α+/β− recognition. Supplementary Figure 8 depicts in more
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detail on which front more experimental data is needed to guide
computational efforts, and how these can in turn be employed to
design informative ligands for testing binding mode hypotheses.

Toward the first aim we performed an analysis of the PQ
posing space for 30 PQ derivatives. We have exhaustively
explored the posing space for 30 ligands in two ECD pockets
and applied for the first time a modified workflow on docking
results (Figure 7A) to characterize score-weighted posing space.
The workflow which we present here is aimed at sufficiently
large runs to avoid artifacts from undersampling of posing
space (Supplementary Figure 9). We found strong evidence
for multiple branching points, with the bulk of the investigated
ligands showing clear preference for a well-defined binding mode
(Figures 8, 9 and Supplementary Figures 11, 13), and groups
of ligands with clear preference for vastly different binding
modes. As would be expected, sterically demanding substituents
can drive changes in posing preferences, but more subtle
factors also lead to ambiguous posing or branching. Thus, the
computational results provide evidence for a “multiple binding
mode hypothesis.” A recent study based on the common binding
mode hypothesis (Singh and Villoutreix, 2020) presents an
interesting contrast to the findings presented here. A comparison
between our findings and (Singh and Villoutreix, 2020) is in
Supplementary Figure 17 and its legend.

By combining computational docking with mutational
analysis and systematic ligand variations our lab predicted that
molecules of the benzodiazepine type should bind at their high
affinity ECD α+/γ2− site with different binding modes (Elgarf
et al., 2018; Siebert et al., 2018a). This was confirmed by the
recent structural data (Masiulis et al., 2019; Kim et al., 2020).
Similar to the benzodiazepines, our computational analysis of
PQ-binding to the high affinity ECD α+/γ2− predicts multiple
binding modes. When focusing on removing the interaction
of future compounds with this unwanted binding site further
systematic experimental data is needed to gain insight in how
SAR landscape looks at both ECD binding sites. This would in
turn be necessary to understand where the design leaves room for
steering interactions at both sites into opposite directions.

Last but not least, the interactions with the TMD site need
to be understood. Not only PQs, but also molecules of the
benzodiazepine type show promiscuous binding at TMD sites
(Masiulis et al., 2019; Kim et al., 2020). Our computational
analysis suggests that interactions with the TMD sites are also not
limited to distinct binding modes, which is highly plausible given
the large hydrophobic surface and conformational flexibility of
these sites (Puthenkalam et al., 2016). The accumulated data
for LAU 177 suggests that PQs with very high efficacy might
exert a substantial fraction of the total modulation via the TMD
sites: much of the efficacy is lost by mutating β2N265 at the
TMD β+/α− site (Maldifassi et al., 2016), but also upon steric
hindrance at ECD α+/β− site (Mirheydari et al., 2014). While
the extracellular site can mediate functional selectivity due to
the variable binding site segments (Supplementary Figure 2),
the TMD site is largely conserved across α isoforms. This may
explain why the baseline of modulation is relatively high in all
receptor subtypes for the compounds that exert strong effects via
the TMD sites. With this finding as a starting point, it would be

desirable to compare high efficacy and low efficacy PQs side by
side concerning their ability to occupy TMD sites.

In spite of the increased abundance of data, it is still too scarce
for the successful identification of essential features, which drive
the interaction with the desired sites in the ECD, while avoiding
unwanted interactions with the competing sites. Supplementary
Figure 8 and Supplementary Table 7 indicate that the data most
crucially needed from in vitro studies is the potential use of the
TMD sites. The magnitude of the problem derived from binding
to this site cannot be estimated with currently published data for
only two compounds. Individual ligand prototypes from so far
underexplored substitution series should be very valuable, as long
as all the binding sites are monitored experimentally. Until more
experimental data accumulates, further computational studies
will remain difficult to validate. The methods we applied and
benchmarked are suitable for re-use in much larger datasets. In
the end, our most important message to medicinal chemists is
that inexpensive in silico methods – if done at a sufficiently large
scale – can point to the branching points where a large family
based on a core scaffold segregates into smaller sub-series. This in
turn enables limiting SAR models to compounds with common
binding modes and to avoid bias from heterogenous members
of the scaffold.

CONCLUDING REMARKS

Pyrazoloquinolinones represent an old and tried chemotype with
many desired properties, and have recently been associated with
the exciting potential for efficacy-selective targeting of specific
α or β isoforms. Progress is slowed by lacking experimental
data on binding site usage, binding modes and the inherent
promiscuity of many PQs. R′3-substituted PQs emerge as a
particularly promising pattern for improved efficacy selectivity.
We demonstrated that exhaustive exploration of posing space and
pharmacophore matching of ligands to experimental structures
can deliver structural hypotheses that correlate with experimental
evidence, strongly suggesting that PQs interact with their binding
sites with a diversity of binding modes. Switches in binding
modes of similar compounds can be conceptualized as branching
points in either the structure activity landscape in ligand-based
SAR methods, or compounds branching out in the compound
embedded space of a chemotype in a given pocket.

DATA AVAILABILITY STATEMENT

The datasets generated and analyzed for this study and not
included in the article are available upon request to the authors.
The R implementation of modified PHATE is available at https:
//github.com/MErnstLab/aPHATE for academic use.

AUTHOR CONTRIBUTIONS

JF and ME participated in the research design. JF, FK, and BS
conducted the experiments. JF, FK, and ME wrote or contributed

Frontiers in Neuroscience | www.frontiersin.org 15 January 2021 | Volume 14 | Article 611953153

https://github.com/MErnstLab/aPHATE
https://github.com/MErnstLab/aPHATE
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-611953 January 9, 2021 Time: 17:45 # 16

Fabjan et al. Pyrazoloquinolinone Docking to GABAA Receptors

to writing of the manuscript. All authors performed the
data analysis, contributed to the article, and approved the
submitted version.

FUNDING

The study was supported by the Austrian Science Fund FWF,
project numbers I2306, W1232, and DOC 33-B27.

ACKNOWLEDGMENTS

We thank David C. B. Siebert for his assistance in data analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2020.611953/full#supplementary-material

REFERENCES
Baburin, I., Khom, S., Timin, E., Hohaus, A., Sieghart, W., and Hering, S. (2008).

Estimating the efficiency of benzodiazepines on GABA(A) receptors comprising
gamma1 or gamma2 subunits. Br. J. Pharmacol. 155, 424–433. doi: 10.1038/bjp.
2008.271

Boast, C. A., Snowhill, E. W., and Simke, J. P. (1985). CGS 8216 and CGS 9896,
novel pyrazoloquinoline benzodiazepine ligands with benzodiazepine agonist
and antagonist properties. Pharmacol. Biochem. Behav. 23, 639–644. doi: 10.
1016/0091-3057(85)90431-9

Carotti, A., Altomare, C., Savini, L., Chiasserini, L., Pellerano, C., Mascia, M. P.,
et al. (2003). High affinity central benzodiazepine receptor ligands. Part 3:
insights into the pharmacophore and pattern recognition study of intrinsic
activities of pyrazolo[4,3-c]quinolin-3-ones. Bioorg. Med. Chem. 11, 5259–5272.
doi: 10.1016/s0968-0896(03)00527-3

Chen, W. S., Zivanovic, N., van Dijk, D., Wolf, G., Bodenmiller, B., and
Krishnaswamy, S. (2020). Uncovering axes of variation among single-cell
cancer specimens. Nat. Methods 17, 302–310. doi: 10.1038/s41592-019-0689-z

Chiou, L. C., Lee, H. J., Ernst, M., Huang, W. J., Chou, J. F., Chen, H. L., et al. (2018).
Cerebellar alpha6 -subunit-containing GABAA receptors: a novel therapeutic
target for disrupted prepulse inhibition in neuropsychiatric disorders. Br. J.
Pharmacol. 175, 2414–2427. doi: 10.1111/bph.14198

Elgarf, A. A., Siebert, D. C. B., Steudle, F., Draxler, A., Li, G., Huang, S., et al.
(2018). Different benzodiazepines bind with distinct binding modes to GABAA
Receptors. ACS Chem. Biol. 13, 2033–2039. doi: 10.1021/acschembio.8b00144

Fan, P. C., Lai, T. H., Hor, C. C., Lee, M. T., Huang, P., Sieghart, W., et al.
(2018). The alpha6 subunit-containing GABAA receptor: a novel drug target
for inhibition of trigeminal activation. Neuropharmacology 140, 1–13. doi:
10.1016/j.neuropharm.2018.07.017

Hortnagl, H., Tasan, R. O., Wieselthaler, A., Kirchmair, E., Sieghart, W., and
Sperk, G. (2013). Patterns of mRNA and protein expression for 12 GABAA
receptor subunits in the mouse brain. Neuroscience 236, 345–372. doi: 10.1016/
j.neuroscience.2013.01.008

Iorio, M. T., Vogel, F. D., Koniuszewski, F., Scholze, P., Rehman, S., Simeone, X.,
et al. (2020). GABAA receptor ligands often interact with binding sites in the
transmembrane domain and in the extracellular domain-can the promiscuity
code be cracked? Int. J. Mol. Sci. 21:334. doi: 10.3390/ijms21010334

Jones, G., Willett, P., Glen, R. C., Leach, A. R., and Taylor, R. (1997). Development
and validation of a genetic algorithm for flexible docking. J. Mol. Biol. 267,
727–748. doi: 10.1006/jmbi.1996.0897

Kim, J. J., Gharpure, A., Teng, J., Zhuang, Y., Howard, R. J., Zhu, S., et al. (2020).
Shared structural mechanisms of general anaesthetics and benzodiazepines.
Nature 585, 303–308. doi: 10.1038/s41586-020-2654-5

Knutson, D. E., Kodali, R., Divovic, B., Treven, M., Stephen, M. R., Zahn, N. M.,
et al. (2018). Design and synthesis of novel deuterated ligands functionally
selective for the gamma-aminobutyric acid type A receptor (GABAAR) alpha6
subtype with improved metabolic stability and enhanced Bioavailability. J. Med.
Chem. 61, 2422–2446. doi: 10.1021/acs.jmedchem.7b01664

Liogier d’Ardhuy, X., Edgin, J. O., Bouis, C., de Sola, S., Goeldner, C., Kishnani,
P., et al. (2015). Assessment of cognitive scales to examine memory, executive
function and language in individuals with down syndrome: implications of a 6-
month observational study. Front. Behav. Neurosci. 9:300. doi: 10.3389/fnbeh.
2015.00300

Lynagh, T., and Lynch, J. W. (2012). Ivermectin binding sites in human and
invertebrate Cys-loop receptors. Trends Pharmacol. Sci. 33, 432–441. doi: 10.
1016/j.tips.2012.05.002

Maldifassi, M. C., Baur, R., and Sigel, E. (2016). Molecular mode of action of CGS
9895 at alpha1 beta2 gamma2 GABAA receptors. J. Neurochem. 138, 722–730.
doi: 10.1111/jnc.13711

Masiulis, S., Desai, R., Uchanski, T., Serna Martin, I., Laverty, D., Karia, D.,
et al. (2019). GABAA receptor signalling mechanisms revealed by structural
pharmacology. Nature 565, 454–459. doi: 10.1038/s41586-018-0832-5

Mattei, C., Taly, A., Soualah, Z., Saulais, O., Henrion, D., Guerineau, N. C., et al.
(2019). Involvement of the GABAA receptor alpha subunit in the mode of
action of etifoxine. Pharmacol. Res. 145:104250. doi: 10.1016/j.phrs.2019.04.034

Mirheydari, P., Ramerstorfer, J., Varagic, Z., Scholze, P., Wimmer, L., Mihovilovic,
M. M., et al. (2014). Unexpected properties of delta-containing gabaa receptors
in response to ligands Interacting with the alpha+ beta- Site. Neurochem. Res.
39, 1057–1067. doi: 10.1007/s11064-013-1156-3

Molecular Operating Environment [MOE], (2020). Molecular Operating
Environment (MOE), 2019.01. Montreal, QC: Chemical Computing Group
ULC.

Mortensen, M., Patel, B., and Smart, T. G. (2011). GABA potency at GABA(A)
receptors found in synaptic and extrasynaptic zones. Front. Cell Neurosci. 6:1.
doi: 10.3389/fncel.2012.00001

Olsen, R. W., and Sieghart, W. (2009). GABA A receptors: subtypes provide
diversity of function and pharmacology. Neuropharmacology 56, 141–148. doi:
10.1016/j.neuropharm.2008.07.045

Pirker, S., Schwarzer, C., Wieselthaler, A., Sieghart, W., and Sperk, G. (2000).
GABA(A) receptors: immunocytochemical distribution of 13 subunits in the
adult rat brain. Neuroscience 101, 815–850. doi: 10.1016/s0306-4522(00)00
442-5

Puri, J., Vinothini, P., Reuben, J., Bellinger, L. L., Ailing, L., Peng, Y. B., et al. (2012).
Reduced GABA(A) receptor alpha6 expression in the trigeminal ganglion alters
inflammatory TMJ hypersensitivity. Neuroscience 213, 179–190. doi: 10.1016/j.
neuroscience.2012.03.059

Puthenkalam, R., Hieckel, M., Simeone, X., Suwattanasophon, C., Feldbauer, R. V.,
Ecker, G. F., et al. (2016). Structural studies of GABAA receptor binding sites:
which experimental structure tells us what? Front. Mol. Neurosci. 9:44. doi:
10.3389/fnmol.2016.00044

R Core Team, (2020). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Ramerstorfer, J., Furtmuller, R., Sarto-Jackson, I., Varagic, Z., Sieghart, W., and
Ernst, M. (2011). The GABAA receptor alpha+beta- interface: a novel target for
subtype selective drugs. J. Neurosci. 31, 870–877. doi: 10.1523/jneurosci.5012-
10.2011

Roche, H.-L. (2016). A Study to Evaluate the Effects of Basmisanil in
Participants With Cognitive Impairment Associated With Schizophrenia
(CIAS) Treated With Antipsychotics. Avaliable at: https://ClinicalTrials.gov/
show/NCT02953639 (accessed August 12, 2020).

Rudolph, U., and Knoflach, F. (2011). Beyond classical benzodiazepines: novel
therapeutic potential of GABAA receptor subtypes. Nat. Rev. Drug Discov. 10,
685–697. doi: 10.1038/nrd3502

Sanders, M. P., Barbosa, A. J., Zarzycka, B., Nicolaes, G. A., Klomp, J. P., de Vlieg, J.,
et al. (2012). Comparative analysis of pharmacophore screening tools. J. Chem.
Inf. Model. 52, 1607–1620.

Frontiers in Neuroscience | www.frontiersin.org 16 January 2021 | Volume 14 | Article 611953154

https://www.frontiersin.org/articles/10.3389/fnins.2020.611953/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2020.611953/full#supplementary-material
https://doi.org/10.1038/bjp.2008.271
https://doi.org/10.1038/bjp.2008.271
https://doi.org/10.1016/0091-3057(85)90431-9
https://doi.org/10.1016/0091-3057(85)90431-9
https://doi.org/10.1016/s0968-0896(03)00527-3
https://doi.org/10.1038/s41592-019-0689-z
https://doi.org/10.1111/bph.14198
https://doi.org/10.1021/acschembio.8b00144
https://doi.org/10.1016/j.neuropharm.2018.07.017
https://doi.org/10.1016/j.neuropharm.2018.07.017
https://doi.org/10.1016/j.neuroscience.2013.01.008
https://doi.org/10.1016/j.neuroscience.2013.01.008
https://doi.org/10.3390/ijms21010334
https://doi.org/10.1006/jmbi.1996.0897
https://doi.org/10.1038/s41586-020-2654-5
https://doi.org/10.1021/acs.jmedchem.7b01664
https://doi.org/10.3389/fnbeh.2015.00300
https://doi.org/10.3389/fnbeh.2015.00300
https://doi.org/10.1016/j.tips.2012.05.002
https://doi.org/10.1016/j.tips.2012.05.002
https://doi.org/10.1111/jnc.13711
https://doi.org/10.1038/s41586-018-0832-5
https://doi.org/10.1016/j.phrs.2019.04.034
https://doi.org/10.1007/s11064-013-1156-3
https://doi.org/10.3389/fncel.2012.00001
https://doi.org/10.1016/j.neuropharm.2008.07.045
https://doi.org/10.1016/j.neuropharm.2008.07.045
https://doi.org/10.1016/s0306-4522(00)00442-5
https://doi.org/10.1016/s0306-4522(00)00442-5
https://doi.org/10.1016/j.neuroscience.2012.03.059
https://doi.org/10.1016/j.neuroscience.2012.03.059
https://doi.org/10.3389/fnmol.2016.00044
https://doi.org/10.3389/fnmol.2016.00044
https://doi.org/10.1523/jneurosci.5012-10.2011
https://doi.org/10.1523/jneurosci.5012-10.2011
https://ClinicalTrials.gov/show/NCT02953639
https://ClinicalTrials.gov/show/NCT02953639
https://doi.org/10.1038/nrd3502
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-611953 January 9, 2021 Time: 17:45 # 17

Fabjan et al. Pyrazoloquinolinone Docking to GABAA Receptors

Savini, L., Chiasserini, L., Pellerano, C., Biggio, G., Maciocco, E., Serra, M.,
et al. (2001). High affinity central benzodiazepine receptor ligands. Part 2:
quantitative structure-activity relationships and comparative molecular field
analysis of pyrazolo[4,3-c]quinolin-3-ones. Bioorg. Med. Chem. 9, 431–444.
doi: 10.1016/s0968-0896(00)00262-5

Savini, L., Massarelli, P., Nencini, C., Pellerano, C., Biggio, G., Maciocco, A.,
et al. (1998). High affinity central benzodiazepine receptor ligands: synthesis
and structure-activity relationship studies of a new series of pyrazolo[4,3-
c]quinolin-3-ones. Bioorg. Med. Chem. 6, 389–399. doi: 10.1016/s0968-
0896(97)10039-6

Siebert, D. C. B., Bampali, K., Puthenkalam, R., Varagic, Z., Sarto-Jackson,
I., Scholze, P., et al. (2018a). Engineered flumazenil recognition site
provides mechanistic insight governing benzodiazepine modulation in GABAA
receptors. ACS Chem. Biol. 13, 2040–2047. doi: 10.1021/acschembio.8b00145

Siebert, D. C. B., Wieder, M., Schlener, L., Scholze, P., Boresch, S., Langer, T.,
et al. (2018b). SAR-guided scoring function and mutational validation reveal
the binding mode of CGS-8216 at the alpha1+/gamma2- Benzodiazepine Site.
J. Chem. Inf. Model. 58, 1682–1696. doi: 10.1021/acs.jcim.8b00199

Sieghart, W., Ramerstorfer, J., Sarto-Jackson, I., Varagic, Z., and Ernst, M. (2012).
A novel GABA(A) receptor pharmacology: drugs interacting with the alpha(+)
beta(-) interface. Br. J. Pharmacol. 166, 476–485. doi: 10.1111/j.1476-5381.
2011.01779.x

Sieghart, W., and Savic, M. M. (2018). International union of basic and clinical
pharmacology. CVI: GABAA receptor subtype- and function-selective ligands:
key issues in translation to humans. Pharmacol. Rev. 70, 836–878. doi: 10.1124/
pr.117.014449

Simeone, X., Iorio, M. T., Siebert, D. C. B., Rehman, S., Schnurch, M., Mihovilovic,
M. D., et al. (2019). Defined concatenated alpha6alpha1beta3gamma2 GABAA
receptor constructs reveal dual action of pyrazoloquinolinone allosteric
modulators. Bioorg.Med. Chem. 27, 3167–3178. doi: 10.1016/j.bmc.2019.06.006

Simeone, X., Siebert, D. C. B., Bampali, K., Varagic, Z., Treven, M., Rehman, S.,
et al. (2017). Molecular tools for GABAA receptors: high affinity ligands for
beta1-containing subtypes. Sci. Rep. 7:5674.

Singh, N., and Villoutreix, B. (2020). Demystifying the molecular basis of
pyrazoloquinolinones recognition at the extracellular α1+/β3- Interface of the
GABAA receptor by molecular modeling. Front. Pharmacol. 11:561834. doi:
10.3389/fphar.2020.561834

Skolnick, P. (2012). Anxioselective anxiolytics: on a quest for the Holy Grail.Trends
Pharmacol. Sci. 33, 611–620. doi: 10.1016/j.tips.2012.08.003

Treven, M., Siebert, D. C. B., Holzinger, R., Bampali, K., Fabjan, J., Varagic, Z.,
et al. (2018). Towards functional selectivity for alpha6beta3gamma2 GABAA
receptors: a series of novel pyrazoloquinolinones. Br. J. Pharmacol. 175, 419–
428. doi: 10.1111/bph.14087

Varagic, Z., Ramerstorfer, J., Huang, S., Rallapalli, S., Sarto-Jackson, I., Cook,
J., et al. (2013a). Subtype selectivity of alpha+beta- site ligands of GABAA
receptors: identification of the first highly specific positive modulators at
alpha6beta2/3gamma2 receptors. Br. J. Pharmacol. 169, 384–399. doi: 10.1111/
bph.12153

Varagic, Z., Wimmer, L., Schnurch, M., Mihovilovic, M. D., Huang, S., Rallapalli,
S., et al. (2013b). Identification of novel positive allosteric modulators and null
modulators at the GABAA receptor alpha+beta- interface. Br. J. Pharmacol. 169,
371–383. doi: 10.1111/bph.12151

Vasovic, D., Divovic, B., Treven, M., Knutson, D. E., Steudle, F., Scholze, P., et al.
(2019). Trigeminal neuropathic pain development and maintenance in rats are
suppressed by a positive modulator of alpha6 GABAA receptors. Eur. J. Pain 23,
973–984. doi: 10.1002/ejp.1365

Vega Alanis, B. A., Iorio, M. T., Silva, L. L., Bampali, K., Ernst, M., Schnürch,
M., et al. (2020). Allosteric GABA(A) receptor modulators-a review on the
most recent heterocyclic chemotypes and their synthetic accessibility. Molecules
25:999. doi: 10.3390/molecules25040999

Walters, R. J., Hadley, S. H., Morris, K. D., and Amin, J. (2000). Benzodiazepines act
on GABAA receptors via two distinct and separable mechanisms. Nat. Neurosci.
3, 1274–1281. doi: 10.1038/81800

Webb, B., and Sali, A. (2016). Comparative protein structure modeling using
MODELLER. Curr. Protoc. Protein Sci. 54, 5.6.1–5.6.37.

Wolber, G., and Langer, T. (2005). LigandScout: 3-D pharmacophores derived from
protein-bound ligands and their use as virtual screening filters. J. Chem. Inf.
Model. 45, 160–169. doi: 10.1021/ci049885e

Zhang, P., Zhang, W., Liu, R., Harris, B., Skolnick, P., and Cook, J. M. (1995).
Synthesis of novel imidazobenzodiazepines as probes of the pharmacophore
for “diazepam-insensitive” GABAA receptors. J. Med. Chem. 38, 1679–1688.
doi: 10.1021/jm00010a013

Zhu, S., Noviello, C. M., Teng, J., Walsh, R. M. Jr., Kim, J. J., and Hibbs, R. E.
(2018). Structure of a human synaptic GABAA receptor. Nature 559, 67–72.
doi: 10.1038/s41586-018-0255-3

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Fabjan, Koniuszewski, Schaar and Ernst. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 17 January 2021 | Volume 14 | Article 611953155

https://doi.org/10.1016/s0968-0896(00)00262-5
https://doi.org/10.1016/s0968-0896(97)10039-6
https://doi.org/10.1016/s0968-0896(97)10039-6
https://doi.org/10.1021/acschembio.8b00145
https://doi.org/10.1021/acs.jcim.8b00199
https://doi.org/10.1111/j.1476-5381.2011.01779.x
https://doi.org/10.1111/j.1476-5381.2011.01779.x
https://doi.org/10.1124/pr.117.014449
https://doi.org/10.1124/pr.117.014449
https://doi.org/10.1016/j.bmc.2019.06.006
https://doi.org/10.3389/fphar.2020.561834
https://doi.org/10.3389/fphar.2020.561834
https://doi.org/10.1016/j.tips.2012.08.003
https://doi.org/10.1111/bph.14087
https://doi.org/10.1111/bph.12153
https://doi.org/10.1111/bph.12153
https://doi.org/10.1111/bph.12151
https://doi.org/10.1002/ejp.1365
https://doi.org/10.3390/molecules25040999
https://doi.org/10.1038/81800
https://doi.org/10.1021/ci049885e
https://doi.org/10.1021/jm00010a013
https://doi.org/10.1038/s41586-018-0255-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-525615 February 16, 2021 Time: 20:19 # 1

ORIGINAL RESEARCH
published: 22 February 2021

doi: 10.3389/fnins.2021.525615

Edited by:
Richard J. Lewis,

The University of Queensland,
Australia

Reviewed by:
Wladyslaw - Lason,

Maj Institute of Pharmacology Polish
Academy of Sciences (IF PAS),

Poland
Ana Luisa Carvalho,

University of Coimbra, Portugal

*Correspondence:
Zhihua Huang

18970786003@163.com
Liangdong Li

lld_666@163.com;
gnyxylld@163.com

Specialty section:
This article was submitted to

Neuropharmacology,
a section of the journal

Frontiers in Neuroscience

Received: 09 January 2020
Accepted: 02 February 2021
Published: 22 February 2021

Citation:
Liu S, Liu C, Xiong L, Xie J,

Huang C, Pi R, Huang Z and Li L
(2021) Icaritin Alleviates

Glutamate-Induced Neuronal Damage
by Inactivating GluN2B-Containing

NMDARs Through
the ERK/DAPK1 Pathway.

Front. Neurosci. 15:525615.
doi: 10.3389/fnins.2021.525615

Icaritin Alleviates Glutamate-Induced
Neuronal Damage by Inactivating
GluN2B-Containing NMDARs
Through the ERK/DAPK1 Pathway
Song Liu1, Chaoming Liu1, Lijiao Xiong1,2, Jiali Xie1, Cheng Huang1,3, Rongbiao Pi4,
Zhihua Huang1,3* and Liangdong Li1,2*

1 Key Laboratory of Prevention and Treatment of Cardiovascular and Cerebrovascular Diseases of Ministry of Education,
Gannan Medical University, Ganzhou, China, 2 First Affiliated Hospital of Gannan Medical University, Ganzhou, China,
3 Institute for Medical Sciences of Pain, Department of Physiology, School of Basic Medical Sciences, Gannan Medical
University, Ganzhou, China, 4 Department of Pharmacology and Toxicology, School of Pharmaceutical Sciences, Sun Yat-sen
University, Guangzhou, China

Excitatory toxicity due to excessive glutamate release is considered the core
pathophysiological mechanism of cerebral ischemia. It is primarily mediated by
N-methyl-D-aspartate receptors (NMDARs) on neuronal membranes. Our previous
studies have found that icaritin (ICT) exhibits neuroprotective effects against cerebral
ischemia in rats, but the underlying mechanism is unclear. This study aims to investigate
the protective effect of ICT on glutamate-induced neuronal injury and uncover its
possible molecular mechanism. An excitatory toxicity injury model was created using rat
primary cortical neurons treated with glutamate and glycine. The results showed that ICT
has neuroprotective effects on glutamate-treated primary cortical neurons by increasing
cell viability while reducing the rate of lactate dehydrogenase (LDH) release and reducing
apoptosis. Remarkably, ICT rescued the changes in the ERK/DAPK1 signaling pathway
after glutamate treatment by increasing the expression levels of p-ERK, p-DAPK1 and
t-DAPK1. In addition, ICT also regulates NMDAR function during glutamate-induced
injury by decreasing the expression level of the GluN2B subunit and enhancing the
expression level of the GluN2A subunit. As cotreatment with the ERK-specific inhibitor
U0126 and ICT abolishes the beneficial effects of ITC on the ERK/DAPK1 pathway,
NMDAR subtypes and neuronal cell survival, ERK is recognized as a crucial mediator in
the protective mechanism of ICT. In conclusion, our findings demonstrate that ICT has
a neuroprotective effect on neuronal damage induced by glutamate, and its mechanism
may be related to inactivating GluN2B-containing NMDAR through the ERK/DAPK1
pathway. This study provides a new clue for the prevention and treatment of clinical
ischemic cerebrovascular diseases.
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INTRODUCTION

Stroke is currently a prevalent disease that severely threatens
human health and life expectancy. Cerebral ischemic stroke
accounts for approximately 85% of all stroke cases (Mukherjee
and Patil, 2011; Das et al., 2016; Rama and García, 2016).
Recently, the incidence of cerebral apoplexy has increased
annually and is on rise in younger adults (Meng et al., 2019).
However, drugs for the treatment of ischemic stroke and
improving the prognosis that have remarkable curative effects
and few side effects remain scarce. Cerebral ischemia/reperfusion
injury is a complex pathophysiological process that involves
multiple events, such as brain energy disorder, cell acidosis,
excitatory amino acid toxicity, intracellular calcium overload, free
radical damage, inflammatory cytokine damage, and activation of
apoptosis genes (Khoshnam et al., 2017; Meng et al., 2019; Wei
et al., 2019). Among them, excitatory toxicity plays an important
role in cerebral ischemia/reperfusion injury, especially in the
early stage (Amantea and Bagetta, 2017; Huang et al., 2017b).
Therefore, effective inhibition of excitatory toxicity is a key
strategy for reducing neuronal damage in ischemic brain injury.

Excessive glutamate release is the principal mechanism
that leads to excitatory toxicity injury in ischemic neurons.
Upon binding of glutamate, the N-methyl-D-aspartate (NMDA)
receptor becomes highly permeable to Ca2+, indicating its crucial
role in excitatory toxicity injury. Despite decades of clinical
research, the use of NMDA receptor antagonists to treat cerebral
ischemia have revealed uncertain efficacy or serious adverse
reactions, since NMDARs are required for fundamental processes
in the central nervous system (Mehta et al., 2007; Yu et al.,
2015; Sun et al., 2018a). Recently, researchers proposed that
NMDA receptors can be divided into synaptic and extrasynaptic
NMDARs according to their locations on the cell membrane of
the postsynaptic neuron (Hardingham and Bading, 2010). The
two subtypes of receptors are differentiated by their subunits:
GluN2A-containing NMDA receptors that are mainly distributed
at the synapse contribute to normal physiological functions
and promote survival of neurons; GluN2B-containing NMDA
receptors that are primarily found in extrasynaptic locations,
mediate excitatory toxic injury caused by various noxious
stimulations including cerebral ischemia, and promote neuronal
death (Liu et al., 2007; Sun et al., 2015b). Therefore, targeting the
specific subtype of NMDAR could contribute to the inhibition
of excitatory toxicity during cerebral ischemia while maintaining
the normal function of NMDAR.

Icaritin (ICT) is a phytoestrogen that can be extracted from
the dry stems and leaves of plants in the genus Epimedium,
including Epimedium sagittatum, Epimedium pubescens,
Epimedium wushanense, and Epimedium koreanum. Studies
have found that ICT has anti-tumor (Sun et al., 2015a), anti-
osteoporosis (Jiang et al., 2014), anti-liver fibrosis (Liu et al.,
2014) effects, among others. Icariin, the precursor of ICT,
protects oxygen-glucose deprivation-injured cortical neurons
by increasing deacetylase levels (Zhu et al., 2010), improves
cognitive impairment caused by chronic cerebral ischemia (Xu
et al., 2009), and mitigates cognitive damage caused by transient
cerebral ischemia/reperfusion (Zheng et al., 2008). All this

evidence suggests that ICT may be a potential neuroprotective
agent. Therefore, we conducted a preliminary study on the
role of ICT in stroke and found that ICT is able to alleviate
cerebral injury induced by middle cerebral artery occlusion
(MCAO) reperfusion in rats. However, the mechanisms of action
are still unclear.

Many studies have shown that the GluN2B subunit, as an
important regulatory subunit of the NMDA receptor complex,
mediates ischemic neuronal injury when phosphorylated at
S1303 (Khoshnam et al., 2017; Shi et al., 2017; Tang et al.,
2018; Zhao et al., 2018). This phosphorylation has been found
to be inhibited by the extracellular signaling regulatory kinases/
death associated protein kinase 1 (ERK/DAPK1) pathway (Xiong
et al., 2018). In addition, icariin, the precursor of ICT, has
the ability to promote the proliferation, differentiation, and
migration of bone mesenchymal stem cells and osteoblasts
by activating the ERK signaling pathway (Song et al., 2013;
Qin et al., 2015; Wu et al., 2015). Therefore, we speculate
that ICT may activate the ERK/DAPK1 pathway, inhibit
the phosphorylation of GluN2B, and reduce the function of
extrasynaptic NMDA receptors. This study intends to discover
the protective effects of ICT on glutamate-induced neuronal
injury in primary cultured cortical neurons and whether the
ERK/DAPK1 signaling pathway is involved in the regulation of
GluN2B-containing NMDA receptors.

MATERIALS AND METHODS

Animals and Drugs
The experiments were performed in accordance with the
standard biosecurity and institutional safety procedures of
Gannan Medical University (Ganzhou China). Male and female
Sprague-Dawley rats weighing 250-280 g were purchased
from Hunan Slack Jingda Experimental Animal Co., Ltd.
(Animal Center License No. SCXK (Xiang) 2016-0002, Animal
Qualification No. 43004700035146, SPF level); they were
housed in a temperature-controlled (22-24◦C) room with
60-70% humidity in 12-hour light-dark cycles. The rats
had free access to drinking water and a standard rodent
diet. All animal experiments were performed under the
guidelines of the Animal Care and Use Committee of Gannan
Medical University (Ganzhou China). Icaritin (ICT) (C21H20O6,
MW = 368.38 g/mol, purity ≥ 99%), a yellow crystalline powder,
was supplied by Shanghai Tianshui Chemical Co., Ltd., and
it was dissolved in dimethyl sulfoxide (DMSO, D2650, Sigma,
United States). U0126 (S1102, Selleckchem) was dissolved in
DMSO to produce a 500 µM stock solution.

Primary Cortical Neuron Culture
Primary rat cerebral cortical neurons were cultured as previously
described (Li et al., 2017a). Briefly, pregnant SD rats at embryonic
day 18 were euthanized by cervical dislocation after receiving
5% isoflurane anesthesia. Then, the skin over the abdomen was
disinfected with 75% ethanol. Embryos were removed aseptically
from the uterus, and the brain tissues were dissected. After
removing blood vessels and meninges, the cortex was isolated and
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washed 3 times with Hank’s balanced salt solution (HBSS) before
being cut into 1 mm cubes. These tissue cubes were then digested
with 0.25% trypsin (Gibco) for 30 min at 37◦C. Digestion was
stopped with DMEM (Gibco) containing 10% fetal bovine serum
(FBS, Gibco). After carefully pipetting the brain tissue, it was
filtered with a 40 µm cell strainer (Fisherbrand), and a single cell
suspension was obtained. Cells were plated onto poly-l-lysine-
coated plates or dishes and incubated at 37◦C for 4 hours. The
medium was then replaced with serum-free neurobasal medium
supplemented with 2% B27 and 1% Glutamax (Gibco), which
was followed by re-incubation for 8 days; half of the medium
was changed every 3 days. One micromolar cytarabine was added
to the medium on day 3 to inhibit the growth of non-neuronal
cells. Cells were maintained at 37◦C in a humidified atmosphere
of 5% CO2.

Glutamate-Induced Neuronal Injury
Model and Drug Treatments
The primary cortical neurons were cultured for 8 days in cell
culture medium containing ICT of different concentrations for
30 min before being washed once with Earle’s balanced salt
solution (EBSS) solution. The medium was then replaced with
EBSS containing 100 µM glutamate, 10 µM glycine, and ICT
of different concentrations in the incubator with 5% CO2 at
37◦C. After 1 h, the EBSS was replaced with new culture
medium without phenol red (for the cell toxicity test) or with
the original medium. These cells were cultured in the incubator
for 14–16 h before further tests (Figure 1). For experiments
with U0126 treatment, 5 µM U0126 (Cheemala et al., 2019)
was added to the cell culture medium at the same time as ICT
(Figure 4).

Cell Viability Assay
Neurons cultured in 96-well plates at a concentration of
1 × 105 cells/well were treated with ICT (0.1, 0.3, and
1 µM) and glutamate as previously described. Fourteen hours
after the treatment, 10 µL of Cell Counting Kit-8 (CCK-8)
solution (Solarbio) was added to each well according to the
manufacturer’s instructions. After incubation at 37◦C with 5%
CO2 for 3 h, the absorbance value of each well was measured
at a 490 nm wavelength by a Multi-Mode Microplate Reader
(Biotek Instruments, INC Winooski, Vermont, United States).
The absorbance value of each well was calibrated by subtracting
the value of an empty well.

Cell Toxicity Assay
Neurons cultured in 24-well plates at a concentration of
3 × 105 cells/well were treated with ICT (0.1, 0.3, and 1 µM)
and glutamate as previously described. The levels of lactate
dehydrogenase (LDH) in the cell culture medium and in the
lysed cells were analyzed using a lactate dehydrogenase (LDH)
kit (Promega) according to the manufacturer’s instructions.
The LDH release rate, which is an indicator of cell toxicity,
was calculated using the following formula: 100% × LDH
content in the supernatant/(LDH in supernatant + LDH
in lysed cells).

Apoptosis Analysis
Neurons cultured in 35 mm dishes at a concentration of 1.5× 106

cells/dish were treated with 1 µM ICT and glutamate. After
14 hours, the number of apoptotic cells was measured by flow
cytometry using a FITC annexin V Apoptosis Detection kit
(BD Pharmingen) according to the manufacturer’s instructions.
The percentages of living cells (annexin V−/PI−) and apoptotic
cells (annexin V+/PI+ and annexin V+/PI−) were calculated by
CellQuest software (BD Biosciences).

Immunofluorescent Staining
Fourteen hours after 1 µM ICT treatment was performed
(as previously described), the cells cultured on cover glass
slides in 24-well plates (1 × 105/well) were fixed with 4%
paraformaldehyde, washed in 0.1 M PBS for 20 min and
permeabilized by 0.3% Triton X-100 for 10–15 min. They
were then washed 3 times using PBS for 5 min and then
nonspecific antigens were blocked using 3% bovine serum
albumin (BSA) for 30 min at room temperature. The cells were
subsequently immunostained with primary antibodies against
NeuN (ab177487, Abcam), GluN2A (ab227233, Abcam) and
GluN2B (ab65783, Abcam). After overnight incubation at 4◦C,
the samples were incubated for 90 min with the following
secondary antibodies: Alexa-594 or Alexa-488 IgG (Alexa-594 for
red and Alexa-488 for green, 1:2000; Invitrogen, Carlsbad, CA,
United States). Negative controls were prepared with identical
conditions, except without primary antibodies. Images were
acquired using a laser scanning confocal microscope (Carl Zeiss
Microscopy GmbH).

Quantitative RT-PCR
The mRNA levels of GluN2B, GluN2A and DAPK1 were
detected by quantitative real-time polymerase chain reaction
(RT-qPCR). Total RNA was isolated from neurons cultured
in 60 mm dishes (4.5 × 106/well) using a TRIzol RNA Mini
kit (Ambion) according to the manufacturer’s instructions.
RNA concentration and purity were measured using a Multi-
Mode Microplate Reader (Biotek Instruments, INC Winooski,
Vermont, United States). The A260/280 and A260/230 ratios
were used to assess the quality and quantity of total RNA.
Four micrograms of RNA was used for cDNA synthesis using
a Reverse Transcription Master Mix kit (Invitrogen). RT-
qPCR was performed by using EvaGreen on the BioMark HD
Nanofluidic qPCR System combined with GE 96.96 Dynamic
Array IFC System. PCR was performed in reaction volumes
of 20 µL, containing the following: 2 µL of cDNA, 10 µL
of 1x SYBR R© Select Master Mix (Life Technologies), 2 µL
of 10 µM forward and reverse primers, and 6 µL of ultra-
pure water. Denaturation was carried out at 95◦C for 10 s,
annealing at 61◦C for 25 s, and elongation at 72◦C for 25 s
for a total of 40 cycles. All samples were run in triplicate. Data
analysis was performed following the manufacturer’s instructions
(Fluidigm Real-Time PCR Analysis Software version 3.1.3).
Relative expression levels of the genes were calculated using the
2−1 1 CT method, comparing gene expression to that of β-actin,
an endogenous control gene.
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FIGURE 1 | ICT increases cell viability and reduces the rate of LDH release and apoptosis in cortical neurons after glutamate-induced injury. Treatment timeline for
the glutamate-induced injury model and for ICT treatment of rat primary cortical neurons (A): ICT treatment started 30 min prior to the onset of glutamate injury and
continued until the time neurons were harvested, which was 14-16 hours after the glutamate injury treatment. Cell viability (B) and LDH release rate (C) from the
eight different treatment groups: control, 0.1 µM ICT, 0.3 µM ICT, 1 µM ICT, Glu+Gly, Glu+Gly+0.1 µM ICT, Glu+Gly+0.3 µM ICT, and Glu+Gly+1 µM ICT, were
expressed as the mean ± SEM (n = 6). The annexin V/PI double staining results collected by flow cytometry are shown in scatter plots (D). The percentages of
surviving (E) and apoptotic (F) cells from the four treatment groups (control, 1 µM ICT, Glu+Gly and Glu+Gly+1 µM ICT) are shown as the mean ± SEM (n = 6).
One-way ANOVA followed by Newman-Keuls test, (B): F = 8.832, (C): F = 30.18, (E): F = 142.5, (F): F = 151.2; **p < 0.01 and ***p < 0.001 vs. control; #p < 0.05,
##p < 0.01 and ###p < 0.001 vs. Glu+Gly.
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Western Blot
Protein samples were collected from neurons cultured in 60 mm
dishes (4.5 × 106/well) that were treated with lysis buffer
(50 mM Tris–HCl pH 7.5, 250 mM NaCl, 10 mM EDTA,
0.5%, NP-40, 10 µM leupeptin, 1 mM PMSF, and 4 mM NaF).
Thirty micrograms of total protein was separated by 10% SDS-
PAGE and then was transferred to PVDF membranes (Millipore,
CA, United States). The membranes were blocked with 5%
skim milk and then were incubated with primary antibodies
against GluN2A (1:400, ab227233, Abcam, United Kingdom),
p-GluN2B (1:200, ab81271, Abcam, United Kingdom), GluN2B
(1:400, ab65783, Abcam, United Kingdom), p-DAPK1 (1:200,
D4941, Sigma, United States), DAPK1 (1:400, 3008S, Cell
Signaling Technology, United States), p-ERK (1:200, 4370S,
Cell Signaling Technology, United States), ERK (1:200, sc93,
Santa Cruz Biotechnology, United States) and β-tubulin (1:1000,
K106281P, Solarbio, China). After washing with TBS-T for
5 min for a total of 3 times, HRP-conjugated secondary
antibodies (goat anti-rabbit IgG, rabbit anti-goat IgG, and
goat anti-mouse IgG) were applied to the blots. The blots
were developed using ECL Western blotting detection reagents
(Thermo Fisher Scientific, Waltham, MA, United States).
The band densitometry was analyzed using an Amersham
Imager 600 system.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism
version 5.0 (Graph Pad Software, San Diego, CA, United States).
All data are presented as the mean ± SEM and were compared
using one-way ANOVA followed by the Newman-Keuls test
as a post hoc test. p < 0.05 was considered a statistically
significant difference.

RESULTS

Identification of Primary Cortical
Neurons From Fetal Rats
To identify neurons, cells that had been cultured for 7 days
were immunostained with the neuronal marker NeuN (green),
and the nuclei were stained with DAPI (blue). Six fields were
randomly selected, and 90.9% ± 0.9% of cells were determined
to be positive for immunofluorescent staining with both NeuN
and DAPI under these conditions (data not show).

ICT Increases Cell Viability and Reduces
LDH Release Rate and Apoptosis
First, the cytotoxicity of ICT on rat cortical neurons was
tested using by treating cells with different concentrations of
ICT. ICT (0.1, 0.3, and 1 µM) showed no significant effect
on cell viability or LDH release rate (Figures 1B,C). To
study the protective effect of ICT on excitatory toxicity, a
glutamate-induced neuronal injury model was generated from
cortical neurons by treating them with 100 µM glutamate
and 10 µM glycine for 1 h. The resulting neuronal viability
was shown to be significantly decreased compared to that

of the control group, as expected. These cellular damages
were reverted by treatment with 0.1, 0.3, and 1 µM ICT
(Figure 1B). On the other hand, glutamate treatment significantly
increased the release rate of LDH compared to that of the
control group. However, ICT treatment at 0.1, 0.3, and 1 µM
significantly lowered the LDH release rate in cortical neurons
(Figure 1C). These findings suggest that ICT acted as a
neuroprotective agent in glutamate-induced neuronal injury,
and a concentration of 1 µM was used for subsequent
experiments. To further elucidate the anti-apoptotic capability
of ICT, the percentage of apoptotic cells was detected by
flow cytometry following annexin V/PI double staining. The
results collected from flow cytometry are shown on scatter
plots (Figure 1D). The upper left indicates annexin V−/PI+
cells (necrotic); the upper right indicates annexin V+/PI+ cells
(late-phase apoptotic); the lower left indicates annexin V−/PI−
cells (viable); and the lower right indicates annexin V+/PI−
cells (early phase apoptotic). ICT treatment had no effect
on the percentage of viable and apoptotic cells compared to
that of the control group, which was consistent with previous
results. Compared with the control group, after glutamate-
induced neuronal injury, significantly fewer viable cells and
a higher number of apoptotic cells were observed. With ICT
treatment, the percentage of viable cells increased significantly,
and fewer apoptotic cells were observed in comparison to the
glutamate-only group (Figures 1D,E,F). This data reveals that
ICT is a remarkable anti-apoptotic drug for glutamate-induced
neuronal injury.

ICT Reverts the Changes in Expression
Levels of GluN2B and GluN2A Proteins in
Glutamate-Injured Primary
Cortical Neurons
To investigate whether ICT protects cortical neurons from
excitatory toxicity injury by regulating specific subtypes of
NMDAR, the expression levels of GluN2B and GluN2A in
cortical neurons were detected by RT-qPCR and Western blot.
The results displayed a significant decrease in the mRNA levels
of both GluN2B and GluN2A after glutamate injury compared
with the control group. After ICT treatment, however, the
mRNA levels of these two subunits were significantly increased
(Figures 2A,B). The p-GluN2B and t-GluN2B protein levels
in the glutamate injury group were both significantly higher
than those of the control group, and they were reduced after
ICT treatment (Figures 2C,E,F). Compared to the control
group, glutamate injury showed a decrease in the expression
of GluN2A protein, which was returned to the normal level
by ICT treatment (Figures 2C,D). Moreover, the expression of
NMDAR subtypes on primary cortical neurons was detected
using an immunofluorescence assay and was photographed
under a confocal microscope. The images showed that higher
expression levels of GluN2B and lower expression levels of
GluN2A were observed on the cell membranes of the glutamate-
injured cells. While ICT alone had no effect on the expression
levels of GluN2B and GluN2A in the control group, it was
able to revert the effect of glutamate-induced neuronal injury
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FIGURE 2 | The expression levels of GluN2A and GluN2B and the phosphorylation level of GluN2B are regulated by ICT treatment after glutamate-induced injury.
GluN2B and GluN2A mRNA and protein levels (A–F) in the different groups (control, 1 µM ICT, Glu+Gly and Glu+Gly+1 µM ICT) were analyzed by RT-qPCR and
Western blot, respectively, and are expressed as the mean ± SEM (n = 6). GluN2B and GluN2A protein localization is shown in the immunofluorescent images (G).
One-way ANOVA followed by Newman-Keuls test, (A): F = 10.80, (B): F = 10.28, (D): F = 79.78, (E): F = 3.720, (F): F = 55.75; *p < 0.05, **p < 0.01, and
***p < 0.001 vs. control; #p < 0.05 and ##p < 0.01 vs. Glu+Gly.

FIGURE 3 | ICT rescues the reduction in phosphorylation of ERK and DAPK1 and DAPK1 expression levels after glutamate-induced neuronal injury. Western blot
and RT-qPCR were used to analyze p-ERK, ERK, p-DAPK1 and DAPK1 protein expression levels (A–E) and DAPK1 mRNA levels (F) in the four treatment groups:
control, 1 µM ICT, Glu+Gly and Glu+Gly+1 µM ICT, and the results are expressed as the mean ± SEM (n = 6). One-way ANOVA followed by Newman-Keuls test,
(B): F = 8.998, (C): F = 1.295, (D): F = 3.283, (E): F = 13.22, (F): F = 8.403; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01, and
###p < 0.001 vs. Glu+Gly.

shown by decreased GluN2B and increased GluN2A fluorescent
intensities (Figure 2G).

ICT Returns the Expression of Proteins
in the ERK/DAPK1 Pathway to Normal
Levels After Glutamate-Induced
Neuronal Injury
To examine whether ICT alters the ERK/DAPK1 pathway after
glutamate-induced injury, RT-qPCR and Western blotting were

used to evaluate the expression levels of ERK and DAPK1. The
results showed that while the phosphorylation level of ERK
decreased after glutamate injury compared to that of the control
group, it was reverted back to a level similar to that of the
control group following ICT treatment, which was significantly
higher than that of the glutamate model group. No change
was observed in the total ERK protein level in any of the four
experimental groups (Figures 3A–C). Similarly, the glutamate-
treated group displayed significantly lower expression levels
of DAPK1 mRNA, p-DAPK1 and t-DAPK1 proteins than the
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control group. Compared to the model group, ICT treatment
significantly increased DAPK1 mRNA, p-DAPK1 and t-DAPK1
protein levels (Figures 3A,D–F).

The Protective Effect of ICT on Cortical
Neurons Is Mediated by ERK
In order to explore the baseline effect of U0126, we designed an
experiment to detect neurons viability after treatment different
concentrations (0.0625, 1.25, 2.5, 5, 10, and 20 µM). It was found
that U0126 (from 0.0625 to 20 µM) had no significant effect on
the viability activity of normally cultured neurons (Figure 4B).
Whether the neuroprotective effects of ICT on excitatory toxicity
injury are mediated by the DAPK1/ERK signaling pathway was
determined using Western blot and RT-qPCR experiments. The
protein expression levels of p-ERK, p-DAPK1 and t-DAPK1,
as well as DAPK1 mRNA, decreased significantly 14 h after
excitatory toxicity injury, and ICT treatment was able to
significantly recover these changes (Figures 4C,D,F–H), which
was consistent with previous results. However, when the neurons
were cotreated with the ERK inhibitor U0126 and ICT, the
positive effects of ICT were no longer observed (Figures 4C,D,F–
H). With U0126 treatment alone, there was no significant
difference in p-ERK, p-DAPK1 and tDAPK1 protein levels or
in DAPK1 mRNA levels when compared to those of the vehicle
group (Figures 4C,D,F–H). These results suggest that ERK is the
crucial player in the beneficial effect of ICT during glutamate-
induced neuronal injury.

ERK Is Required by ICT to Rescue the
Expression Levels of GluN2B and
GluN2A in Neurons Suffering From
Excitatory Toxicity Injury
Following excitatory toxicity injury, the expression levels of the
two NMDAR subunits in different experimental groups were
changed. The expression levels of both GluN2B and GluN2A
mRNA were decreased significantly after glutamate injury
compared with the control group, and they were significantly
increased after ICT treatment, which was consistent with
previous findings. However, GluN2B and GluN2A mRNA levels
decreased after U0126 treatment in both the glutamate-only
and glutamate with ICT treatment groups compared to groups
without U0126 (Figures 5A,B). The expression of p-GluN2B
and tGluN2B proteins in the glutamate group was significantly
higher than that of the control group and was decreased after
ICT administration. However, ICT’s effect was abolished when
it was combined in treatment with U0126 (Figures 5C,E,F). The
expression level of GluN2A protein was decreased significantly
in the glutamate group compared with that of the control
group and was rescued back to the control level after ICT
administration. Similar to GluN2B, ICT’s rescuing effect on the
expression level of GluN2A protein was also diminished after the
administration of U0126 (Figures 5C,D). Immunocytochemistry
of GluN2B and GluN2A proteins in neurons of different
treatment groups provided results consistent with Western blot
findings, which indicate increased expression of GluN2B and
decreased expression of GluN2A in the glutamate injury model

group. This observation was rescued by ICT treatment, which
was reversed again by treatment with the ERK-specific inhibitor
U0126 (Figure 5G). These data suggest that ERK is a crucial
player in the regulatory effect of ICT on GluN2A and GluN2B
expression levels post-glutamate injury.

The Anti-apoptotic Effect of ICT on
Excitatory Toxicity Injury Is Dependent
on ERK Function
To further determine whether ERK is involved in the anti-
apoptotic effect of ICT, apoptosis and the LDH release rate were
analyzed to detect the change in cytotoxicity after glutamate
injury and cotreatment with ICT and the ERK-specific inhibitor
U0126. Consistent with previous findings, glutamate-induced
neuronal injury significantly reduced the percentage of living
cells, but the number was significantly increased after treatment
with 1 µM ICT. The cotreatment of ICT and U0126 diminished
the rescuing effect of ICT. In addition, the ability of 1 µM
ICT to significantly reduce the percentage of apoptotic cells
in the glutamate-injured model group was abolished by the
administration of U0126 (Figures 6A–G). Moreover, the LDH
release rate in the cortical neurons after glutamate-induced
injury and ICT treatment was significantly lower than it was
in the glutamate-only group, but it was increased again after
U0126 treatment (Figure 6H). These findings revealed that the
inhibition of ERK disrupts the neuroprotective effect of ICT in
glutamate-induced neuronal injury.

DISCUSSION

Several studies have shown that icaritin plays a protective role
in the nervous system, mainly because of the following: icaritin
can inhibit the inflammatory response and oxidative stress of
hippocampal neurons, which might be realized through the
TLR4-NF-kappa B signaling pathway (Xu et al., 2009; Zhu
et al., 2010, 2019). Icaritin could significantly reduce the learning
and memory impairment in rats induced by D-gal, and its
mechanism might be related to antioxidant stress and the
reduction of BDNF and TrkB protein expression (Liu et al.,
2019). Icaritin also protects mitochondrial function in 3x Tg-
AD mice, regulates brain energy metabolism and improves
cognitive function in 3x Tg-AD mice (Chen et al., 2016). As
phytoestrogens, their neuroprotective effects may be related to
estrogen receptors. Icaritin showed neuroprotective effects in
primary rat neuronal cell cultures from amyloid beta-mediated
neurotoxicity via an estrogen-dependent pathway (Wang et al.,
2007). Icaritin promoted the coexpression of beta-tubulin III and
choline acetyltransferase in neurons from mouse embryonic stem
cells in an estrogen receptor-independent manner (Wang et al.,
2009). In this study, we revealed the role of ICT in opposing
excitatory toxicity and its mechanism.

Neuroexcitatory toxicity induced by excessive glutamate
release has been the major focus in the study of cerebral
ischemia/reperfusion injury. The NMDA glutamate receptor
has been shown to be responsible for mediating excitotoxicity
(Martin and Wang, 2010; Yang et al., 2010; Liu et al., 2012;
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FIGURE 4 | The rescuing effect of ICT on the phosphorylation of ERK and DAPK1 and DAPK1 expression post-glutamate injury is hindered by the inhibition of ERK.
Timeline for the rat primary cortical neurons glutamate-induced injury model treatment with ICT and U0126 (A): to clarify the role of ERK in the effect of ICT on
neuroprotection and the functions or expression levels of DAPK1, GluN2B and GluN2A, primary neuronal cultures were treated with ICT and U0126, a specific
inhibitor of ERK, from 30 min before glutamate injury until the cells were harvested 14–16 h after injury. The effects of different concentrations of U0126 on cell
activity were detected, and the results showed that U0126 had no significant effect on the viability of normally cultured neurons (B). Western blot and RT-qPCR were
performed to analyze p-ERK, ERK, p-DAPK1 and DAPK1 protein expression (C–G) and DAPK1 mRNA levels (H) from five treatment groups: control, Glu+Gly,
Glu+Gly+1 µM ICT, Glu+Gly+1 µM ICT+5 µM U0126 and Glu+Gly+5 µM U0126; the results are expressed as the mean ± SEM (n = 6). One-way ANOVA followed
by Newman-Keuls test, (D): F = 53.08, (E): F = 0.4795, (F): F = 4.966, (G): F = 6.102, (H): F = 8.376; *p < 0.05, **p < 0.01, and ***p < 0.001.

FIGURE 5 | The ability of ICT to regulate GluN2B and GluN2A functions after glutamate-induced neuronal injury is diminished with the inhibition of ERK. Western blot
and RT-qPCR were performed to analyze GluN2B and GluN2A mRNA and protein levels (A–F) from the different treatment groups: control, Glu+Gly, Glu+Gly+1 µM
ICT, Glu+Gly+1 µM ICT+5 µM U0126, and Glu+Gly+5 µM U0126; the results are expressed as the mean ± SEM (n = 6). GluN2B and GluN2A protein localization is
shown in the immunofluorescent images (G). One-way ANOVA followed by Newman-Keuls test, (A): F = 14.55, (B): F = 6.921, (D): F = 7.099, (E): F = 9.517, (F):
F = 10.39; *p < 0.05, **p < 0.01, and ***p < 0.001.
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Zhang et al., 2013; Fan et al., 2015; Yuan et al., 2015; Vieira
et al., 2016). In this study, we show that icaritin (ICT) protects
rat cortical neurons from glutamate-induced neuronal injury
in vitro. This neuroprotective effect of ICT was found to be
dependent on ERK, suggesting its possible mechanism of action.

In the current study, a glutamate-induced neuronal injury
model was used to induce excitatory toxicity injury in rat primary
neuronal cultures; the model was established by cotreatment
with 100 µM glutamate and 10 µM glycine. This model was
able to cause neuronal damage, which manifested as a decreased
neuron survival rate and an increased rate of LDH release
and apoptosis (Figure 1). ICT treatment significantly reduced
glutamate-induced neuronal damage but showed no cytotoxicity
in the absence of glutamate. These results suggest that ICT is a
potential neuroprotective agent that is capable of ameliorating
excitatory toxicity induced by glutamate.

Functional NMDA receptors are mostly composed of GluN1
and different GluN2 subunits. GluN2 is a regulatory subunit with
glutamate binding sites, and the GluN2A and GluN2B subunit
subtypes play different roles in cerebral ischemia/reperfusion
injury. Activation of GluN2A-containing NMDA receptors
promotes neuronal survival (Choo et al., 2012; Lai et al., 2014;
Li et al., 2015; Huang et al., 2017a; Khoshnam et al., 2017;
Shi et al., 2017; Sun et al., 2018a), while activation of GluN2B-
containing NMDA receptors causes excitatory toxicity, and its
mechanism is mainly related to apoptosis induced by Ca2+

overload in neurons (Wang et al., 2013). Therefore, improving
GluN2A function and inhibiting GluN2B function are considered
the most favorable mechanisms for alleviating ischemic injury
(Shu et al., 2014). Our results showed that ICT treatment
rescues the mRNA and protein expression levels of GluN2A
and reduces the protein levels of p-GluN2B and t-GluN2B

FIGURE 6 | The inhibition of ERK blocks the anti-apoptotic ability of ICT in glutamate-induced neuronal injury. The annexin V/PI double staining data collected by
flow cytometry are shown in scatter plots (A–E). The percentage of surviving (F) and apoptotic (G) neurons and LDH release rate (H) from the five treatment groups
(control, Glu+Gly, Glu+Gly+1 µM ICT, Glu+Gly+1 µM ICT+5 µM U0126, and Glu+Gly+5 µM U0126) are expressed as the mean ± SEM (n = 6). One-way ANOVA
followed by Newman-Keuls test, (F): F = 82.60, (G): F = 82.49, (H): F = 194.0; ***p < 0.001.

FIGURE 7 | Schematic representation of the proposed resisting the excitability toxicity signaling pathways triggered by ICT in ischemic neurons. ICT activates
GPR30-ERK pathways, and phosphorylated ERK up-regulate the phosphorylated DAPK1, which prevent the phosphorylation of GluN2B and the activation of
GluN2B-containing NMDAR.
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after glutamate-induced injury (Figure 2), suggesting that ICT
inhibits neuronal damage by regulating the expression and
phosphorylation profiles of the subtypes of the NMDAR subunits.
However, ICT also increased the mRNA level of GluN2B, which
may be due to the negative feedback regulation due to the low
protein level of GluN2B. The underlying mechanism behind
the ability of ICT to lower GluN2B protein levels needs to be
further explored.

Death-associated protein kinase 1 (DAPK1), a key molecule in
the neuronal death cascade, phosphorylates GluN2B at Ser1303
and enhances the conductance of GluN2B-containing NMDA
receptors (Sun et al., 2018b), leading to irreversible neuronal
death. Phosphorylated DAPK1 (p-DAPK1) is inactive, while
dephosphorylated DAPK1 is active and binds to the GluN2B
subunit (Liu et al., 2012). Tu et al. (2010) revealed that
DAPK1 found in the cerebral cortex phosphorylates GluN2B
at S1303 during cerebral ischemia (Li et al., 2017b; Wang
et al., 2017). As a result, it increases the permeability of
GluN2B-containing NMDA receptors, promotes Ca2+ influx
and ultimately causes ischemic neuronal death (Martin and
Wang, 2010; Tu et al., 2010; Zhang et al., 2015; Liu et al.,
2016). Blocking the interaction between DAPK1 and GluN2B
has been proven to inhibit neuronal death (Tang et al.,
2018), and the deletion of the DAPK1 gene blocks Ca2+

influx and protects neurons from cerebral ischemic injury
(Tu et al., 2010). Thus, increasing the level of DAPK1
phosphorylation inhibits the activation of GluN2B-containing
NMDARs and improves neuronal outcomes after glutamate-
induced injury.

Extracellular signal-regulated kinase 1/2 (ERK1/2) is a
member of the mitogen-activated protein kinase (MAPK)
family, and it is the most common activator of MAPK.
Studies have shown that after activation of the protein
by phosphorylation, ERKs translocate into the nucleus and
modulates cell function, including promoting cell proliferation
and survival (Li et al., 2016; Xiong et al., 2018). The ERK1/2
signaling cascade is a crucial pathway that mediates NMDA
receptor plasticity and maintenance (Liu et al., 2017). Activation
of the ERK1/2 cascade has a neuroprotective role, as it is
essential to the normal expression of NMDA receptors as well
as for inhibition of GluN2B phosphorylation and reduction
of the abnormal functioning of NMDA receptors. Liu and
colleagues (Liu and Zhao, 2013) proposed that the ERK1/2
signaling pathway reduces the phosphorylation of DAPK1,
thereby blocking GluN2B dephosphorylation, downregulating
the activation of NMDA receptors and obtaining cerebral
protection effects. Our study found that ICT increases the
phosphorylation levels of ERK1/2, DAPK1 and GluN2A and
reduces the phosphorylation of GluN2B (Figures 2, 3);
collectively, these may be the mediators of the protective effect
of ICT against glutamate-induced neuronal damage. When the
ERK-specific inhibitor U0126 was applied to neurons at the
same time as ICT, the effects of ICT on the ERK/DAPK1
pathway and NMDAR subunits were abolished (Figures 4, 5)
and so were its ability to reduce the rate of apoptosis
and cytotoxicity (Figure 6). This indicates that ERK is a
crucial mediator in the mechanism of ICT action. The above

results suggest that ICT may prevent the phosphorylation of
GluN2B and enhance the expression of GluN2A by activating
ERK1/2/DAPK1 signaling, therefore inhibiting excitatory toxic
injury induced by glutamate and protecting neuronal cells against
cell death (Figure 7).

The key pathway of synaptic plasticity is the activation
of n-methyl-D-aspartate receptor (NMDAR) signals connected
to the ERKs cascade. ERK dependence has been shown to
exist in many forms of synaptic plasticity and in learning
and memory, including local synaptic processes and long-
range signals to the nucleus (Melgarejo et al., 2016). However,
it is not clear whether ERK is upstream or downstream. In
this study, icaritin eventually played a neuroprotective role by
regulating the expression and/or activation of DAPK1, GluN2B
and GluN2A. Some studies indicated that GluN2B/CaMKII
could regulate the activation of ERK in the upstream of ERK
(Cao et al., 2012; El Gaamouch et al., 2012; Melgarejo et al.,
2016; Qiu et al., 2017; Buonarati et al., 2020). DAPK1 could
bind to GluN2B regions, which required allosteric regulation
of CaMKII (Cao et al., 2012; Goodell et al., 2017; Tu et al.,
2018; Buonarati et al., 2020). We proposed the hypothesis
that the relationship between ERK and GluN2B may be a
bidirectional regulatory relationship, in which DAPK1/GluN2B
can regulate the activation of ERK, while ERK can regulate
the phosphorylation of DAPK1 and the expression of GluN2B.
At present, there is no relevant report about the possible
bidirectional regulation effect of ERK and GluN2B, and this is
the first discovery. How activated ERK regulates the expression
of DAPK1 and MDARs is not yet clear.

Icaritin is a phytoestrogen with estrogen-like active structure
and induces its effects through activation of estrogen membrane
receptors and nuclear receptors (Wu et al., 2017). G-protein-
coupled estrogen receptor (GPER) is widely distributed in
various tissues of the body. In the nervous system, GPER is
mainly distributed in the cortex of the forebrain, hypothalamus,
hippocampus, the locus coeruleus of the midbrain, trigeminal
nucleus, and cerebellar Purkinje cells, which is involved
in learning, memory, and cognition (Liu and Zhao, 2013).
Activating GPER activates ERK1/2 signaling through PKA or
Epidermal growth factor (EGF)/ Epidermal growth receptor
(EGFR) (Zhang et al., 2016; Figure 7).

GPER, together with intracellular estrogen receptor, activates
cell signal transduction, which is considered as one of the
important pathways to promote the survival of neurons after
cerebral ischemia. Estrogen or GPER agonist G1 can inhibit
excitatory toxic injury induced by NMDA exposure, which
is achieved by inhibiting dephosphorylation of p-DAPK1,
thereby inhibiting phosphorylation of GluN2B (Liu et al., 2012).
Combined with the above evidence, Icaritin may up-regulation
of ERK signaling through GPER, which needs to be confirmed by
further experiments.

CONCLUSION

In conclusion, ICT offers a therapeutic advantage of protection
against glutamate-induced neuronal damage. Notably, changes
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in the functions of GluN2A-containing and GluN2B-containing
NMDARs mediated by the ERK/DAPK1 pathway may be
responsible for the effects of ICT on excitatory toxic injury. These
data provide strong evidence for the neuroprotective potential
and a mechanistic basis for ICT targeting cerebral ischemic injury
and ischemic encephalopathy. This study provides new clues for
the prevention and treatment of clinical ischemic cerebrovascular
disease and encourages further investigations to evaluate the
therapeutic potential of ICT in neurological diseases.
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and Kristyna Rehakova

Department of Neurochemistry, Institute of Experimental Medicine of the Czech Academy of Sciences, Prague, Czechia

N-methyl-D-aspartate receptors (NMDARs) belong to a family of ionotropic glutamate
receptors that play essential roles in excitatory neurotransmission and synaptic plasticity
in the mammalian central nervous system (CNS). Functional NMDARs consist of
heterotetramers comprised of GluN1, GluN2A-D, and/or GluN3A-B subunits, each of
which contains four membrane domains (M1 through M4), an intracellular C-terminal
domain, a large extracellular N-terminal domain composed of the amino-terminal
domain and the S1 segment of the ligand-binding domain (LBD), and an extracellular
loop between M3 and M4, which contains the S2 segment of the LBD. Both the
number and type of NMDARs expressed at the cell surface are regulated at several
levels, including their translation and posttranslational maturation in the endoplasmic
reticulum (ER), intracellular trafficking via the Golgi apparatus, lateral diffusion in the
plasma membrane, and internalization and degradation. This review focuses on the
roles played by the extracellular regions of GluN subunits in ER processing. Specifically,
we discuss the presence of ER retention signals, the integrity of the LBD, and critical
N-glycosylated sites and disulfide bridges within the NMDAR subunits, each of these
steps must pass quality control in the ER in order to ensure that only correctly assembled
NMDARs are released from the ER for subsequent processing and trafficking to the
surface. Finally, we discuss the effect of pathogenic missense mutations within the
extracellular domains of GluN subunits with respect to ER processing of NMDARs.

Keywords: disulfide bridges, glutamate receptor, glycosylation, excitatory synapse, posttranslational
modification

INTRODUCTION

N-methyl-D-aspartate receptors (NMDARs) are ionotropic glutamate receptors that play an
essential role in mediating excitatory neurotransmission (Traynelis et al., 2010; Vieira et al., 2020).
NMDARs are heterotetramers comprised of two GluN1 (with eight splice variants) and two
GluN2 (GluN2A through GluN2D) and/or GluN3 (GluN3A and GluN3B) subunits (Paoletti, 2011;
Perez-Otano et al., 2016). All GluN subunits contain four membrane domains (M1 through M4), an

Abbreviations: AMPA, 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid; ATD, amino-terminal domain; CNS,
central nervous system; COPII, coat protein complex II; COS, the cells being CV-1 in Origin, and carrying the SV40
genetic material; CTD, C-terminal domain; ER, endoplasmic reticulum; Ero1, ER oxidoreductin 1; GA, Golgi apparatus;
HEK293, human embryonic kidney 293 cells; LAOBP, leucine–arginine–ornithine binding protein; LBD, ligand-binding
domain; NMDAR,N-methyl-D-aspartate receptor; NTD, N-terminal domain; PDB, Protein Data Bank; PDI, protein disulfide
isomerase; PSD-MAGUKs, postsynaptic density (PSD)-95 family of membrane-associated guanylate kinases.
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extracellular amino-terminal domain (ATD) and the S1 segment
of the ligand-binding domain (LBD), an extracellular loop
between M3 and M4 containing the S2 segment of the LBD, and
an intracellular C-terminal domain (CTD) (Traynelis et al., 2010;
Paoletti et al., 2013; Figure 1A). It has been well established that
the S1 and S2 segments grasp their specific amino acid ligands
in the cleft and close around it after its binding, resembling a
Venus fly trap or a clamshell-like domain (Felder et al., 1999;
Traynelis et al., 2010). The conventional NMDAR subtype—
comprised of GluN1 and GluN2—is activated upon binding an
agonist such as L-glutamate to the LBD of GluN2 (hereafter
called the “glutamate-binding site”) together with a co-agonist
such as glycine to the LBD of GluN1 (hereafter called the
“glycine-binding site”). The unconventional NMDAR subtype—
comprised of GluN1 and GluN3—is activated by agonist binding
to the glycine-binding site of GluN3, with desensitization
mediated by binding of a co-agonist to the glycine-binding site
of GluN1. There were also found the triheteromeric NMDARs
such as GluN1/GluN2A/GluN2B and GluN1/GluN2/GluN3A
receptors with functional and pharmacological properties
different from diheteromeric NMDARs (Perez-Otano et al., 2016;
Stroebel et al., 2018). Thus, the NMDARs are composed of
various combinations of GluN subunits, which dictates their
functional properties.

Surface numbers and types of NMDARs are dynamically
regulated by the balance between their exocytosis and
internalization (Wenthold et al., 2003; Vandenberghe and
Bredt, 2004; Horak et al., 2014). The biogenesis of NMDAR
begins with the transcription of the GRIN subunit genes,
followed by their translation in the rough ER. It has been shown
that a large amount of unassembled GluN1 is present in the ER
in mammalian neurons, whereas both GluN2A and GluN2B are
expressed in limited numbers (Chazot and Stephenson, 1997;
Huh and Wenthold, 1999). Unassembled GluN1-1, GluN2,
and GluN3 are retained in the ER due to the presence of ER
retention signals in the CTD of GluN subunits (Okabe et al.,
1999; Perez-Otano et al., 2001), such as the KKK and RRR
motifs in the C1 cassette of the GluN1 (Standley et al., 2000;
Scott et al., 2001; Horak and Wenthold, 2009), HLFY motif
in the proximal part of the CTD of the GluN2B (Hawkins
et al., 2004) as well as the RXR motif in the GluN3B (Matsuda
et al., 2003). In addition, ER retention signals in the membrane
domains of the GluN1, GluN2A and GluN2B (Horak et al.,
2008), as well as in the NTDs of the GluN subunits (see below)
are also likely used. Interestingly, the presence of the PSD-95,
Dlg, and Zo-1 (PDZ)-binding motif at the distal end of the
CTD of the GluN1-3 splice variant negates both ER retention
signals in the C1 cassette, likely due to its interaction with
postsynaptic density (PSD)-95 family of membrane-associated
guanylate kinases (PSD-MAGUKs) and/or coat protein complex
II (COPII) (Standley et al., 2000; Scott et al., 2001; Mu et al.,
2003). Given the fact that splicing of GluN1 is regulated by
synaptic activity (Mu et al., 2003), it is clear that the processing
of unassembled GluN subunits in the ER is a complex and highly
regulated process. Several models have been proposed to describe
the assembly of functional NMDAR heterotetramers in the ER,
including the involvement of GluN1-GluN1 and GluN2-GluN2

homodimers (Meddows et al., 2001; Schorge and Colquhoun,
2003; Papadakis et al., 2004; Qiu et al., 2005) or GluN1-GluN2
heterodimers (Schuler et al., 2008). On the contrary, another
model predicts that GluN1-GluN1 homodimers are essential
for oligomeric assembly with the GluN2 subunit (Atlason
et al., 2007). The assembled NMDAR heterotetramers are
further processed by ER quality control machinery, which likely
controls that they are in the correct conformation, as well
as that all ER retention signals within the GluN subunits are
properly negated. NMDARs then likely bypass the somatic Golgi
apparatus (GA), and are processed in dendritic Golgi outposts
(Jeyifous et al., 2009), from which they are delivered in vesicles
to extrasynaptic membranes via exocytosis (Gu and Huganir,
2016). Surface NMDARs can be anchored by postsynaptic
density through lateral diffusion (Tovar and Westbrook, 2002;
Groc et al., 2004, 2006) or undergo endocytosis, recycling and
degradation (Roche et al., 2001; Nong et al., 2003; Lavezzari
et al., 2004; Scott et al., 2004). There are many comprehensive
reviews that cover events that occur during NMDAR transport
to and from cell surface membranes, especially focusing on
the CTD domains of GluN subunits (Wenthold et al., 2003;
Vandenberghe and Bredt, 2004; Lau and Zukin, 2007; Petralia
et al., 2009; Horak et al., 2014; Perez-Otano et al., 2016; Vieira
et al., 2020). The focus of this review is to summarize and discuss
the most up-to-date knowledge regarding the ER processing
of NMDARs, with an emphasis on the role of the extracellular
GluN domains. A major hypothesis in this field is that the ER
quality control machinery senses the proper ligand occupancy
and function of the NMDAR using a shared mechanism
with α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARs) and kainate receptors (Penn et al., 2008;
Coleman et al., 2009, 2010; Scholefield et al., 2019). Although
this hypothesis is supported by a limited series of mutant
NMDARs (Kenny et al., 2009; She et al., 2012; Skrenkova
et al., 2019), experiments involving a larger series of mutant
NMDARs complicate this relatively simplistic interpretation, as
the EC50 values for agonists are often not correlated with the
surface expression of mutant NMDARs (Swanger et al., 2016).
In addition, the extracellular parts of the GluN subunits form
multiple disulfide bridges (Laube et al., 1993; Choi et al., 2001;
Lipton et al., 2002; Furukawa and Gouaux, 2003; Papadakis
et al., 2004), as well as they are robustly N-glycosylated in the
ER (Chazot et al., 1995; Everts et al., 1997; Huh and Wenthold,
1999; Kaniakova et al., 2016); however, how these modifications
contribute to the individual steps necessary for ER processing
of the NMDARs remains largely unknown. The relevance of this
review is emphasized by the fact that there have been identified
many pathogenic mutations in the GluN subunit genes, directly
linked to a variety of neuropsychiatric disorders and conditions,
which could alter the ER processing of the NMDARs (Hu et al.,
2016; Garcia-Recio et al., 2020).

THE ATD IN GluN SUBUNITS

The ATD in mammalian GluN subunits is an extracellular
domain comprised of approximately 400 amino acids
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FIGURE 1 | Continued
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FIGURE 1 | (A) The crystal structure of the GluN1/GluN2B heterotetramer (PDB code: 5IOU) (Zhu et al., 2016), including the glycine (yellow) and L-glutamate (gray)
molecules. ATD, amino-terminal domain; LBD, ligand-binding domain; MD, membrane domain (the C-terminal domain is not shown). The GluN1 is shown in red, and
the GluN2B is shown in green. (B,E) Schematic depiction of the LBD in the GluN1 (PDB code: 1PB7), GluN3A (PDB code: 2RC7), GluN2A (PDB code: 5H8Q), and
GluN2B (PDB code: 5IOU), including the glycine [yellow, (B)] and L-glutamate [gray, (E)] molecules. The amino acid residues reviewed in the text are indicated, and
residues included in the published series of mutant NMDARs with altered EC50 values for glycine/L-glutamate and surface expression are shown in orange. (C) The
relationship of surface expression of mutated GluN1 co-expressed with wild-type GluN3A (Skrenkova et al., 2019), the EC50 values for glycine were obtained using
GluN1/GluN2A receptors (Williams et al., 1996; Kvist et al., 2013; Skrenkova et al., 2020). (D) The relationship of surface expression of GluN1/GluN3A receptors with
analogous mutations in GluN1 and GluN3A (Skrenkova et al., 2019). (F,G) The relationship of surface expression of the indicated GluN1/GluN2A (F) or
GluN1/GluN2B (G) receptors with their EC50 values for L-glutamate (Laube et al., 1997; She et al., 2012; Swanger et al., 2016). If necessary, the values of the
relative surface expression of NMDARs were obtained by calculating values from graphs from the publications using ImageJ 1.52N software (National Institutes of
Health, Bethesda, Maryland, United States) (Schneider et al., 2012).

residues, with 35–57% homology among the GluN2A
through GluN2D and 22% homology between GluN1 and
GluN3 (Hansen et al., 2010; Romero-Hernandez et al., 2016).
Structurally, the ATDs of GluN subunits are clamshell-
like bi-lobed structures with two modular halves, called
R1 (distal to the membrane region) and R2 (proximal
to the membrane region), linked to the LBD via ATD-
LBD linkers (Karakas et al., 2009). Importantly, ATDs
have been shown to regulate the functional properties of
NMDARs in a subunit-dependent manner (Yuan et al.,
2009; Mesic et al., 2016). In addition, ATDs contain
modulatory binding sites for endogenous ions, such as
Zn2+ and H+, at both GluN1/GluN2A and GluN1/GluN2B
receptors (Paoletti et al., 1997; Rachline et al., 2005;
Gielen et al., 2009; Jalali-Yazdi et al., 2018). More detailed
information on the structural roles that ATDs play in
regulating the functional and pharmacological properties of
NMDARs can be found in previously published excellent
reviews (Hansen et al., 2010, 2018; Regan et al., 2015;
Stroebel and Paoletti, 2020).

The ATD likely mediates the assembly of the initial
GluN subunit dimers in the ER. For example, removing
the first 380 residues in the GluN1 abolished GluN1-GluN1
homodimerization as well as the subunit’s association with
GluN2A, leading to reduced surface delivery of GluN1/GluN2
receptors (Meddows et al., 2001). More recently, Farina and
colleagues found that the Y109C and T110A mutations in
the GluN1 promote homodimerization and heterodimerization,
respectively (Farina et al., 2011). In addition, work by our
group and others identified an ER retention signal in the
A2 segment of the ATD in the GluN2A and GluN2C,
but not the GluN2B; this signal is masked by the ATD
in GluN1 during the formation of GluN1/GluN2 receptors
(Horak et al., 2008; Qiu et al., 2009; Lichnerova et al.,
2014). Although it is currently unknown whether the ATD
in GluN3 contains an ER retention signal, a GluN3A lacking
the ATD has reduced surface delivery of NMDARs (Skrenkova
et al., 2019). With respect to pathogenic mutations, the
ATDs in GluN subunits have reduced negative selection
compared to the LBDs, resulting in a wide range of missense
mutations in the GluN2; however, the precise effect of
these mutations on the early processing of NMDARs is
poorly understood (Swanger et al., 2016). We would like
to emphasize the fact that it is currently unclear whether
conformational changes in ATDs, including those induced by

interactions with Zn2+ and H+, are sensed by ER quality
control mechanisms.

THE GLYCINE-BINDING SITE IN GluN1
AND GluN3 SUBUNITS

Johnson and Ascher (1987) found that glycine is a co-agonist
of NMDARs. Kuryatov et al. (1994) then identified the key
amino acid residues of the GluN1 for its interaction with glycine.
Binding assays with isolated LBDs of the GluN1 and GluN3
showed that glycine’s affinity for the GluN1 is 26.4 µM (Furukawa
and Gouaux, 2003) while it is approximately 650-fold higher for
the GluN3A (Yao and Mayer, 2006), even though the LBDs in
the GluN1 and GluN3 share 34% amino acid identity (Yao et al.,
2008). Subsequently, structural studies showed that in the case of
the GluN1, the α-carboxyl group in the glycine molecule interacts
with the subunit via the guanidium group at R523, the amide
groups at T518 and S688, and the hydroxyl group at S688, while
the amino group in glycine interacts with the P516, T518, and
D732 residues. In addition, the Q405 residue creates internal
bonds with W731 and D732 (Furukawa and Gouaux, 2003), and
the side chain of F484 residue in GluN1 forms key hydrophobic
interactions with W731 and caps the binding site as a lid, thus
sterically prevents the bound agonist from leaving the closed
cleft conformation of the LBD (Kalbaugh et al., 2004; Inanobe
et al., 2005). Similarly, the carboxyl group in the glycine molecule
interacts with R638, S633, and S801 residues in GluN3A, and the
amino group in glycine binds to S631, S633, and D845 residues.
The GluN3A’s ligand-binding site is closed by an interaction
between the E522 residue and the M844 and D845 residues and
is capped by the side chain in the Y605 residue (Yao et al., 2008).
Interestingly, D-serine binds the GluN1 with an affinity of∼7 µM
(Furukawa and Gouaux, 2003), and GluN3 binds D-serine with
even higher affinity (Yao and Mayer, 2006). In addition, four
water molecules form interactions between the glycine molecule
and the LBD in the GluN1 (Furukawa and Gouaux, 2003); in
the case of GluN3, three water molecules interact with the LBD
(Yao et al., 2008). The mechanism of D-serine binding to GluN1
and GluN3A is similar to the mechanism for glycine binding,
except that the carboxyl group in the D-serine molecule forms
bonds with GluN1 and GluN3A via the hydroxyl groups in
T518 and S633, respectively, the hydroxyl groups in S688 and
S801, respectively, and the carboxyl groups in D732 and D845,
respectively (Furukawa and Gouaux, 2003; Yao et al., 2008).
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Consistent with the hypothesis that quality control
mechanisms in the ER sense receptor’s ligand occupancy,
the surface expression of NMDARs carrying mutations in the
glycine-binding site in GluN1 and GluN3 were examined.
Specifically, the D732A mutation in the GluN1 —which
decreases the GluN1/GluN2B receptor’s affinity for glycine
approximately 30,000-fold due to the disruption of the hydrogen
bond between the carboxyl group of D732 and the amino
group of glycine (Williams et al., 1996)—reduces the surface
delivery of GluN1/GluN2A receptors by approximately 90%
(Kenny et al., 2009). In addition, three other mutations in GluN1
were studied: A714L, which destabilizes the glycine-bound
closed cleft conformation of the LBD of GluN1 (Furukawa
and Gouaux, 2003); F484A, which lacks an aromatic ring
responsible for forming hydrogen bonds in its side chain; and
T518L, which disrupts the hydrogen bonds that coordinate
glycine within its binding site (Yao and Mayer, 2006). In
addition, GluN1 with the F484A and T518L double mutations
was studied, previously found to be insensitive to glycine at
concentrations up to 30 mM (Kvist et al., 2013). The mutated
GluN1/GluN3A receptors exhibited reduced surface expression
in contrast to wild-type receptor in the following descending
order: GluN1-A714L/GluN3A, GluN1-F484A/GluN3A,
GluN1-T518L/GluN3A, GluN1-D732A/GluN3A, and GluN1-
F484A + T518L/GluN3A (Skrenkova et al., 2019); which
is correlated with respect to the glycine EC50 values for
GluN1/GluN2 receptors (Kvist et al., 2013) and the time constant
of desensitization for GluN1/GluN3A receptors (Skrenkova et al.,
2019). Similarly, the GluN1/GluN3A receptors with analogous
mutations in the GluN3A were expressed at the cell surface
in the following order (from highest to lowest expression):
wild-type GluN1/GluN3A, followed GluN1/GluN3A-
T825L, GluN1/GluN3A-Y605A, GluN1/GluN3A-S633L,
GluN1/GluN3A-D845A, and GluN1/GluN3A-Y605A-
S633L (Skrenkova et al., 2019; Figures 1B–D). Moreover,
GluN1/GluN3A receptors in which the GluN3A contains the
pathogenic D845N mutation (classified by the UCSC browser as
“clinically associated”) failed to reach the cell surface and produce
functional NMDARs (Skrenkova et al., 2019). The fact that all of
the mutated amino acid residues in the LBD—with the exception
of F484 and Y605 in the GluN1 and GluN3A, respectively—
directly interact with glycine indicates that the LBD’s sensitivity
for glycine is likely the sole factor that regulates the surface
delivery of GluN3A-containing NMDARs. This conclusion
is supported by the pathogenic S688Y mutation in GluN1—
sterically preventing the binding of both glycine and D-serine to
the LBD—which profoundly reduces the surface expression of
GluN3A-containing NMDARs (Skrenkova et al., 2020).

THE GLUTAMATE-BINDING SITE IN
GluN2 SUBUNITS

The first indication of the existence of NMDARs dates back
to 1963, when Curtis and Watkins tested large series of
synthetic substances and one of the compounds tested was
NMDA (Curtis and Watkins, 1963), which later provided the

name for this group of glutamate receptors. Interestingly, as
nicely reviewed previously, the effect of NMDA was known
before the confirmation of L-glutamate as one of the major
neurotransmitters in the mammalian CNS (Watkins, 2000).
Laube et al. (1997) mutated amino acid residues in GluN2B
according to sequence homology to GluN1 and the evolutionary
ancestor from the bacterial leucine-arginine-ornithine binding
protein (LAOBP) and they discovered the following amino
acid residues involved in direct interaction with L-glutamate
(which was later confirmed by crystallography): E413, H486,
S512, R519, V686, and S690. Subsequently, it was shown
that the LBDs of different GluN2 subunits show slightly
different EC50 values for L-glutamate (GluN2D: ∼0.5 µM;
GluN2C: ∼1.7 µM; GluN2B: ∼2.9 µM; GluN2A: ∼3.3 µM)
(Erreger et al., 2007). Because only eight of the 39 amino
acid residues directly lining in the ligand binding pocket are
different among the GluN2 subunits (Kinarsky et al., 2005), it
is unlikely that single amino acid residue replacement could
be responsible for the different sensitivity of GluN2 subunits
to L-glutamate (Anson et al., 1998; Chen et al., 2005; Hansen
et al., 2005; Kinarsky et al., 2005; Erreger et al., 2007). The
first crystal structure with the LBD of GluN2A helped to
fully understand interaction between L-glutamate and NMDAR
(Furukawa et al., 2005). Specifically, this study revealed that
the α-carboxyl group in the L-glutamate molecule interacts
with the guanidium group in the R518 residue and with the
backbone amines in the S689 and T513 residues. Moreover,
the amino group in L-glutamate interacts with the hydroxyl
groups in the S511 and T513 residues and via a water molecule
(W1) with the γ-carboxyl group in E413 and the hydroxyl
group in Y761; in addition, the hydroxyl group in Y730 and
the γ-carboxyl group in E413 forms an interaction between
S1 and S2 segments (Laube et al., 2004; Maier et al., 2007).
The γ-carboxyl group in the L-glutamate molecule interacts
with the backbone amines in the S689 and T690 residues
and with the hydroxyl group in T690, as well as via a water
molecule (W2) with the backbone amines in E691 and G688
and with the carbonyl group in V685 (Jespersen et al., 2014).
In addition, the L-glutamate molecule is stabilized in the LBD
by hydrophobic interactions with the side chains in the H485
and Y730 residues (Furukawa et al., 2005), and Jespersen and
colleagues predicted additional interactions between a third water
molecule (W3) and the carbonyl group in V685 and between
the γ-carboxyl group in the L-glutamate molecule and the
D731 residue (Jespersen et al., 2014). Interestingly, the presence
of the D731 residue (together with the displacement of the
water molecule) leads to the selective binding of NMDA to
GluN2A, in contrast to AMPA and kainate receptors, which
have glutamate with a longer side chain in this homologous
position (Armstrong and Gouaux, 2000; Furukawa et al., 2005;
Jespersen et al., 2014).

To verify the hypothesis that the ER quality control machinery
senses the correct occupation of the NMDAR by L-glutamate,
She et al. prepared a series of mutated GluN2B from a previous
electrophysiological study that identified amino acid residues
critical for interaction with L-glutamate (Laube et al., 1997).
In particular, the authors used the following mutations in
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GluN2B: E413A, which likely disrupts the interaction of
water with the γ-carboxyl group of glutamate, and which also
likely disrupts the interaction between S1 and S2 segments;
F416S, which most likely alters the potency of glutamate
indirectly because this amino acid is not directly involved in
the interaction with L-glutamate; V686A, which has not been
structurally characterized but could theoretically disrupt the
interaction of GluN2B with the water molecule; S690G, which
likely affects the interaction of GluN2B with the α-carboxyl
group of L-glutamate due to the smaller uncharged side chain
(Furukawa et al., 2005). Their elegant experiments revealed
that an increase in the EC50 values for L-glutamate (Laube
et al., 1997) negatively correlates with co-localization with
GA as well as surface delivery of GluN1/GluN2B receptors,
with the following order (from highest to lowest expression):
wild-type GluN1/GluN2B, followed by GluN1/GluN2B-
V686A, GluN1/GluN2B-F416S, GluN1/GluN2B-S690G, and
GluN1/GluN2B-E413A (She et al., 2012). Interestingly, the fact
that not all of these residues are involved in the interaction
between the GluN2B and the L-glutamate molecule (Laube
et al., 1997; Furukawa et al., 2005) supports the notion that
any structural changes that affect the subunit’s sensitivity for
L-glutamate reduce the surface delivery of the NMDARs.
Consistent with this notion, Swanger and colleagues reported
that the surface delivery of NMDARs carrying pathogenic
mutations in the GluN2A LBD had the following rank order
(from highest to lowest expression): wild-type GluN1/GluN2A,
followed by GluN1/GluN2A-V734L, GluN1/GluN2A-
I694T, GluN1/GluN2A-M705V, GluN1/GluN2A-A727T,
GluN1/GluN2A-G483R, GluN1/GluN2A-V685G, and
GluN1/GluN2A-D731N; the same rank order was observed
with respect to the receptor’s affinity for L-glutamate (Swanger
et al., 2016). With the exception of the D731N and V685G
mutations, none of the above-mentioned pathogenic mutations
in GluN2A likely affect direct interaction with L-glutamate.
The observed effect of the V685G mutation could be explained
similarly to the effect of the V686A mutation in GluN2B
(above). In the case of the D731N mutation, it is likely that
the altered side chain charge is a major cause of decreased
NMDAR surface expression. Moreover, the pathogenic E413G
mutation in GluN2B reduced the surface delivery of NMDARs
by approximately 80% and increased the receptor’s EC50 for
L-glutamate approximately 50-fold (Swanger et al., 2016), likely
by promoting the unbinding of L-glutamate and opening of the
LBD (Wells et al., 2018). On the other hand, other pathogenic
mutations within the LBD of GluN2A (A716T, K772E, V452M,
R504W, V506A, K669N, P699S, and E714K) and the LBD
of GluN2B (R540H, R682C, and R696H) revealed no clear
correlation between the receptor’s EC50 for L-glutamate and
surface expression, underscoring the notion that the potency of
L-glutamate is only one factor that regulates the surface delivery
of NMDARs (Figures 1E–G). We would like to emphasize that
existing studies have not systematically investigated homologous
mutations in amino acid residues in the LBDs of GluN2A and
GluN2B, so it is currently unclear whether there are differences
in ER processing of GluN1/GluN2A and GluN1/GluN2B
receptors.

DISULFIDE BRIDGES IN GluN SUBUNITS

Most membrane proteins contain one or more disulfide
bridges, which are important for creating the correct protein
conformations (Oka and Bulleid, 2013; Okumura et al., 2015).
The establishment of disulfide bridges is catalyzed in the ER,
which has a suitable oxidizing environment, as well as a
robust enzymatic apparatus composed of dozens of different
enzymes, such as protein disulfide isomerase (PDI) and ER
oxidoreductin 1 (Ero1) (Bulleid and Ellgaard, 2011; Sato and
Inaba, 2012). As previously reviewed in detail, this enzymatic
apparatus is a key part of the ER quality control machinery
(Feige and Hendershot, 2011; Oka and Bulleid, 2013; Ali Khan
and Mutus, 2014). Interestingly, the functions of key enzymes
regulating production of disulfide bridges may change during
neuropathological conditions, suggesting that proper formation
of disulfide bridges is essential for the normal functioning of the
human CNS (Andreu et al., 2012; Mossuto, 2013; Perri et al.,
2015).

Previous studies have shown that the GluN1 forms disulfide
bridges between the following four pairs of residues: C79-C308,
C420-C454, C436-C455, and C744-C798 (Laube et al., 1993;
Lipton et al., 2002; Furukawa and Gouaux, 2003; Papadakis et al.,
2004); moreover, based on its sequence homology with GluN1
and structural/functional studies, the GluN2A is predicted to
form the following four disulfide bridges: C87-C320, C429-C455,
C436-C456, and C745-C800, and the GluN2B is predicted to
form disulfide bridges between the C86-C321, C429-C456, C436-
C457, and C746-C801 residue pairs (Karakas et al., 2009; Zhang
et al., 2013; Karakas and Furukawa, 2014; Figure 2A). Finally,
three disulfide bridges are predicted to form in the GluN3A
(C537-C575, C543-C576, and C859-C913) and GluN3B (C439-
C475, C445-C476, and C759-C813) (Yao et al., 2008; Grand
et al., 2018). These disulfide bridges are functionally relevant,
as mutating the C79A and/or C308 residue in GluN1 reduces
the surface expression of GluN1/GluN2B receptors in HEK293
cells by approximately 50% (Papadakis et al., 2004); moreover,
mutating the C79 and C308 residues in GluN1 increases the EC50
for NMDA by 25% without affecting the EC50 for glycine in
GluN1/GluN2A receptors (Choi et al., 2001). On the other hand,
mutating the C87 and C320 residues in the GluN2A has no effect
on the surface delivery of GluN1/GluN2A receptors expressed
in HEK293 cells or hippocampal neurons, even though these
residues play a role in the homodimerization of GluN2A (Zhang
et al., 2013). Interestingly, the pathogenic C436R mutation in
the GluN2A and GluN2B decreased the surface expression of
NMDARs by approximately 90% (Serraz et al., 2016; Swanger
et al., 2016; Addis et al., 2017), although GluN1/GluN2A-C436R
receptors have only a slight change in the EC50 for L-glutamate
and glycine (Swanger et al., 2016). Similarly, the pathogenic
C456Y mutation in GluN2B also decreased the surface expression
of NMDARs by approximately 90%, but only slightly alters
the EC50 for both NMDA and glycine (Swanger et al., 2016;
Figures 2C,D). Thus, the presence of specific disulfide bridges
and/or the receptor conformation(s) that they help stabilize—
rather than a change in agonist binding due to the loss of
these bridges—is likely sensed by quality control machinery in
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FIGURE 2 | Schematic diagram showing the approximate locations of the predicted disulfide bridges (A) and N-glycosylation consensus sites [N-X-S/T; (B)] in the
various GluN subunits. The four membrane domains (M1 through M4) are indicated, and the disulfide bridges and N-glycosylation sites implicated in the ER
processing of NMDARs are shown in red (see text for details). (C,D) The relationship of surface expression of mutated GluN1/GluN2 receptors with disrupted
disulfide bridges or N-glycosylation site with EC50 values for glycine (C) or L-glutamate (D) (Choi et al., 2001; Papadakis et al., 2004; Lichnerova et al., 2015;
Swanger et al., 2016; Sinitskiy et al., 2017). If necessary, the values of the relative surface expression of NMDARs were obtained by calculating values from graphs
from the publications using ImageJ 1.52N software (National Institutes of Health, Bethesda, MD, United States) (Schneider et al., 2012).
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the ER. Nevertheless, this hypothesis should be tested directly
in future studies, as previous studies focused primarily on the
functional and pharmacological effects of disrupting disulfide
bridges on GluN1/GluN2 and GluN1/GluN3 receptors at the cell
surface (Laube et al., 1993; Sullivan et al., 1994; Choi et al., 2001;
Grand et al., 2018).

N-GLYCOSYLATION OF GluN SUBUNITS

Proteins found in the mammalian CNS contain a very high
number of tissue-specific N-glycosylated sites, indicating the
importance of N-glycans for the functioning of the CNS
(Zielinska et al., 2010). In general, N-glycosylation of the nascent
polypeptide is initiated in the lumen of the ER by the addition
of a dolichol-linked precursor oligosaccharide and its subsequent
modification to the high-mannose form of N-glycans; this
step is important for the proper assembly and processing of
proteins in the ER (Vagin et al., 2009; Moremen et al., 2012;
Xu and Ng, 2015). N-glycans are then remodeled during their
journey from ER to GA into hybrid and complex forms, by
coordinated activity of several hundred specific enzymes of the
glycosylation apparatus (Vagin et al., 2009). Interestingly, several
thousand different glycan structures have been identified in the
mammalian CNS that are likely to regulate the intracellular
sorting of glycoproteins as well as interactions between cells
and their external environment (Freeze, 2006; Vagin et al., 2009;
Moremen et al., 2012).

The GluN1, GluN2A, GluN2B, GluN3A, and GluN3B contain
12, 7, 7, 12, and 6 predicted N-glycosylation sites, respectively
(Everts et al., 1997; Lichnerova et al., 2015; Skrenkova et al.,
2018; Hemelikova et al., 2019; Figure 2B). When expressed
in HEK293 cells, 11 of the 12 predicted N-glycosylation
sites in the GluN1 and all seven sites in the GluN2B are
occupied by N-glycans (Kaniakova et al., 2016), and early
experiments showed that N-glycosylation is required for the
efficient expression of GluN1/GluN2A receptors in HEK293
cells (Chazot et al., 1995). We previously showed that mutating
either N203 or N368 in the GluN1 reduced the surface
expression of GluN1/GluN2A and GluN1/GluN3A receptors
in HEK293 cells by approximately 70%; moreover, mutating
both N-glycosylation sites reduced the surface expression of
NMDARs in hippocampal neurons by approximately 80%, likely
by disrupting ER processing (Lichnerova et al., 2015; Skrenkova
et al., 2018). On the other hand, no individual N-glycosylation
sites in the GluN2A, GluN2B, or GluN3A are essential for the
surface delivery of NMDARs, although simultaneously mutating
three specific N-glycosylation sites in the GluN3A reduced
the surface expression of NMDARs in hippocampal neurons
by approximately 40% (Lichnerova et al., 2015; Skrenkova
et al., 2018). Interestingly, the simulation predicted that intra-
domain interactions involving a glycan bound to the GluN1-
N440 residue stabilize the closed-clamshell conformation of
the LBD of GluN1, consistently with the fact that GluN1-
N440Q/GluN2A receptors (which cannot be glycosylated at the
GluN1-N440 position) have an EC50 value for glycine increased
by approximately 50% (Sinitskiy et al., 2017). However, none

of the studied NMDAR subtypes containing the GluN1-N440Q
mutation, GluN1-N440Q/GluN2A and GluN1-N440Q/GluN3A,
showed altered surface expression compared to the respective
wild-type receptors (Lichnerova et al., 2015; Skrenkova et al.,
2018; Figure 2C). In addition, treating cerebellar granule cells
with tunicamycin, a specific inhibitor of N-glycosylation in the
ER, reduced the surface delivery of NMDARs but had only a
slight effect on their functional properties (Lichnerova et al.,
2015). Finally, experiments in which hippocampal neurons were
treated chronically with specific inhibitors of the N-glycosylation
pathway revealed that N-glycan remodeling in the ER and
GA is not required for the surface delivery of NMDARs
(Hanus et al., 2016; Skrenkova et al., 2018). Thus, the mere
presence of specific N-glycans on GluN subunits is likely
assessed during the ER processing of NMDARs. We would
like to point out that there is a lack of studies examining the
presence of N-glycans on unconventional motifs and/or the
presence of other glycan structures, such as O-glycans, during ER
processing of the NMDARs.

CONCLUDING REMARKS

In this review, we have focused on summarizing previous studies
on the roles that the extracellular domains of GluN subunits play
in the processing of NMDARs in the ER, including studies that
tested the main hypothesis that the ER quality control machinery
senses the proper ligand occupancy of the NMDARs (Kenny
et al., 2009; She et al., 2012; Skrenkova et al., 2019). There are
several known endogenous ligands of LBDs in GluN2 (e.g., L-
glutamate, D/L-aspartate, homocysteate, and cysteinesulfinate) as
well as GluN1 and GluN3 (e.g., glycine, D/L-serine, and D/L-
alanine) with high affinity for NMDARs (Erreger et al., 2007;
Chen et al., 2008; Dravid et al., 2010; Traynelis et al., 2010).
Although the exact concentrations of these ligands in the ER
are not currently known, they are likely present at sufficiently
high concentrations to fully occupy newly formed wild-type
NMDARs, as they play key roles in intracellular signaling and
metabolic pathways (Berger et al., 1977; Fleck, 2006; Mothet et al.,
2015; Cooper and Jeitner, 2016). In principle, a neuron could
regulate the availability of NMDAR ligands to alter ER processing
of NMDARs, but it is more likely that the ER quality control
machinery verifies the proper functioning of the NMDARs fully
saturated with ligands.

As we have noted, there are likely several independent
mechanisms that are necessary for the proper processing of
NMDARs in the ER. It remains to be clarified whether these
mechanisms are used for individual steps in ER processing of
NMDARs, as redundant to protect against premature release of
NMDARs from the ER, or whether they are used in specific
situations, such as synaptic activity. In either case, NMDARs
likely interact with dozens of other proteins during their
processing in the ER besides previously published ones, such
as Sec8 (Sans et al., 2003), SAP102 (Standley and Baudry,
2000), and SAP97 (Jeyifous et al., 2009). It is important to
emphasize that the mechanisms underlying ER processing of
NMDARs have usually been investigated using mammalian
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cell lines, such as HEK293 and COS-1/-7 cells, and also using
primary cultured mammalian neurons (Standley et al., 2000;
Horak et al., 2008; Kenny et al., 2009; Qiu et al., 2009; She
et al., 2012; Swanger et al., 2016; Skrenkova et al., 2019,
2020). Since the experimental results are often similar between
the mentioned cell types, although the protein compositions
of their ER are likely different (Ramirez and Couve, 2011;
Karagas and Venkatachalam, 2019), we expect that NMDARs use
predominantly general ER quality control mechanisms shared
by all mammalian cells. In addition, the ER quality control
machinery includes a set of specific enzymes that catalyze the
formation of disulfide bridges (Oka and Bulleid, 2013; Okumura
et al., 2015) as well as the N-glycosylation (Vagin et al., 2009;
Moremen et al., 2012), but it is currently unknown which
enzymatic cascades catalyze these modifications of NMDARs.
Therefore, it is now necessary to focus on conducting mechanistic
studies to understand how the ER quality control machinery
processes NMDARs under normal physiological conditions. The
fact that several pathogenic mutations in the GluN subunits
alter the surface delivery of NMDARs (Swanger et al., 2016;
Addis et al., 2017; Chen et al., 2017; Liu et al., 2017; Ogden
et al., 2017; Vyklicky et al., 2018; Skrenkova et al., 2020), further

emphasizes the importance of understanding the molecular
mechanisms regulating ER processing of NMDARs also under
pathophysiological conditions. Given that a wide range of ER
quality control (Munshi and Dahl, 2016; Zhou et al., 2018) and
NMDAR (Traynelis et al., 2010; Strong et al., 2014) modulators
are currently available, it is possible that one of the potential
clinical treatments of patients with abnormal regulation of
NMDARs could be pharmacologically induced alteration of the
ER processing of the NMDARs.
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Treatments for negative symptoms and cognitive dysfunction in schizophrenia remain
issues that psychiatrists around the world are trying to solve. Their mechanisms may be
associated with N-methyl-D-aspartate receptors (NMDARs). The NMDAR hypofunction
hypothesis for schizophrenia was brought to the fore mainly based on the clinical effects
of NMDAR antagonists and anti-NMDAR encephalitis pathology. Drugs targeted at
augmenting NMDAR function in the brain seem to be promising in improving negative
symptoms and cognitive dysfunction in patients with schizophrenia. In this review, we list
NMDAR-targeted drugs and report on related clinical studies. We then summarize their
effects on negative symptoms and cognitive dysfunction and analyze the unsatisfactory
outcomes of these clinical studies according to the improved glutamate hypothesis that
has been revealed in animal models. We aimed to provide perspectives for scientists
who sought therapeutic strategies for negative symptoms and cognitive dysfunction in
schizophrenia based on the NMDAR hypofunction hypothesis.

Keywords: NMDA receptor, glutamate, schizophrenia, cognitive dysfunction, negative symptoms

INTRODUCTION

Schizophrenia is a psychiatric disorder afflicting approximately 1% of the population worldwide
(Perala et al., 2007). It has multiple overlapping symptom clusters including positive symptoms (i.e.,
delusions, hallucinations), negative symptoms (i.e., social withdrawal, anhedonia), and cognitive
impairments (i.e., deficits in attention, working memory, and executive function) (van Os and
Kapur, 2009). Among them, negative symptoms and cognitive dysfunction have recently attracted
psychiatrists’ attention. The majority of positive symptoms have been relieved by mainstream
antipsychotics (the first and second generation of antipsychotics), while most negative symptoms
and cognitive dysfunction remain unaffected and may even worsen with the development of
schizophrenia (Lieberman et al., 2005; Lieberman, 2007; Leucht et al., 2009).

MECHANISMS OF NEGATIVE SYMPTOMS AND COGNITIVE
DYSFUNCTION IN SCHIZOPHRENIA

The general mechanisms underlying negative symptoms are associated with deficient
cortical dopamine transmission in mesocortical pathways and deficient serotonergic and
noradrenergic transmission (Galderisi et al., 2018). There are five negative symptom
domains: (1) blunted affect (diminished emotional expression); (2) alogia (diminished
quantity of words spoken and spontaneous elaboration); (3) asociality (diminished social
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interactions and initiative); (4) avolition (diminished initiation
and persistence of goal-directed activity); (5) anhedonia
(diminished ability to experience pleasure) (Galderisi et al., 2018).
Different domains are associated with different mechanisms
in neurobiology. For example, the avolition/apathy domain
involves two mechanisms, the motivational value system and
the motivational salience circuit. The dysfunctional dopamine
transmission in the reward circuit, especially in areas of the
basal ganglia such as the ventral striatum, may cause apathy
(Bortolon et al., 2018). Other domains of negative symptoms
such as blunted affect and alogia remained unclear with very few
revealed mechanisms (Galderisi et al., 2018).

Cognitive dysfunction, a core feature of schizophrenia, is
characterized to emerge before the first episode of psychosis
(FEP) and is regarded as one of the strongest predictors
of functional recovery in patients with schizophrenia (Kahn
and Sommer, 2015). There are eight domains in cognition:
(1) attention/vigilance, (2) cognitive control/executive function,
(3) reasoning/problem solving, (4) social cognition, (5) speed
of processing, (6) verbal learning, (7) visual learning, and
(8) working memory. Cognition is generally regulated by
the hippocampus, basal ganglia, the dorsolateral prefrontal
cortex, the thalamus, and regions of the motor cortex
(Robison et al., 2020). Cognitive dysfunction in schizophrenia
is associated with the proactive control mechanism resulting
from impaired function of the dorsolateral prefrontal cortex
prefrontal cortex (DLPFC) (Guo et al., 2019). The weakened
interaction between DLPFC and other brain regions, as well as
the neurotransmitter system disorder, such as dopamine and
glutamate, contribute to cognitive dysfunction in schizophrenia
(Barch and Ceaser, 2012).

The mechanisms of both negative symptoms and cognitive
dysfunction are associated with NMDARs (Kahn and Sommer,
2015). First, the animal models associated with NMDARs
(NMDAR antagonists induced model, gene engineered model)
exhibited negative symptoms (Lee and Zhou, 2019) and
impairments in cognition (recognition memory, attention,
and working memory) (Thomas et al., 2017). The NMDAR
hypofunction was linked to negative symptoms via mismatch
negativity (MMN), a negative event-related potential response
to a deviant stimulus in the repetitive auditory stimuli (Thiebes
et al., 2017). MMN might be a biomarker for negative symptoms
in schizophrenia due to glutamatergic deficits (Thiebes et al.,
2017). Negative symptoms seemed to be controlled by the D3
receptors in reward and motivation circuits, which can interact
with NMDARs directly (Sokoloff and Le Foll, 2017). When
it comes to cognition, NMDARs in hippocampus CA1 play a
predominant role in the generation of long-term plasticity (long-
term potentiation and depression), and NMDAR-dependent
long-term plasticity is critical in neurochemical foundations
of learning and memory (Lau and Zukin, 2007; Volianskis
et al., 2015). Aberrant glutamatergic inputs in dopamine
circuits (mesolimbic circuit and mesocortical circuit) may induce

Abbreviations: MMN, mismatch negativity; GMS, glycine modulatory site; DCS,
D-cycloserine; KYNA, kynurenic acid; GlyT-1, glycine transporter-1; PAMs,
Positive allosteric modulators; mGluRs, metabotropic glutamate receptors.

cognitive dysfunction in schizophrenia (Robison et al., 2020).
Thus, NMDAR hypofunction is closely associated with cognitive
dysfunction in schizophrenia (Henneberger et al., 2010).

NMDAR HYPOFUNCTION AND
SCHIZOPHRENIA

There are two types of glutamate receptors: ionotropic (iGluRs)
and metabotropic (mGluRs). The iGluRs are composed of
α-amino-3-hydroxy-5-methylisoxazole-4-propionate receptor
(AMPARs), kainate receptors (KARs), and NMDARs (also
named as GluNs) (Uno and Coyle, 2019). NMDAR is highly
permeable to Ca2+, thus playing an important role in the
excitatory synapse transmission and long-term neural structural
plasticity (Cull-Candy et al., 2001; Paoletti and Neyton, 2007).
NMDAR is a heterotetrameric complex composed of two GluN1
subunits, which are obligatory, and with either two GluN2
subunits or a combination of GluN2/3 subunits (Paoletti and
Neyton, 2007; Hansen et al., 2018). GluN2 subunits have four
variants (GluN2A-D) and GluN3 subunits have two variants
(GluN3A-B). There is a glycine modulatory site (GMS) on the
GluN1 subunit, which binds co-agonists glycine and D-serine
(Paoletti and Neyton, 2007). The GluN2 subunit has a glutamate
binding site and other allosteric modulatory sites (Paoletti
and Neyton, 2007). GluN1 and GluN2 subunits both have
redox modulatory sites composed of the disulfide bond of
cysteine residues (Lipton et al., 2002). The activation of the
NMDAR requires: (1) post-synaptic depolarization induced by
the activation of the AMPA receptor, which relieves the Mg2+

blockade of the channel; (2) glutamate binding to the GluN2
subunit and glycine or D-serine binding to the GMS on the
GluN1 subunit (Paoletti et al., 2013).

The NMDAR hypofunction hypothesis emerged when the
noncompetitive antagonists of the NMDAR (phencyclidine/PCP,
ketamine) were found to induce nearly all three symptom clusters
of schizophrenia in healthy people (Luisada, 1978; Krystal
et al., 1994). Anti-NMDAR encephalitis with autoantibodies
against NMDAR also supported this hypothesis because patients
with anti-NMDAR encephalitis presented schizophrenia-like
symptoms (Zandi et al., 2011; Kayser and Dalmau, 2016). The
abundant evidence for the NMDAR hypofunction hypothesis
has been extensively reviewed (Coyle, 2012; Uno and Coyle,
2019), including genetic findings (Neale et al., 2014; Yu et al.,
2018), clinical findings, neuroimaging (1H-MRS, PET/SPECT),
neurophysiological findings (mismatch negativity/P300/gamma
band oscillations) (Wacongne, 2016; Greenwood et al., 2018;
Javitt et al., 2018), and postmortem neurochemical findings.

NMDAR-TARGETED DRUGS FOR
NEGATIVE SYMPTOMS AND COGNITIVE
DYSFUNCTION

Drugs based on the NMDAR hypofunction hypothesis and their
effects on patients with schizophrenia are summarized in Table 1.
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TABLE 1 | The summary of clinical researches on drugs augmenting NMDAR function in schizophrenia.

Pharmacology Time Sample Method Significant effects on
symptom clusters

References

Glycine, adjunctive therapy Initially 2 g/d, upward to 0.4 g/kg/day 8 W 14 SCZ patients PANSS A 17.1% reduction in
negative symptoms

Javitt et al., 1994

0.8 g/kg/d 6 W 11 treatment-resistant
SCZ patients

PANSS A 7% reduction in negative
symptoms

Heresco-Levy et al.,
1996

0.8 g/kg/d 6 W 22 treatment-resistant
SCZ patients

BPRS, PANSS A 30 ± 16% reduction in
negative symptom,
reduction in extrapyramidal
Symptoms.

Heresco-Levy et al.,
1999

60 g/d 8 W 20 SCZ patients PANSS No significant outcome Evins et al., 2000

0.8 g/kg/d 6 W 12 SCZ patients PANSS A 34% reduction in
Negative symptoms

Javitt et al., 2001

0.8 g/kg/d 1 W 16 healthy participants MMN Reduction in duration MMN
amplitude

Leung et al., 2008

Acute administration: 0.2 g/kg; chronic
treatment: incremented to 0.6 g/kg/d

6 W 22 SCZ patients MMN, PANSS Acute glycine
administration increased
duration MMN; chronic
glycine administration
improved negative
symptoms

Greenwood et al.,
2018

GlyT1 inhibitor- sarcosine,
adjunctive therapy

2 g/d sarcosine 6 W 65 SCZ patients PANSS,SANS All three symptom clusters
(≥30% reduction in the
PANSS total score)

Lane et al., 2005

2 g or 1 g/d sarcosine 6 W 20 acutely
symptomatic drug-free
SCZ patients

PANSS A ≥20% reduction in the
total scores in PANSS

Lane et al., 2008

Sarcosine (in the first stage 5 patients
received 2 gm/d of sarcosine for 1 week
and in the second stage 17 patients
received 4 gm/d for one week)

8 D 22 SCZ patients PANSS, CGI, MCCB Improvements in positive
symptoms, negative
symptoms, speed of
processing

Amiaz et al., 2015

GlyT1 inhibitor- bitopertin,
monotherapy

Bitopertin (10, 30, or 60 mg/d) 8 W phase 2
proof-of-concept trial
involved 323 SCZ
patients with
predominant negative
symptoms

PANSS Negative symptoms
improved in the 10,
30 mg/d group (response
rate = 65% in the 10 mg/d)

Umbricht et al., 2014

Bitopertin 10, 30 mg/d alone 4 W 301 SCZ patients PANSS No significant Outcome Bugarski-Kirola et al.,
2014

GlyT1 inhibitor- org 25935,
adjunctive therapy

Org 25935 (4 to 8 mg twice daily and 12
to 16 mg twice daily)

12 W 187 SCZ patients SANS the Scale for
Assessment of

Negative Symptoms
1-22

No significant Outcome Schoemaker et al.,
2014

GlyT1 inhibitor- AMG747,
adjunctive therapy

AMG747 orally receive daily AMG 747
(5 mg, 15 mg, or 40 mg)

12 W 153 SCZ patients Negative Symptom
Assessment (NSA)-16

total score

No significant outcome Dunayevich et al.,
2017

D-serine,
monotherapy

D-serine (Week 1: 1.5 g/d Week 2-10:
3 g/d) versus olanzapine (Week 1:
15 mg/d Week 2-10: 30 mg/d)

10 W 18 SCZ
treatment-resistant
patients

PANSS Compared to olanzapine,
D-serine has less
improvement in PANSS
total scores

Ermilov et al., 2013

60 mg/kg/d D-serine 16 W 35 participants at
clinical high risk of
schizophrenia

SOPS A 35.7% reduction in
prodromal symptoms at
high-risk group

Kantrowitz et al., 2015

60 mg/kg/d D-serine 6 W 16 SCZ patients MMN Improvement in MMN Kantrowitz et al., 2018

D-serine, adjunctive therapy 30 mg/kg/d 6 W 31 SCZ patients Wisconsin Card
Sorting Test

Improvement in all three
symptom clusters; a 17%
reduction in positive
symptoms; a 21%
reduction in negative
symptoms; 12%
improvements in cognition

Tsai et al., 1998

30 mg/kg/d, added to clozapine 6 W 20 SCZ patients CGI, PANSS No significant Outcome Tsai et al., 1999

30 mg/kg/d D-serine 6 W 39 SCZ patients PANSS Improvement in three
symptom clusters; 39%
showed a >20%
improvement in total BPRS
score

Heresco-Levy et al.,
2005

30, 60, or 120 mg/kg/day D-serine 4 W 42 SCZ patients PANSS, MATRICS Improvement in all three
symptom clusters

Kantrowitz et al., 2010

2 g/d 16 W 195 SCZ patients SANS, MATRICS No significant Outcome Weiser et al., 2012

(Continued)
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TABLE 1 | Continued

Pharmacology Time Sample Method Significant effects on
symptom clusters

References

D-cycloserine, adjunctive
therapy

5, 15, 50, and 250 mg/d DCS 2 W 9 SCZ patients SANS A 21% improvement in
negative symptoms

Goff et al., 1995

50 mg/d DCS, clozapine 13 W 17 SCZ patients PANSS, SANS, GAS Worsened negative
symptoms

Goff et al., 1999

50 mg/d DCS, risperidone 2 W 10 SCZ patients SANS A 10% improvement in
negative symptoms

Evins et al., 2002

50 mg/d 4 W 22 SCZ patients SANS No significant Outcome Rothbaum et al., 2014

50 mg/W 8 W 33 SCZ patients The Logical Memory
Test, SANS

A 16.6% net reduction in
negative symptoms

Goff et al., 2008

50 mg/W 8 W 36 SCZ patients The auditory
discrimination task,
SANS, MATRICS

Improvement in long-term
memory (LTM) on the
practiced auditory
discrimination task; 26%
reduction in SANS scores

Cain et al., 2014

50 mg/d 6 W 41 SCZ patients PANSS, SANS No significant outcome in
three symptoms

Takiguchi et al., 2017

DCS, monotherapy 100 mg 3 h 45 SCZ patients EEG paradigm Cognition (working
memory,
experience-dependent
neuroplasticity)

Forsyth et al., 2017

100 mg 32 healthy participants LTP EEG paradigm,
cognitive tasks

Cognition
(experience-dependent
neuroplasticity)

Forsyth et al., 2015

DAAO inhibitor- sodium
benzoate, adjunctive therapy

1 g/d sodium benzoate 6 W 52 SCZ patients PANSS All three symptom clusters.
(a 21% reduction of PANSS
scores)

Lane et al., 2013

1 g/d, 2 g/d sodium benzoate, added to
Clozapine

6 W 60 clozapine-resistant
SCZ

PANSS, SANS, GAF, Small improvements in
overall symptomatology

Lin et al., 2018

Antioxidant

NAC, monotherapy 2.4 g/d NAC 1 W 20 SCZ patients MRI NAC can reduce medial
frontal resting-state
functional connectivity
(rs-FC)

McQueen et al., 2019

NAC, adjunctive therapy 1 g/d 24W 140 chronic SCZ
patients

PANSS, CGI Moderate benefits Negative
symptoms

Berk et al., 2008

2 g/d 16W 11 SCZ patients MMN Improvement in MMN
generation

Lavoie et al., 2008

2 g/d crossover
design, 16
W

11 SCZ patients resting-state EEGs NAC modulates EEG
synchronization

Carmeli et al., 2012

NAC (up to 2 g/d), risperidone (up to
6 mg/d)

8 W 42 SCZ chronic
patients with
predominant negative
symptoms

PANSS negative
subscale

Negative symptoms Farokhnia et al., 2013

0.6 g/d NAC, risperidone (up to 4-6 m g
/ d)

8 W 121 SCZ first-phase
patients

PANSS, weight, lipid
metabolism

Positive and negative
symptoms, lipid
metabolism, and weight
control

Zhang et al., 2015

3.6 g/d 52 W 60 early phase
schizophrenia patient

PANSS, CGI, PSP,
BACS, MRI

Negative symptoms Breier et al., 2018

2.7 g/d 72W 15 early psychosis
patients

low-level auditory
processing

Cognitive dysfunction
(low-level auditory
processing)

Retsa et al., 2018

2.7 g/d 72W 63 early psychosis
patients

PANSS,
neurocognition, and

redox markers

Neurocognition (processing
speed) and brain redox
state.

Conus et al., 2018

1.2 g/d 12 W 84 SCZ patients PANSS All three symptom clusters:
cognition (speed of
processing and attention,
working memory)

Sepehrmanesh et al.,
2018

1.2_2.4 g/d NAC, clozapine 4 W 5 SCZ patients
developed sialorrhea
during clozapine
treatment
(300–450 mg/day)

the Visual Analog
Scale

Clozapine-induced
sialorrhea

Uzun et al., 2019

Sulforaphane, adjunctive
therapy

30 mg/d sulforaphane-glucosinolate 8 W 10 SCZ patients PANSS Cognitive dysfunction Shiina et al., 2015

100 µmol sulforaphane 1 W 9 healthy participants MRS Improvement in brain GSH
levels and redox state.

Sedlak et al., 2018

SCZ, schizophrenia/schizophrenic; GlyT1, Glycine transporter-1; DCS, D-cycloserine; DAAO, D-amino acid oxidase; NAC, N-acetylcysteine; SANS, the Scale for the
Assessment of Negative Symptoms; MATRICS, the Measurement and Treatment Research to Improve Cognition; SOPS, the Scale of Prodromal Symptoms; NAS, the
Negative Symptom Assessment; BPRS, the Brief Psychiatric Rating Scale; CGI, the Clinical Global Impression Severity and Improvement scales; PSP, the Personal and
Social Performance Scale; GAS, Global Assessment Scale; GAF, the Global Assessment of Functioning; BACS, the Brief Assessment of Cognition in Schizophrenia.
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Targeting the Glycine Modulatory Site
(GMS)
Glycine, d-serine, D-cycloserine (DCS), and kynurenic acid
(KYNA) can bind to the GMS on the GluN1 subunit. Glycine
and d-serine function as co-agonists, and DCS is a partial
agonist while KYNA is a competitive antagonist. The GMS is
not saturated in brains and thus the NMDAR function can be
augmented via stimulating the GMS (Balu and Coyle, 2015).
Drugs targeting GMS on GluN1 have been discovered, as is
shown in Figure 1. On the contrary, glutamate as an agonist
for GluN2 has a tendency to induce excitotoxicity and epilepsy
(Uno and Coyle, 2019), thus few drugs targeting GluN2 have been
discovered (Uno and Coyle, 2019).

Glycine and Glycine Transporter-1 (GlyT-1) Inhibitors
Glycine has been administrated with mainstream antipsychotics
since 1994. The neural function has an inverted-U relationship
with the synaptic glycine concentration (Greenwood et al., 2018),
which is associated with the internalization of NMDARs from
the membrane to the cytoplasm (Nong et al., 2003). The efficacy
of glycine in improving negative symptoms has been confirmed
in schizophrenia (Javitt et al., 1994, 2001; Heresco-Levy et al.,
1996, 1999). A significant improvement (around 30% reduction
rates) in negative symptoms has been revealed by comparing the
PANSS scores after glycine administration (Heresco-Levy et al.,
1996; Javitt et al., 2001). Furthermore, glycine is effective for

negative symptoms in treatment-resistant schizophrenic patients
(Heresco-Levy et al., 1996, 1999). In addition, acute glycine
administration improved MMN both in healthy controls and
patients with schizophrenia (Leung et al., 2008; Greenwood
et al., 2018). However, some studies reported no significant
improvements in negative symptoms or cognitive dysfunction
(Evins et al., 2000; Buchanan et al., 2007). Glycine has some
disadvantages. It requires a high dose (0.8 g/kg/day) to have an
effect, and it may induce long-term depression (Greenwood et al.,
2018) and digestive dysfunction (Heresco-Levy et al., 1999).

Glycine transporter-1 is a predominant modulator for the
intra/extra-cellular glycine concentration via regulating glycine
reuptake (Hashimoto, 2010). GlyT-1, a subtype of GlyT, co-
localized with NMDAR and is primarily expressed in the
synapse of glutamatergic neurons (Hashimoto, 2011). When
GlyT-1 is inhibited, the extra-cellular glycine concentration
rises, and subsequently the NMDAR function is augmented
(Hashimoto, 2010). Thus, GlyT-1 inhibitors (such as sarcosine,
bitopertin, org 25935, AMG747) are promising for improving
negative symptoms and cognitive dysfunction in schizophrenia.
They are classified into competitive antagonists (sarcosine) and
noncompetitive antagonists (bitopertin, org 25935, AMG747)
(Hashimoto, 2010).

Bitopertin/RG1678, as the first potent GlyT-1 inhibitor, has
reported marked effects on negative symptoms in preclinical
studies (Pinard et al., 2018). However, the third phase of
the clinical trial of bitopertin (Bugarski-Kirola et al., 2014;

FIGURE 1 | The targets of drugs augmenting NMDAR function. NMDAR is generally composed of two GluN1 and two GluN2 subunits. There is a GMS in GluN1.
Glycine and d-serine bind to the GMS as co-agonists. DCS binds to the GMS as a partial agonist and KYNA binds to the GMS as a competitive antagonist. GlyT-1,
the glycine transporter type, is expressed at glutamatergic synapses to modulate glycine uptake. DAAO is an intracellular enzyme degrading d-serine into amino
acids. KAT regulates the production of KYNA in astrocytes. The metabotropic glutamate receptors such as mGluR5s and mGluR2/3s have multiple interactions with
NMDARs. For example, mGluR5s and NMDARs are linked physically via scaffolding proteins Homer, SHANK. The PAMs of these receptors regulate metabotropic
glutamate receptors and NMDARs as well. NMDARs have redox sites which can be regulated by antioxidants. GMS, glycine modulatory site; DCS, D-cycloserine;
KYNA, Kynurenic acid; GlyT, glycine transporter; DAAO, D-amino acid oxidase; KAT, Kynurenine aminotransferase; PAM, positive allosteric modulator; PANSS, the
Positive and Negative Syndrome Scale; SANS, Scale for the Assessment of Negative Symptoms.
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Umbricht et al., 2014; Pinard et al., 2018) failed, and
another two noncompetitive GlyT-1 inhibitors org 25935
(Schoemaker et al., 2014), AMG747 (Dunayevich et al., 2017)
failed to have positive results in their phase II trials as well.
It was suspected that the modest effect of GlyT1 inhibitors
may be associated with the preferential action of glycine on
extra-synaptic NMDAR function rather than synaptic NMDAR
function (Papouin et al., 2012). However, there are still some
GlyT-1 inhibitors such as PF-03463275 (D’Souza et al., 2018)
and BI-425809 (Moschetti et al., 2018) in phase II trials and
some have exhibited the potential to improve memorization and
cognitive dysfunction in the preclinical phase (Harada et al., 2012;
D’Souza et al., 2018).

Sarcosine (N-methylglycine), an endogenous competitive
GlyT-1 antagonist, is generated as an intermediate in glycine
synthesis and degeneration (Lane et al., 2008). After its
pharmacokinetic evaluations and safety was confirmed in
humans (Amiaz et al., 2015), sarcosine exhibited improvements
in positive symptoms, negative symptoms, and general
psychopathology (Amiaz et al., 2015). The cognitive dysfunction
(especially speed of processing), was significantly improved after
sarcosine administration in patients with schizophrenia (Amiaz
et al., 2015). In addition, sarcosine was found to be beneficial in
both the chronic (Lane et al., 2010; Amiaz et al., 2015) and acute
phase of schizophrenia (Lane et al., 2005, 2008).

D-Serine, DCS, D-Amino Acid Oxidase (DAAO)
Inhibitors
D-serine is localized especially in GABAergic neurons and
astrocytes (Wolosker et al., 2008). It is generated by the serine
racemases (SRs) in neurons and degenerated by DAAOs or
SRs in astrocytes. Compared with glycine, D-serine presented
closer associations with schizophrenia and induced a more
powerful activation of synaptic NMDARs because D-serine
can serve as a monotherapy in schizophrenia (MacKay et al.,
2019). The first study that added D-serine with the non-
clozapine mainstream antipsychotics revealed that D-serine
improved all three symptom clusters in chronic treatment-
refractory schizophrenia (Tsai et al., 1998). However, whether
the mainstream antipsychotic is clozapine or not can affect
the efficacy of adjunctive D-serine. When follow-up studies
administered D-serine with clozapine, the results were negative
(Tsai et al., 1999). In the studies that followed, some found
that adjunctive D-serine was effective in all three symptom
clusters (Heresco-Levy et al., 2005; Kantrowitz et al., 2010)
while some found it to be ineffective (Lane et al., 2005; Weiser
et al., 2012). These negative results may be due to the narrow
therapeutic window of D-serine. A high dose (60 mg/kg/day)
of D-serine is required to achieve adequate brain concentration
and potentiate NMDAR activation (MacKay et al., 2019), because
its oral bioavailability is low (Iwata et al., 2015). However,
a high dose of D-serine can lead to nephrotoxicity (Iwata
et al., 2015). These features of D-serine limit its application
in patients with schizophrenia. Owing to its possible effects
on positive symptoms, the effects of D-serine monotherapy
were explored in patients with schizophrenia (Tsai et al., 1998).
The studies that followed compared the efficacy of D-serine

monotherapy and high-dose olanzapine monotherapy, because
olanzapine is recognized as a recommended medication for
schizophrenia (Ermilov et al., 2013). However, the D-serine has
less reduction in PANSS total scores compared to high-dose
olanzapine (Ermilov et al., 2013). Of note, D-serine can improve
prodromal symptoms in participants who are at a clinically high
risk of schizophrenia (Kantrowitz et al., 2015). In addition, a
recent study reported an improvement in MMN in patients
with schizophrenia when treated with D-serine for just 1 week
(Kantrowitz et al., 2018).

D-amino acid oxidase is a catalyzing flavoprotein in the
oxidative deamination of neutral D-amino acids, and the
inhibition of DAAOs can augment NMDAR function as a
treatment for schizophrenia. Multiple DAAO inhibitors were
discovered with wide structural variety (Szilagyi et al., 2018).
The first-generation of DAAO inhibitors is carboxylic acids.
Sodium benzoate, a food preservative with good safety, is a
DAAO inhibitor of the first generation with moderate activation
(Lin et al., 2018). When sodium benzoate was administrated
with risperidone or haloperidol, a wide variety of symptom
domains, including neurocognition, were improved in patients
(Lane et al., 2013). When added to clozapine, sodium benzoate
improved three symptom clusters, and the 2 g/day dose had
better results than the 1 g/day dose in clozapine-resistant
schizophrenia (Lin et al., 2018). However, the D-serine level in
the brain was not altered when the patients were administered
sodium benzoate (Lin et al., 2018). It challenged the expected
working mechanism of benzoate as a DAAO inhibitor in
brain. In addition to DAAO inhibition, sodium benzoate can
serve as an antioxidant, protecting neurons from oxidative
stress (Lin et al., 2018) and it may affect the D-serine/L-
serine cycle as well (Matsuura et al., 2015). Another clinical
trial to explore the efficacy of sodium benzoate in early
psychosis is ongoing (Ryan et al., 2017). In the discovery
of other generations of DAAO inhibitors, bioisosteric moiety
replaced the carboxylic group in second-generation inhibitors
and cyclic carboxylic acid bioisosters connected to bulky
nonpolar moieties with a flexible linker in third-generation
inhibitors (Szilagyi et al., 2018). Other novel DAAO inhibitors,
such as PGM030756 (Howley et al., 2017), are still in pre-
clinical studies and need further confirmation of their efficacy
in humans for species difference in D-serine metabolism
(Szilagyi et al., 2018).

D-Cycloserine (DCS)
D-cycloserine, a partial agonist for GMS, increases the NMDAR
channel open time and possibility at low doses (Dravid et al.,
2010). It is noted that DCS has an inverted-U dose response
curve similar to glycine, and chronic DCS administration may
facilitate NMDAR internalization and become ineffective (Goff
et al., 1995; Goff, 2016). A high dose of DCS functions as
an antagonist of GMS competing with other full agonists like
D-serine and glycine (Uno and Coyle, 2019). The benefits
of adjunctive DCS in negative symptoms was reported early
in 1995, and 50 mg/day was reported as the best dose with
significant outcomes (Goff et al., 1995, 1996). However, the
studies that followed found that when DCS was added with
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clozapine, the negative symptoms worsened in a 13-week
follow-up (Goff et al., 1999). It is probably because clozapine
differs from other antipsychotics in releasing D-serine and
glutamate to enhance NMDARs, and DCS may attenuate the
positive effects of clozapine via competing for GMS (Goff et al.,
1999). When DCS was added with non-clozapine antipsychotics
like risperidone, negative symptoms were improved (Evins et al.,
2002). The intermittent DCS administration (per week) proved
to be effective as well (Goff, 2016). It was revealed that taking
DCS 50 mg per week improved cognitive tasks such as memory
consolidation (Goff et al., 2008) and auditory discrimination task
(Cain et al., 2014). Cognitive behavioral therapy for positive
symptoms was improved if DCS was taken 1 h prior to an
intervention (Gottlieb et al., 2011). Recent studies revealed
the working memory and experience-dependent plasticity were
enhanced in healthy participants (Forsyth et al., 2015) or
patients with schizophrenia (Forsyth et al., 2017). However, some
negative results have also been reported in the administration
of DCS as adjunctive therapy, and a high dose (100 mg) of
DSC aggravated symptoms of early-onset schizophrenia (van
Berckel et al., 1999; Buchanan et al., 2007; Takiguchi et al.,
2017), because a high dose can function as antagonists of GMS.
Thus, the therapeutic window of DCS seems to be crucial in
the application of DCS (Cascella et al., 1994). It was revealed
that the effects of DCS were associated with the onset age
of schizophrenia and the white matter integrity (Takiguchi
et al., 2017). In conclusion, DCS features in improving negative
symptoms (10-26%) and part of cognitive dysfunction (working
memory, experience-dependent neuroplasticity) in patients with
schizophrenia (Goff, 2017).

Kynurenine Aminotransferase (KAT) Inhibitors
Targeting KYNA
Kynurenic acid is an endogenous competitive antagonist
for GMS, and its production is catalyzed by KATs in
astrocytes (Plitman et al., 2017). The association between
the increased brain KYNA levels and subsequent cognitive
dysfunction in schizophrenia was revealed by both human
and animal studies (Bortz et al., 2017; Plitman et al., 2017).
The underlying mechanisms may be the dysregulation of
kynurenine metabolism which leads to dorsolateral prefrontal
cortex volume loss and attention impairment in patients with
schizophrenia (Kindler et al., 2020). Thus, the inhibition
of KATs is supposed to enhance NMDAR function as a
therapeutic target for schizophrenia (Nematollahi et al., 2016).
But this strategy may involve another controversial mechanism
independent from NMDARs, which is associated with nicotinic
acetylcholine receptors (nAChRs): KYNA is also a non-
competitive antagonist of the α7nAChR and the decreased
KYNA can reverse α7nAChRs dysfunction in schizophrenia
(Albuquerque and Schwarcz, 2013; Plitman et al., 2017).
However, most evidence supported kynurenate acting via
NMDARs (Stone, 2020). The potent KAT-I inhibitors include
phenylhydrazone hexanoic acid derivatives and KAT-II inhibitors
include a pyrazole series of compounds (Jayawickrama et al.,
2015). Although KAT inhibitors (such as BFF816 Bortz et al.,
2017) were reported to have good efficacy in cognitive

dysfunction in animal models, this strategy has not been
confirmed in humans yet.

Positive Allosteric Modulators (PAMs) for
Metabotropic Glutamate Receptors
(mGluRs)
The direct therapeutic targets for NMDARs were challenged
for the widespread distribution of NMDARs in the brain
and the potential toxicity induced by the hyperglutamatergic
condition. Thus, PAMs for mGluRs were discovered because
they reversed NMDAR hypofunction but did not induce
glutamatergic overexcitation (Field et al., 2011). The mGluRs
have eight subtypes and they can be classified into three
groups: Group I includes mGluR1 and mGluR5; Group II
includes mGluR2 and mGluR3; Group III includes mGluR4,
mGluR6-8 (Lundstrom et al., 2016). Nearly all of the subtypes
of mGluRs have been recognized as promising therapeutic
targets for schizophrenia. Among them, the mGlu5Rs and
Group II mGluRs have been extensively researched, which
we will discuss in the following section (Maksymetz et al.,
2017; Stansley and Conn, 2018). PAMs refer to the agents
binding to allosteric binding sites to potentiate the targeted
receptor function (Ellaithy et al., 2015). They have apparent
advantages over traditional agonists because they activate the
receptors indirectly and they are less likely to cause NMDAR
internalization which interferes with the effects of glycine and
DCS (Field et al., 2011).

PAMs of mGlu5 Receptors
The mGluR5 has functional associations with NMDARs in
GABAergic interneurons as they have some overlapping
intracellular signaling pathways (Matosin and Newell,
2013). mGluR5s and NMDARs are linked physically via
scaffolding proteins Homer, SHANK, guanylate-kinase-
associated (GKAP), and post-synaptic density 95 (PSD95)
as is shown in Figure 1 (Matosin and Newell, 2013). The
mGluR5 PAMs can subsequently activate mGluR5s and
NMDARs. VU0409551 (Conde-Ceide et al., 2015), a well-
developed PAM, was reported to augment NMDAR function
and improve cognitive dysfunction in the animal models
of schizophrenia (Balu et al., 2016). mGluR5 PAMs may
function via selectively potentiating mGluR5 coupling to
Gαq-mediated signaling independent of NMDAR (Rook
et al., 2015; Ghoshal et al., 2017). However, the safety and
efficacy of mGluR5 PAMs have not yet been confirmed in
clinical studies.

PAMs of Group II mGlu Receptors
Group II mGlu receptors have been shown to modulate
glutamatergic activity in brain synapses (Fell et al., 2012).
The activation of mGluR2/3s in the postsynaptic membrane
promoted NMDAR currents via Src kinase (Trepanier et al.,
2013), protein kinase C (Tyszkiewicz et al., 2004), or SNARE
protein (Cheng et al., 2013). Furthermore, Group II agonists
decreased excessive glutamate release in animal models of
schizophrenia (Marek, 2010). Furthermore, mGluR2s was
reported to have interaction with 5-HT2A receptors, which
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are the targets of second generation antipsychotics as well
(Ellaithy et al., 2015). A mixed mGlu2/3 receptor agonist
LY2140023 failed in Phase II trials when it was administered
with olanzapine (Kinon et al., 2011), even though it had shown
good efficacy in positive and negative symptoms of schizophrenia
in a previous study (Patil et al., 2007). Two mGlu2 PAMs
have reached clinical trials: AZD8529 from AstraZeneca and
JNJ-40411813/ ADX71149 from Janssen Pharmaceuticals, Inc.
and Addex Therapeutics (Field et al., 2011). The Phase IIa
study of ADX71149 demonstrated the efficacy of adjunctive
ADX71149 in improving the residual negative symptoms in
patients with schizophrenia1. But AZD8529 failed to have a
significant difference to the placebo in a phase IIa proof of
concept (POC) study2,3.

Antioxidants
Oxidative stress is defined as an imbalance between pro-oxidants
and antioxidants. It was speculated that redox state and NMDAR
activity interacted with each other in schizophrenia (Hardingham
and Do, 2016) and these two individual factors both had
developmental effects on parvalbumin-expressing GABAergic
interneurons in schizophrenia (Korotkova et al., 2010; Hasam-
Henderson et al., 2018). The underlying mechanisms are
that the redox state regulates the disulfide bond formation
of cysteine residues in GluN1 and GluN2A (also called the
redox modulatory site) and subsequently regulates NMDAR
activity (Lipton et al., 2002). Glutathione (GSH), protective from
reactive oxidative stress, can bind to the redox modulatory site
of NMDARs. GSH deficits and oxidative stress may induce
the NMDAR hypofunction state in schizophrenia (Steullet
et al., 2006). In addition, the conventional antipsychotics
such as clozapine and risperidone, can induce oxidative
stress and cause neural injury. Thus, the adjunctive therapy
of antioxidant has the potential to reverse oxidative stress
and NMDAR hypofunction in patients with schizophrenia
(Hardingham and Do, 2016). Although there are various
types of antioxidants that are beneficial to negative symptoms
and cognitive dysfunction in schizophrenia (Magalhaes et al.,
2016), few antioxidants have been reported to have an effect
associated with NMDARs, except for N-acetylcysteine (NAC)
and Sulforaphane.

N-Acetylcysteine (NAC)
N-acetylcysteine (NAC) is a precursor of L-cysteine, contributing
to glutathione synthesis (Chen et al., 2016). It passes the
blood-brain barrier easily and is involved in diverse pathways
in the pathology of schizophrenia, such as brain GSH
regulation, glutamatergic transmission, inflammatory pathways,
and mitochondrial function (Minarini et al., 2017). In NMDAR
hypofunction models, NAC protected mice from mitochondrial
and synaptic injury (Phensy et al., 2017a). A two-hit model
(the exposure to perinatal infection, peripubertal unpredictable
stress) of schizophrenia confirmed the benefits of NAC as well

1http://clinicaltrials.gov/show/NCT01323205
2http://clinicaltrials.gov/show/NCT00921804
3http://clinicaltrials.gov/show/NCT00986531

(Monte et al., 2020). The synaptic deficits of schizophrenia can
be reversed by NAC as revealed in cortical interneurons derived
from human induced stem cells (Kathuria et al., 2019).

In clinical studies, NAC as adjunctive therapy was found to
ameliorate severity of all three symptom clusters in patients
with schizophrenia (Berk et al., 2008; Farokhnia et al., 2013;
Zhang et al., 2015; Breier et al., 2018; Conus et al., 2018;
Retsa et al., 2018; Sepehrmanesh et al., 2018; McQueen et al.,
2019; Uzun et al., 2019). Four of these studies recruited
first-phase or early phase patients with schizophrenia (Zhang
et al., 2015; Breier et al., 2018; Conus et al., 2018; Retsa
et al., 2018) and the others studied the effects of NAC in
chronic schizophrenia (Sepehrmanesh et al., 2018). Another
study on the administration of NAC for 26 weeks will be
recruiting 162 young people in first-episode psychosis (Cotton
et al., 2019). NAC has been added to different antipsychotics
such as risperidone (Farokhnia et al., 2013) and clozapine
(Uzun et al., 2019) to explore its efficacy in schizophrenia,
and all the combinations reported improvements in negative
symptoms and cognitive dysfunction. Of note, NAC was
discovered to ameliorate clozapine-induced sialorrhea in a
case series (Uzun et al., 2019). A significant improvement
in lipid metabolism and weight control was noted as it was
difficult for patients to maintain weight and spare them from
metabolic disorders during the administration of the second-
generation antipsychotics (Zhang et al., 2015). Sepehrmanesh
Z found that NAC had positive effects on positive symptoms
as well (Sepehrmanesh et al., 2018). A meta-analysis in 2018
included three randomized controlled trials (RCTs) on NAC
in schizophrenia and confirmed the efficacy of the adjunctive
NAC (Zheng et al., 2018). In addition, NAC can alter MMN
and EEG synchronization (Carmeli et al., 2012), which linked
NMDAR augmentation (Lavoie et al., 2008). Recently, the efficacy
of NAC monotherapy on functional signatures was explored, and
it reduced medial frontal resting-state functional connectivity
(McQueen et al., 2019).

Sulforaphane
Sulforaphane is a natural compound found in the seeds and
sprouts of cruciferous plants. It is protective of inflammation
and oxidative stress (Fahey and Talalay, 1999) via binding to
kelch-like ECH-associated protein 1 (KEAP1) and activating
the transcription factor NF-E2-related factor 2 (Nrf2) (Keum,
2011; Cardozo et al., 2013). Sulforaphane has advantages
over NAC, because NAC reduces oxidative stress mainly via
cysteine, but cysteine cannot be fully utilized to generate
GSH while sulforaphane is functioning via KEAP1/Nrf2 which
affects GSH more efficiently (Hardingham and Do, 2016).
Furthermore, the action of sulforaphane was linked to NMDAR
as sulforaphane prevented the alteration of NMDAR activity
in rats (Feng et al., 2017). However, there have only been
two published studies on the administration of sulforaphane
in human studies associated with schizophrenia (Shiina et al.,
2015; Sedlak et al., 2018). Sulforaphane-rich broccoli sprout
extract (30 mg/d) improved cognitive dysfunction in patients
with schizophrenia (Shiina et al., 2015). The 7-day administration
of sulforaphane increased brain GSH levels both in the
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animal model and human sample (Sedlak et al., 2018).
In a PCP-induced animal model for schizophrenia, taking
sulforaphane-rich broccoli sprout extracts during juvenile and
adolescence rescued the cognitive dysfunction in adulthood
(Shirai et al., 2015).

DISCUSSION

The NMDAR hypofunction hypothesis produces novel targets
for therapeutic interventions for patients with schizophrenia,
especially for negative symptoms and cognitive dysfunction.
Therapeutic targets to augment NMDAR function include
compounds targeting the GMS on GluN1, PAMs for
mGlu receptors, and antioxidants. Compounds targeting
the GMS on GluN1 include glycine & GlyT-1 inhibitors,
D-serine & D-amino acid oxidase (DAAO) inhibitors, DCS,
and KAT inhibitors.

Most of the drugs discussed above can improve some of the
negative symptoms in patients with schizophrenia. We listed
the net reduction rates of PANSS-negative scores/SANS scores
if they were reported in Table 1. Glycine seemed to have had
the strongest effects on negative symptoms, reducing about
30% of the Positive and Negative Syndrome Scale (PANSS)-
negative score. In addition, other drugs such as D-serine and
D-cycloserine were reported to have >20% reduction rates on
PANSS -negative scores or the Scale for the Assessment of
Negative Symptoms (SANS) scores, where 20% is recognized
as the cutoff threshold for meaningful improvement (Heresco-
Levy et al., 2005). The meta-analyses reported that the overall
effect size for NMDAR-targeted adjunctive drugs was small to
moderate for negative symptoms. A meta-analysis including
studies on DCS and D-serine in 2013 reported a moderate effect-
size improvement while a meta-analysis in Singh and Singh
(2011) and a meta-analysis in Tsai and Lin (2010) both reported
a small effect-size.

Compared with their effects on negative symptoms, NMDAR-
targeted drugs had less improvements for cognitive dysfunction
in patients with schizophrenia. The improved cognition domains
after the administration of NMDAR-targeted drugs are limited to
one or two. For example, DCS was recognized as a robust agent
to increase neuroplasticity and to improve working memory as
revealed in DCS monotherapy studies (Forsyth et al., 2015, 2017).
NAC can improve more cognition domains than DCS, which
includes speed of processing, attention, and working memory
(Conus et al., 2018; Sepehrmanesh et al., 2018). There are four
meta-analyses exploring the effects of NMDAR-targeted drugs
on cognition. Only one meta-analysis in 2010 reported positive
results, while the others reported non-significant results. The
meta-analysis in 2010 reported that NMDAR-targeted drugs
exhibited a small effect-size improvement in cognition (Tsai
and Lin, 2010). A meta-analysis including D-serine, DCS,
benzoate, and NAC in 2019 demonstrated that these drugs
had a small but non-significant effect on overall cognitive
function, but had significant positive effects in the 30-39 year
old subgroup (Chang et al., 2019). These drugs presented
a significant improvement in working memory among all

eight domains (Chang et al., 2019). However, another two meta-
analyses both reported their non-significant effects on overall
cognitive function in patients with schizophrenia (Choi et al.,
2013; Iwata et al., 2015).

Most of the NMDAR-targeted drug administrations were
reported as safe and well-tolerated throughout the studies
without significant clinical or laboratory side-effects. Sodium
benzoate as a food additive and antioxidant sulforaphane
extracted from food are safe for humans. However, high-
dose glycine had slight side-effects on gastrointestinal functions
(Heresco-Levy et al., 1999).

Altogether, the overall effects of these NMDAR-targeted
drugs had little to moderate negative symptoms and cognitive
dysfunction, see Table 2. The development of NMDAR-
targeted drugs has resulted in many unexpected outcomes.
For example, some potential new drugs such as GlyT-1
inhibitors bitopertin/RG1678 (Bugarski-Kirola et al., 2014;
Umbricht et al., 2014; Pinard et al., 2018) and GlyT-1 inhibitors
(org 25935 Schoemaker et al., 2014, AMG747 Dunayevich
et al., 2017) failed in their clinical trials. However, these
drugs (such as sodium benzoate, D-serine) have potential
in clozapine-resistant/treatment-resistance schizophrenia,
and dual activation of GMS and antioxidants is viewed as
a novel treatment for treatment-resistance schizophrenia
(Lin et al., 2020).

The Possible Reasons for Unsatisfactory
Clinical Results
These unsatisfactory clinical results challenged the NMDAR
hypofunction hypothesis in schizophrenia pathology. There are
some conflicting results in this hypothesis. (1) The strongest
evidence for this hypothesis is that PCP and ketamine induce
all symptoms in schizophrenia. However, the latest studies have
revealed that PCP and ketamine do not function exclusively as
NMDAR antagonists in the brain (Seillier and Giuffrida, 2009;
Zanos and Gould, 2018; Fujigaki et al., 2019; Wang et al., 2020).
(2) Early-life NMDAR ablation eliciting schizophrenia-like

TABLE 2 | Summary of published meta-analyses on NMDAR-targeted drugs.

Year Drugs Negative
symptoms

Cognitive
dysfunction

2010 glycine, D-serine,
DCS, sarcosine

SMD = 0.38, 95%
CI = 0.19 to 0.56,
p < 0.0001

SMD = 0.28,
95%CI = 0.10 to
0.47, p = 0.002

2011 glycine, D-serine,
DCS, sarcosine,
NAC,

SMD = -0.27, 95%
CI = -0.49 to -0.05,
p = 0.01

2013 DCS, D-serine SMD = 0.62, 95%
CI = 0.34 to 0.90,
p < 0.0001

SMD = 0.06,
95%CI = -0.22 to
0.35, p = 0.661

2015 D-serine, DCS,
benzoate, NAC

SMD = 0.08,
95%CI = -0.06 to
0.23, p = 0.57

2019 D-serine, DCS,
benzoate and NAC

SMD = 0.068,
95%CI = -0.056 to
0.193, p = 0.283
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symptoms were revealed in an animal model (Belforte et al., 2010)
but has not been confirmed in humans. The neurodevelopmental
differences among species may be overcame via models from
human induced pluripotent stem cells—a research direction
that is worth exploring (Brennand et al., 2011; Noh et al.,
2017). (3) Many studies found that NMDAR antagonists can
also relieve the symptoms in patients with schizophrenia,
which is in contrast to the NMDAR hypofunction hypothesis
(Matsuda et al., 2013).

We should however, analyze the pharmacological mechanisms
of these drugs in detail before challenging the NMDAR
hypofunction hypothesis. In a genetically engineered NMDAR
hypofunction model for schizophrenia, NMDAR hypofunction
had spatial and temporal boundaries (Nakazawa et al., 2017): (1)
The origin of NMDAR hypofunction was reported in cortical and
hippocampal GABAergic neurons, particularly in parvalbumin-
positive fast-spiking interneurons (Nakazawa and Sapkota, 2020).
(2) NMDAR hypofunction happened in the postnatal period,
which is before the maturation of parvalbumin-expressing
interneurons, and which can cause schizophrenia-like behaviors
(Belforte et al., 2010; Lewis et al., 2012; Hardingham and Do,
2016). A new hypothesis named Dual NMDAR hypofunction has
been brought up by Nakazawa et al. (2017). It suggests that
NMDAR hypofunction in cortical and hippocampal GABAergic
neurons in early postnatal development serve as a vital starting
point, causing cortical circuitry maturation defects, an oxidative
stress increase, dopamine dysregulation, etc. The first NMDAR
hypofunction elicited the emergence of the three symptom
clusters in schizophrenia. A second NMDAR hypofunction in
pyramidal neurons then results from the Excitation/Inhibition
imbalance and glutamate spillover, which may worsen the
negative symptoms and cognitive dysfunction in the progression
of schizophrenia (Nakazawa et al., 2017).

First, these NMDAR-targeted drugs may have the imprecise
targets for brain regions and cell types. NMDARs are distributed
universally in the brain. They are localized mainly in post-
synaptic regions with a small percentage being localized in extra-
synaptic and pre-synaptic regions (Hardingham and Bading,
2010; Parsons and Raymond, 2014). The impaired NMDARs
in schizophrenia pathology were supposed to be synaptic
GluN2A-containing NMDARs in cortical and hippocampal
GABAergic interneurons (Paoletti et al., 2013). However, these
NMDAR-targeted drugs were all systematically administered
and few have preference for the cortex and hippocampus.
Some drugs such as glycine and GlyT-1 inhibitors failed to
augment synaptic NMDARs but target extra-synaptic NMDARs
(Papouin et al., 2012). On the contrary, D-serine serves
as a synaptic NMDAR co-agonist (Papouin et al., 2012),
and endogenous D-serine is co-localized with NMDARs and
mainly in GABAergic neurons (Hashimoto et al., 1993).
Thus, drugs associated with D-serine elicited stronger efficacy
in clinical studies than those associated with glycine. The
mGluRs and KATIIs are mainly expressed in GABAergic
interneurons in the cortex, which are consistent with the
origin of NMDAR hypofunction in schizophrenia (Alexander,
2007; Plitman et al., 2017). Accordingly, the mGluR PAMs
and KATII inhibitors elicited good outcomes in pre-clinical

studies and have potential to have good results in patients
with schizophrenia (Matosin and Newell, 2013; Ellaithy et al.,
2015). DAAOs are expressed mainly in cerebellum with little
expression in the frontal cortex (Jagannath et al., 2017), so,
DAAO inhibitors may not precisely target schizophrenia. GlyT-
1s are expressed mainly in glial cells and in glutamatergic
neurons rather than GABAergic interneurons (Borowsky et al.,
1993), which may account for the failure of many GlyT-1
inhibitors. GABAergic interneurons, especially parvalbumin-
positive neurons, have susceptibility to oxidative stress, thus the
antioxidants had robust results in reversing the three symptom
clusters in patients with schizophrenia (Steullet et al., 2010;
Phensy et al., 2017a).

Second, the current treatment may be too late for
intervention. NMDAR hypofunction in early-life may be
associated with genetic and environmental risk factors.
Genetic factors leading to NMDAR hypofunction include
rare mutations in NMDAR-encoding genes (Yu et al.,
2018) and gene sets associated with NMDAR-mediated
synaptic currents (Wang et al., 2018). Environmental risk
factors associated with NMDAR hypofunction include stress
events or virus infections that occur in early-life or in the
prenatal period, which can induce oxidative stress and
neuroinflammation in GABAergic interneurons (Nakazawa
and Sapkota, 2020). In animal models, NMDAR hypofunction
reversed in early-life as NMDAR-targeted drugs can reverse
the schizophrenia-like behavioral abnormalities (Phensy
et al., 2017a,b). However, in studies, most NMDAR-targeted
drugs were administered after the onset of schizophrenia,
except for D-serine which showed good efficacy in prodromal
symptoms in a clinical high-risk group (Kantrowitz et al.,
2015). The effects of early-life administration of NMDAR-
targeted drugs in genetic or clinical high-risk groups require
further exploration.

CONCLUSION

The general effects of NMDAR-targeted drugs were small to
moderate in negative symptoms, and small or nonsignificant
in cognitive dysfunction in schizophrenia. When comparing
the NMDAR-targeted drugs with mainstream antipsychotics,
both the NMDAR-targeted drugs and mainstream antipsychotics
cannot improve all three symptom clusters of schizophrenia. Can
we conclude that the starting point in schizophrenia pathology
is neither dopamine disorder nor NMDAR hypofunction?
Not yet. However, these two hypotheses interacted with
each other. In animal models, GluN1 ablation in GABAergic
interneurons at the prenatal period can elicit a hypodopaminergic
state in the cortex and a hyperdopaminergic state in the
mesolimbic pathway, which is consistent with the dopamine
disorder in schizophrenia (Field et al., 2011; Nakazawa
et al., 2017). The main dopamine receptor involved in
schizophrenia pathology, D2 dopamine receptors (D2Rs), can
regulate the NMDAR function and then reverse cognitive
dysfunction. In the D2R-expressed pyramidal neuron, the
deletion of GSK3β, which took part in the downstream
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signaling for D2Rs, can upregulate the expression and function of
NMDARs (Li et al., 2009, 2020).

Further exploration of the NMDAR hypothesis and
therapeutic strategies based on it may bring forward a
breakthrough in improving negative symptoms and cognitive
dysfunction of schizophrenia. It may provide patients suffering
from schizophrenia functional recoveries and normal lives.
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8-Substituted Triazolobenzodiazepines:
In Vitro and In Vivo Pharmacology
in Relation to Structural Docking at
the α1 Subunit-Containing GABAA
Receptor
Lalit K. Golani 1, Donna M. Platt 2,3, Daniela Rüedi-Bettschen2,3, Chitra Edwanker1,
Shenming Huang1, Michael M. Poe1, Roman Furtmüller 4, Werner Sieghart 4, James M. Cook1

and James K. Rowlett 2,3*

1Department of Chemistry and Biochemistry, University of Wisconsin-Milwaukee, Milwaukee, WI, United States, 2Department of
Psychiatry and Human Behavior, University of Mississippi Medical Center, Jackson, MS, United States, 3Harvard Medical School,
New England Primate Research Center, Southborough, MA, United States, 4Brain Research Institute, Medical University, Vienna,
Austria

In order to develop improved anxiolytic drugs, 8-substituted analogs of triazolam were
synthesized in an effort to discover compounds with selectivity for α2/α3 subunit-
containing GABAA subtypes. Two compounds in this series, XLi-JY-DMH (6-(2-
chlorophenyl)-8-ethynyl-1-methyl-4H-benzo [f][1,2,4]triazolo[4,3-a][1,4]diazepine) and
SH-TRI-108 [(E)-8-ethynyl-1-methyl-6-(pyridin-2-yl)-4H-benzo [f][1,2,4]triazolo[4,3-a]
[1,4]diazepine], were evaluated for in vitro and in vivo properties associated with
GABAA subtype-selective ligands. In radioligand binding assays conducted in
transfected HEK cells containing rat αXβ3γ2 subtypes (X � 1,2,3,5), no evidence of
selectivity was obtained, although differences in potency relative to triazolam were
observed overall (triazolam > XLi-JY-DMH > SH-TRI-108). In studies with rat αXβ3γ2
subtypes (X � 1,2,3,5) using patch-clamp electrophysiology, no differences in maximal
potentiation of GABA-mediated Cl− current was obtained across subtypes for any
compound. However, SH-TRI-108 demonstrated a 25-fold difference in functional
potency between α1β3γ2 vs. α2β3γ2 subtypes. We evaluated the extent to which this
potency difference translated into behavioral pharmacological differences in monkeys. In a
rhesus monkey conflict model of anxiolytic-like effects, triazolam, XLi-JY-DMH, and SH-
TR-108 increased rates of responding attenuated by shock (anti-conflict effect) but also
attenuated non-suppressed responding. In a squirrel monkey observation procedure,
both analogs engendered a profile of sedative-motor effects similar to that reported
previously for triazolam. In molecular docking studies, we found that the interactions of the
8-ethynyl triazolobenzodiazepines with the C-loop of the α1GABAA site was stronger than
that of imidazodiazepines XHe-II-053 and HZ-166, which may account for the non-
sedating yet anxiolytic profile of these latter compounds when evaluated in previous
studies.
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INTRODUCTION

Anxiolytic and sedative benzodiazepines (BZs) produce their
pharmacological effects by enhancing the inhibitory action of
γ-aminobutyric acid (GABA) at type A GABA (GABAA)
receptors throughout the brain. The GABAA receptor is a
pentameric chloride ionophore composed of subunits from at
least five different families; the α, ß and γ subunits are necessary
to confer sensitivity to BZs (for reviews, Möhler, 2011; Engin
et al., 2018). Conventional BZs (e.g., triazolam) bind non-
selectively to GABAA receptors that contain α1, α2, α3, and α5
subunits (α1GABAA, α2GABAA, α3GABAA, and α5GABAA

receptors, respectively) while they do not bind appreciably to
α4-and α6 subunit-containing GABAA receptors. This binding
profile may be responsible for the myriad of behavioral effects
produced by BZs, including a role for α1GABAA receptors in the
anticonvulsant, sedative, and motor effects of BZs, a role for
α2GABAA and α3GABAA receptors in the anxiolytic,
anticonvulsant, antinociceptive, and myorelaxant effects of
BZs, and a role for α5GABAA receptors in BZ-associated
memory processes as well as anxiolytic effects (e.g., Witkin
et al., 2017; Witklin et al., 2018; Witkin et al., 2020; Tudeau
et al., 2020 for review, Engin et al., 2018).

Recent research efforts have been directed at developing
compounds that are “functionally selective” in that they may
bind to all four BZ-sensitive subunits of the GABAA receptor, but
have intrinsic efficacy at only the desired GABAA receptor
subtypes. This functional subtype-selectivity framework has
been used to develop anxiolytics that potentially have reduced
side effects. Because the BZ scaffold historically has proven to be
generally nontoxic with desirable pharmacokinetic properties,
one approach to developing functionally selective compounds has
been to identify and advance a selected group of 8-substituted
triazolobenzodiazepines and imidazodiazepines (e.g., Rivas et al.,
2009; Poe et al., 2016). The focus recently has been on bioisostere
imidazodiazepines in a novel series of compounds with
preferential intrinsic efficacy at α2/3GABAA subtypes (Poe
et al., 2016; Witkin et al., 2017; Witkin et al., 2018; Witkin
et al., 2020), which demonstrated robust anticonvulsant
properties, anxiolytic-like effects, antinociceptive effects, but
with a reduced propensity to engender sedative-motor
disruptions. The present study reports data from key
compounds from a series of 8-substituted analogs of triazolam.
Triazolam is noteworthy for having high affinity for GABAA

subtypes, albeit without selectivity, along with the additional
advantage of limited active metabolites (e.g., Ducić et al.,
1993). One goal of our studies was to assess the extent to
which the favorable in vitro and in vivo profile of
imidazodiazepines may be extended to the 8-substituted
triazolobenzodiazepine series.

The triazolobenzodiazepine triazolam (Halcion®, as well as
the analog, alprazolam, Xanax®) is a potent sedative-anxiolytic
drug in clinical use. The present studies describe the binding
affinity and efficacy profiles of two analogs of triazolam: XLi-JY-
DMH (6-(2-chlorophenyl)-8-ethynyl-1-methyl-4H-benzo [f]
[1,2,4]triazolo[4,3-a][1,4]diazepine) and SH-TRI-108 [(E)-8-
ethynyl-1-methyl-6-(pyridin-2-yl)-4H-benzo [f][1,2,4]triazolo[4,3-a]

[1,4]diazepine], two compounds that have been developed as
part of the 8-substituted triazolobenzodiazepine series (Figure 1).
As part of our anxiolytic development program, we conducted
tests in rhesus monkeys trained in a conflict model of anxiolytic-
like effects, which has reliably shown predictive validity for
relative potencies for behavioral effects in human subjects
(Rowlett et al., 2006). In addition, sedative-motor effects
were evaluated using observation and hands-on techniques
in squirrel monkeys (Platt et al., 2002; Licata et al., 2009).
Finally, to provide mechanistic information regarding the
results with triazolobenzodiazepines in comparison with
imidazodiazepines, we conducted molecular modeling
experiments with compounds evaluated in this study in
comparison to representative imidazodiazepines (Figure 1).

METHODS

Radioligand Binding Assay
Culture and Transfection of HEK 293 Cells
Transformed human embryonic kidney (HEK 293) cells were
cultured, transfected and harvested as described in Pöltl et al.
(2003). Briefly, transformed HEK 293 cells (CRL 1573; American
Type Culture Collection, Rockville, MD) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum, 2 mM L-glutamine, 50 μM ß mercaptoethanol,
100 U/ml Penicillin G, 100 μg/ml streptomycin and 1% MEM
(Minimal Essential Medium � non essential amino acids) in
75 cm2 Petri dishes by the use of standard cell culture techniques.
HEK 293 cells were transfected with a total of 21 μg of subunit
cDNA (rat: α1, α2, α3, α5, β3, γ2; cloned in pCI; Promega,
Madison,WI) at a cDNA ratio of αx: βx: γx � 1:1:1 via the calcium
phosphate precipitation method as described by Chen and
Okayama (1988). This cDNA ratio has been used previously
for the expression of various GABAA receptors in [3H]muscimol
or [3H]Ro 15–1788 binding studies (e.g., Zezula et al., 1996). The
cells were harvested in phosphate-buffered saline (PBS; 137 mM
NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 4.3 mM Na2HPO4 pH 7.3)
48 h after transfection.

Radioligand Binding
For inhibition studies, frozen membranes from transfected HEK
cells were thawed, homogenized in 50 mMTris/citrate buffer (pH
7.4) using an Ultra-Turrax, and then followed by two
centrifugation resuspension cycles (200,000 x g for 20 min at
4°C). Cell pellets were resuspended in 50 mM Tris/citrate buffer
(pH 7.4) at a protein concentration in the range of 0.1–1 mg/ml as
measured with the BCA protein assay kit (Pierce, Rockford, IL)
using bovine serum albumin as standard.

Three hundred (300) μL of the final homogenates were
suspended in 1 ml of a solution containing 50 mM Tris/citrate
buffer (pH 7.1), 150 mMNaCl, 2 nM [3H]flunitrazepam (74.1 Ci/
mmol) in the absence or presence of 100 μM flunitrazepam,
10 pM–10 μM triazolam, 1 nM–300 nM XLi-JY-DMH, or
3 nM–1 μM SH-TRI-108. After incubation for 90 min at 4°C,
the suspensions were rapidly filtered through Whatman GF/B
filters using a multi-channel receptor binding harvester (Brandel
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Inc., Gaithersburg, MD), washed three times with 3 ml of 50 mM
Tris/citrate buffer (pH 7.1) and subjected to liquid scintillation
counting (Filter-Count, Packard; 2100 TR Tri-Carb Scintillation
Analyser, Packard). Data were analyzed using GraphPad Prism
(Graph Pad Software Inc., San Diego, CA). Ki values were
calculated using the Cheng Prusoff equation (Cheng and
Prusoff, 1973).

Two Electrode Voltage Clamp Assay
Preparation of Cloned mRNA
Cloning of rat GABAA receptor subunits α1, β3 and γ2 into
pCDM8 expression vectors (Invitrogen Co.; Carlsbad, CA) has
been described elsewhere (Fuchs et al., 1995). cDNAs for subunits
α2, α3 and α5 were gifts from P. Malherbe and were subcloned
into the pCI-vector. After linearizing the cDNA vectors with
appropriate restriction endonucleases, capped transcripts were
produced using the mMessage mMachine T7 transcription kit
(Ambion, Inc.; Austin, TX). The capped transcripts were
polyadenylated using yeast poly(A) polymerase (USB;
Cleveland, OH) and were diluted and stored in
diethylpyrocarbonate-treated water at –70°C.

Functional Expression of GABAA Receptors
The methods used for isolating, culturing, injecting and
defolliculating of oocytes are identical to those described by
Sigel and colleagues (Sigel, 1987; Sigel et al., 1990). Mature
female Xenopus laevis (Nasco, Inc.; Fort Atkinson, WI) were
anesthetized in a bath of ice-cold 0.17% Tricain (Ethyl-m-
aminobenzoat) before decapitation and removal of the frog
ovaries. Stage 5–6 oocytes with the follicle cell layer around
them were singled out of the ovary using a platinum wire
loop. Oocytes were stored and incubated at 18°C in modified
Barths’ Medium [MB, containing 88 mM NaCl, 10 mM HEPES-
NaOH (pH 7.4), 2.4 mM NaHCO3, 1 mM KCl, 0.82 mMMgSO4,
0.41 mMCaCl2, 0.34 mMCa(NO3)2] that was supplemented with
100 U/ml penicillin and 100 μg/ml streptomycin. Oocytes with
follicle cell layers still around them were injected with 50 nL of an
aqueous solution of cRNA. This solution contained 0.0065 ng/nL
of the transcripts for the α and the β3 subunit, as well as 0.032 ng/
nL of the transcript for the γ2 subunit. Xenopus oocytes were
injected with rat α1β3γ2, α2β3γ2, α3β3γ2, or α5β3γ2 subunit
combinations.

After injection of cRNA, oocytes were incubated for at least
36 h before the enveloping follicle cell layers were removed. To
this end, oocytes were incubated for 20 min at 37°C in MB that

contained 1 mg/ml collagenase type IA and 0.1 mg/ml trypsin
inhibitor I-S. This was followed by osmotic shrinkage of the
oocytes in doubly concentrated MBmedium supplied with 4 mM
Na-EGTA. Finally, the oocytes were transferred to a culture dish
containing MB and were gently pushed away from the follicle cell
layer which stuck to the surface of the dish. After removing the
follicle cell layer, oocytes were allowed to recover for at least 4 h
before being used in electrophysiological experiments.

Electrophysiological Recording
Oocytes were placed on a nylon-grid in a bath of Xenopus Ringer
solution [XR, containing 90 mMNaCl, 5 mMHEPES-NaOH (pH
7.4), 1 mM MgCl2, 1 mM KCl and 1 mM CaCl2]. The oocytes
were constantly washed by a flow of 6 ml/min XR which could be
switched to XR containing GABA and/or drugs. Drugs were
diluted into XR from DMSO-solutions resulting in a final
concentration of 0.1% DMSO perfusing the oocytes. Drugs
were preapplied for 30 s before the addition of GABA
(concentration equal to EC3), which was then coapplied with
the drugs until a peak response was observed. Between two
applications, oocytes were washed in XR for up to 15 min to
ensure full recovery from desensitization. For current
measurements, the oocytes were impaled with two
microelectrodes (2–3 mΩ) which were filled with 2 mM KCl.
All recordings were performed at room temperature at a holding
potential of –60 mV using a Warner OC-725C two-electrode
voltage clamp (Warner Instruments; Hamden, CT) or a Dagan
CA-1B Oocyte Clamp (Dagan Co.; Minneapolis, MN). Data were
digitized, recorded and measured using a Digidata 1322 A data
acquisition system (Axon Instruments; Union City, CA).

Data Analyses
Results of concentration response experiments were fitted using
GraphPad Prism 3.00. The equation used for fitting concentration
response curves was Y�Bottom + (Top-Bottom)/[1 +
10̂([LogEC50-X] * nH)]. X represents the logarithm of
concentration, Y represents the response, and nH represents
the Hill Slope. Y starts at Bottom and goes to Top with a
sigmoid shape. This is identical to the “four parameter logistic
equation”. This iterative curve-fitting approach was used to
obtain EC50, maximum effect, and Hill slope parameters based
on the percent increase in Cl− current induced by GABA
application.

The curve-fitting approach also was used in an additional
analysis, based on converting the “raw” data to a ratio with the

FIGURE 1 |Chemical structures of triazolam, 8-substituted triazolobenzodiazepines (XLi-JY-DMH, SH-TRI-108) and 8-substituted imidazodiazepines (XHe-II-053,
HZ-166).
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results from triazolam. The rationale for this analysis was that the
two analogs were evaluated at the same concentrations as
triazolam. Because triazolam is a well-characterized BZ ligand
in vitro and in vivo, we could then derive both potency and
maximum effect data as “relative to triazolam”, which is
considered to be a non-selective ligand. Therefore, assuming
comparable receptor engagement, the behavioral data was
interpreted as differences due to the extent that XLi-JY-DMH
and/or SH-TRI-108 differed in potency and/or efficacy at
receptor subtypes, relative to triazolam.

Conflict Procedure
Subjects and Surgical Procedure
Three adult male rhesus monkeys (Macaca mulatta), weighing
6.3–10.3 kg, were studied in daily experimental sessions (Monday
to Friday). Between sessions, monkeys lived in individual home
cages where they had unlimited access to water. The monkeys
were maintained at ∼90% of their free-feeding body weight by
adjusting their access to food in the home cage (Teklad Monkey
Diet supplemented with fresh fruit). All animals were maintained
in accordance with the guidelines of the Committee on Animals
of the Harvard Medical School and the “Guide for Care and Use
of Laboratory Animals” of the Institute of Laboratory Animal
Resources, National Research Council, Department of Health,
Education and Welfare Publication No (NIH) 85–23, revised
1996. Research protocols were approved by the Harvard Medical
School Institutional Animal Care and Use Committee.

Monkeys were prepared with chronic indwelling venous
catheters (polyvinyl chloride, i.d.: 0.64 mm; o. d.: 1.35 mm)
using the general surgical procedures described by Platt et al.
(2005). Under isoflurane anesthesia and aseptic conditions, one
end of a catheter was passed to the level of the right atrium by way
of a brachial, femoral or jugular vein. The distal end of the
catheter was passed subcutaneously and exited in the mid-
scapular region. Catheters were flushed daily with heparinized
saline (150–200 U/ml) and were sealed with stainless steel
obturators when not in use. Monkeys wore custom-made
nylon-mesh jackets (Lomir Biomedical, Toronto, Canada) at
all times to protect the catheter.

Apparatus
Experimental sessions were conducted in ventilated and sound-
attenuating chambers. Monkeys were seated in custom-made
primate chairs (Crist Instrument Co., Hagerstown, MD). One
response lever (model ENV-610M,Med Associates, Inc., Georgia,
VT) was mounted on the wall of the chamber in front of the
monkey. Each press of a lever with a minimum downward force
of approximately 0.25 N produced an audible click and was
recorded as a response. Food pellets (Formula 05474, 1 g,
Bioserve, Frenchtown, NJ) could be delivered to a tray located
between the levers. Colored lights mounted above the levers could
be illuminated to serve as visual stimuli. Child-size shoes were
fitted with brass electrode plates and were connected to a shock
generator (Med Associates; Georgia, VT). Electrode gel (Parker
Laboratories, Inc.; Fairfield, NJ) was applied to the plates to
facilitate contact between the plates and the monkeys’ feet.

Procedure
Monkeys were trained to respond under a multiple schedule of
food reinforcement consisting of two components: 1) a schedule
of food delivery only, and 2) a schedule of food pellet delivery plus
a schedule of foot shock delivery (0.25 s duration, 1–3 mA
depending on the individual monkey). Four components were
available in a session, separated by 10 min time out periods in
which responding had no programmed consequences.
Responding was maintained in each component under an 18-
response, fixed-ratio (FR18) schedule of food pellet delivery. Each
component consisted of the schedule of food pellet delivery
signaled by red stimulus lights, followed immediately by the
same schedule of food delivery combined with a FR20
schedule of foot shock delivery, signaled by green stimulus
lights. Each delivery of a food pellet was followed by a 10 s
time out. Drugs were administered during the 5th min of the
10 min time out that preceded each component.

Training sessions were conducted 5 days/week until
performance in both food only and food + shock
components was stable (i.e., no upward or downward trends
in rates of responding for 3 consecutive days). In addition, if
rates of responding in a component during a training session
were greater or less than 20% of the corresponding response
rates in the previous training session, additional training
sessions were conducted until responding was again stable.
Once training criteria were met, test sessions were conducted
once or twice per week, separated by at least two days. Dose-
response functions were determined for XLi-JY-DMH
(0.003–0.3 mg/kg), SH-TRI-108 (0.03–1.8 mg/kg), as well as
the non-selective BZ agonist triazolam (0.0003–0.03 mg/kg),
using a cumulative dosing procedure similar to the one
described by Rowlett et al. (2005). Four-point cumulative
dose-response functions were determined within a single test
session by administering incremental doses (½ log units) of drug
i.v. during time out periods that preceded sequential
components. Five or more different doses of a drug were
studied by administering overlapping ranges of cumulative
doses during test sessions on different days. All monkeys in
this study received all compounds and all doses of each
compound.

Data Analysis
The number of responses in a component, minus responding
during pellet delivery and the 10-s time outs, was divided by the
total component time minus the 10 s time outs to obtain rates of
responding (responses). Data for multiple determinations were
averaged for an individual monkey, and these response rates were
averaged across monkeys (mean responses/s ± SEM). To
determine statistical reliability of treatment effects on
responding during food only and food + shock components,
the effect of dose was determined for each drug by separate
repeated measures ANOVAs. Treatment effects were assessed
further using the Fisher’s LSD method, in which the comparison
of interest was the average response rate engendered by each dose
of test drug vs. the average response rate after vehicle
administration (alpha level � p ≤ 0.05). Effect sizes were

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6252334

Golani et al. Triazolobenzodiazepines and Behavior

199

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


calculated according to the approach of Keppel and Wickens
(2004).

Observable Behavior
Subjects
Eight adult male squirrel monkeys (Saimiri sciureus), weighing
750–1,100 g, were studied in daily experimental sessions
(Monday to Friday). Between sessions, monkeys lived in
individual home cages where they had unrestricted access to
food (Teklad Monkey Diet supplemented with fresh fruit) and
water. All animals were maintained in accordance with the
guidelines of the Committee on Animals of the Harvard
Medical School and the “Guide for Care and Use of
Laboratory Animals” of the Institute of Laboratory Animal
Resources, National Research Council, Department of Health,
Education and Welfare Publication No (NIH) 85–23, revised
1996. Research protocols were approved by the Harvard Medical
School Institutional Animal Care and Use Committee.

Apparatus and Procedure
Studies were conducted in a ventilated, transparent Plexiglas
arena (114 cm × 122 cm X 213 cm) located in a room that was
isolated from other animals. The arena was equipped with
perches, plastic chains suspended from the ceiling, and a wood
chip foraging substrate to provide opportunities for monkeys to
express a range of species-typical motor behaviors. A video
camera was positioned approximately 1 m in front of the
chamber and operated continuously during the observation
session.

The monkeys initially were habituated to the observation
arena and the handling and injection procedures described
below for a period of approximately one month. Following
habituation, 30 min observation sessions were conducted daily,
during which the animal’s behavior was videotaped continuously.
This procedure provided an archival record of experimental
sessions and permitted subsequent scoring of videotapes by
independent observers. Ataxia and muscle relaxation were
measured in the same animals after the sixth, eighteenth and
thirtieth min of each 30 min session. The monkeys were removed
briefly from the observation arena by a trained handler and
evaluated for ataxia, defined as the inability to balance on a
1 cm diameter stainless steel pole held in the horizontal plane. A
score of 0 indicated that the monkey was able to balance normally
on the pole, a score of 1 indicated that the monkey was able to
hold on to the pole but unable to maintain balance (e.g., hang
suspended by limbs below pole), and a score of 2 indicated that
the monkey could neither balance on nor hold on to the pole.
Muscle relaxation was defined as decreased resistance to
extension of a hind limb. During each evaluation, a score of 0
indicated normal resistance to hind limb extension, a score of (-1)
indicated decreased resistance to hind limb extension, and a score
of (-2) indicated no resistance to hind limb extension (i.e., the
monkey was flaccid and completely relaxed).

After the habituation period described above, drug tests were
conducted once or twice per week, with control sessions preceded
by saline injections on intervening days. Various doses of XLi-JY-
DMH (0.01–1.0 mg/kg) and SH-TRI-108 (0.03–3.0 mg/kg) were

evaluated in separate test sessions. The presession injection time
of 30 min was selected on the basis of preliminary experiments to
determine approximate time to peak effect for each drug. All
drugs, as well as saline controls, were administered i. m. in a calf
or thigh muscle.

Scoring of videotapes was conducted by three observers
trained to use the behavioral scoring system described by Platt
et al. (2002). The observers were not informed about the drugs
under investigation. To assure reliability across observers, each
underwent at least 20 h of training until they reached an inter-
observer reliability criterion of ≥90% based on percent agreement
scores calculated between all possible pairs. The behavioral
scoring system included 8 categories (Table 1), which were
scored by recording the presence or absence of each behavior
in 15 s intervals during three 5 min observation periods across the
session (0–5 min, 12–17 min, 24–29 min). Scores were calculated
from these data as the number of intervals in which a particular
behavior occurred. The maximum possible score was 20. To
facilitate data analysis, object exploration and foraging were
combined into the more general category of environment-
directed behavior, and self-grooming and scratching were
combined into the more general category of self-directed
behavior.

A separate group of squirrel monkeys (N � 4) were used for
the food pellet consumption study. These monkeys were placed
in the observation chamber and habituated to the chamber as
described above. For these studies, the observation chamber was
modified such that a stainless steel food bowl could be secured
during a session. To establish baseline levels of food pellet
consumption, each monkey was administered a saline
injection (i.m.) 5 min before being placed in the observation
chamber, and was given access to 100 nutritionally appropriate
sucrose pellets (Formula F/Fp, sucrose with fruit punch, 190 mg,
Noyes Precision Food Pellets, Lancaster, NH, USA) for 10 min.
Drug test sessions were conducted two to three times per week
with saline control sessions on intervening days. At the end of
the 10 min period, the monkey was removed and the remaining
pellets counted, subtracted from 100, and recorded as pellets
consumed”.

Data Analysis
Data obtained from the videotapes and sucrose pellets consumed
were analyzed using parametric statistics, after analyses using
Shapiro-Wilks tests determined the data conformed to normal
distributions (p’s ≤ 0.05). For the pellets consumed data, the data
were converted to percent of individual monkey’s baselines
obtained from the intervening days of drug test sessions. For
each subject, scores for each behavior were averaged across the
three observation periods of a session because no reliable
differences were identified by separate repeated measures
ANOVAs. Scores were then averaged across subjects to obtain
group means. To determine statistical reliability of treatment
effects on each behavior, the effect of dose was determined for
each drug by separate repeated measures ANOVAs. Treatment
effects were assessed further using Fisher’s LSD method, in which
the comparison of interest was with saline. Data are presented
graphically as means with variability presented as SEMs. Alpha
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level for all statistical tests was p ≤ 0.05. Effect sizes were
calculated using the methods of Keppel and Wickens (2004).

Drugs, Chemicals, and Reagents
Triazolam was purchased from Sigma-RBI (St. Louis, MO). XLi-
JY-DMH and SH-TRI-108 were synthesized in the laboratory of
JM Cook, Department of Chemistry, University of Wisconsin,
Milwaukee (for synthesis, Hester and Von Voigtlander, 1979;
Cook et al., 2003; Cook et al., 2006). Drugs were dissolved in small
amounts of 95% ethanol if needed and then diluted to the desired
concentrations in a 50% propylene glycol/50% saline solution.
Other chemicals and reagents were obtained from the following
sources: Dulbecco’s modified Eagle’s medium, L-glutamine, ß-
mercaptoethanol, Penicillin G, streptomycin, and MEM from
Invitrogen (Carlsbad, CA); fetal calf serum from Cambrex
Corporation (East Rutherford, NJ) [3H]flunitrazepam from
PerkinElmer Life Sciences (Boston, MA); and Tricain and
trypsin inhibitor I-S from Sigma-Aldrich (St. Louis, MO).

Molecular Docking Method
Ligand-protein interactions were analyzed by molecular docking
using AutoDock Vina 1.5.6 (Trott and Olson, 2010). The Protein
Data Bank (PDB) file of the CryoEM structure of the human full-
length α1β3γ2L GABAA receptor in complex with alprazolam
(PDB: 6HUO) (Masiulis et al., 2019) was downloaded and
prepared for docking by fixing missing bonds or atoms,
adding polar hydrogens and assigning charges by AM1-BCC
(Austin Model1 with bond charge correction), and removing
water molecules. The protein was validated by first removing the
bound ligand (alprazolam), and this was followed by docking it in
the same binding site. The compounds were drawn and energy
minimized in Chimera. A grid size of 16–16–16 Å of the 6HUO
PDB structure was used, centered at coordinates 152.80 (x),
163.02 (y), and 161.14 (z). Illustrations of the three-
dimensional models were generated using Chimera (Pettersen
et al., 2004) and Python (Sanner, 1999). Dockings were performed
with standard search parameters and poses were refined (the
binding pose similar to alprazolam, which acts as a representative
positive allosteric modulator, was selected). From the refined
poses, the best score poses were selected for the analysis.
Molecular docking was performed with triazolam, XLi-JY-
DMH, and SH-TRI-108, in comparison with 8-substituted

imidazodiazepines for which previous data from our
laboratories have been published (Figure 1; Fischer et al.,
2010; Duke et al., 2018): XHe-II-053 (8-ethynyl-6-phenyl-4H-
2,5,10 b-triaza-benzo [e]azulene-3-carboxylic acid ethyl ester)
and HZ-166 (8-ethynyl-6-(2ʹ-pyridine)-4H-2,5,10b-triaza-
benzo [e]azulene-3-carboxylic acid ethyl ester).

RESULTS

Binding Profiles at Multiple Subtypes of
GABAA Receptors
Triazolam potently and non-selectively displaced the binding of
[3H]flunitrazepam at recombinant GABAA receptors containing
α1, α2, α3 and α5 subunits (Table 2). Similarly, XLi-JY-DMH
non-selectively competed with [3H]flunitrazepam at all GABAA

receptors. Its affinity, however, was lower than that of triazolam at
every receptor subtype, ranging from 4-fold lower at α5 subunit-
containing receptors to 13-fold at α1 subunit-containing
receptors. SH-TRI-108 also exhibited a non-selective binding
profile. Additionally, its affinity was markedly lower than both
triazolam and XLi-JY-DMH at all receptor subtypes (range
compared to triazolam: 136-fold at α5 subunit-containing
receptors to 475-fold at α1 subunit-containing receptors).

Efficacy
In general, all three ligands exhibited robust and concentration-
dependent enhancement of GABA-mediated Cl− currents, as
expected of positive allosteric modulators (Figure 2; Table 3).
Triazolam, the parent compound, showed no differences in
potency (EC50 values) among the subtypes, consistent with
affinity estimates, and resulted in curves with Hill slopes no
different from 1.0. The highest maximum stimulation from
baseline occurred at α3GABAA receptors (852.3%) and the
lowest at α1GABAA subtypes (461.6%), a pattern of effects
observed previously for other conventional BZs (e.g.,
diazepam, Fischer et al., 2010). The analog XLi-JY-DMH
resulted in a profile of effects very similar to triazolam, albeit
this ligand was ∼2.5 to 4 fold less potent than triazolam,
consistent with the results from binding affinity assays
(Table 2). Similar to triazolam, XLi-JY-DMH also engendered
maximum levels of stimulation ranging from 475.8% at
α1GABAA subtypes to 851.1% at α3GABAA subtypes.
Therefore, XLi-JY-DMH, similar to the parent compound

TABLE 1 | Behavioral definitions.

Locomotion – any two or more directed steps in the horizontal and/or vertical
plane
Environment-directed
Object exploration – any tactile or oral manipulation of features of the

observational arena
Foraging – sweeping and/or picking through wood chip substrate

Self-directed
Self-grooming – picking, scraping, spreading or licking of fur
Scratching – movement of digits through fur in a rhythmic, repeated motion

Rest posture – species-typical position: Head tucked to chest, tail wrapped around
upper body
Procumbent posture – loose-limbed, sprawled, unable to maintain an upright
position, lying on floor
Other – any notable behavior not defined above (e.g., yawn, sneeze)

TABLE 2 | Binding affinities of benzodiazepine receptor ligands at recombinant
GABAA receptors containing a subunits. Data are mean ± SD of Ki values,
based on three independent experiments performed in triplicate.

Binding affinity

Ki (nM)

Drug α1 α2 α3 α5

Triazolam 0.6 ± 0.3 0.8 ± 0.2 0.5 ± 0.1 0.9 ± 0.2
XLi-JY-DMH 7.7 ± 5.5 7.2 ± 3.0 4.2 ± 1.6 3.8 ± 1.0
SH-TRI-108 285.0 ± 182.0 248.0 ± 294.0 117.0 ± 26.0 122.0 ± 37.0
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triazolam, can be described as a full positive modulator with no
evident subtype selectivity.

In contrast to triazolam and XLi-JY-DMH, SH-TRI-108
showed a modest degree of selectivity. Analyses of EC50 values
showed no overlap in 95% CIs for α1GABAA vs. α2GABAA (∼6-
fold difference) and α5GABAA (∼4-fold difference)
concentration-response functions (Table 3). At higher
concentrations, however, the amount of potentiation across
the subunits was similar to the results with triazolam,
suggesting that SH-TRI-108 is a full modulator at all subtypes.
It is worth noting that maximum effect of SH-TRI-108 at the
α1GABAA subtype was achieved only at the highest
concentration of 10 μM, making this value an interpolation of
maximal effects, in contrast to the concentration-effect functions
at the other three subtypes.

Because the prototypical non-selective BZ triazolam actually
has variations in efficacy and potency at different subtypes (e.g.,
functional selectivity at α3GABAA receptors), we converted the

entire concentration-response functions of XLi-JY-DMH and
SH-TRI-108 to proportion of triazolam’s effects (Figure 2).
Non-linear regression analysis was used to calculate potency
and efficacy for the two analogs, which are shown in Table 4.
As can be seen in the Table, the parameters of the logistic
equation fit all curves with Hill slopes near 1.0. As with the
raw data, the maximum effect (as proportion of triazolam) were
essentially identical, with proportions close to 1.0 (i.e., equi-
effective with triazolam). Potencies for both XLi-JY-DMH and
SH-TRI-108 were lowest for α1GABAA receptors. These
differences for XLi-JY-DMH were modest and not significant,
ranging from 1.3- to 3-fold. For SH-TRI-108, however, there was
evidence of α1GABAA functional selectivity, with a ∼25-fold,
∼5.4-fold, and ∼9.2-fold difference in potency vs. α2GABAA,
α3GABAA, and α5GABAA subtypes, respectively. Although
statistically significant (p’s < 0.05), the key question becomes
to what extent does this in vitro functional selectivity for SH-TRI-
108 translate to behaviorally meaningful selectivity in anxiolytic-
like and sedative-motor effects.

Anxiolytic-like Effects
The rhesus conflict model can differentiate α1GABAA-preferring
compounds from those with selectivity for α2/3GABAA receptors
(e.g., Fischer et al., 2010) with the former compounds ineffective
in increasing rates of suppressed responding, whereas the latter
compounds increase rates of suppressed responding, but have no
effects on non-suppressed responding (Rowlett et al., 2005; 2006).
During training sessions, mean rates of responding in non-
suppressed (food only) components were between 3.0 and 4.0
responses/s, whereas rates of responding in suppressed (food +
shock) components were at or near zero. During tests with drug
vehicles, rates of responding in the non-suppressed and
suppressed components showed a similar pattern as during
training (i.e., relatively high response rates in the absence of
shock, little or no responding when shock was present; Figure 3,
gray vs. blue symbols above “V”).

Intravenous administration of triazolam engendered a
characteristic increase in the rates of suppressed responding at
low-to-intermediate doses and attenuated the rates of non-
suppressed responding at higher doses (Figure 3, left panel;
see Table 5 for results). The effects of triazolam were dose-
dependent, with a cumulative dose of 0.01 mg/kg engendering a
reliable increase in the mean rate of suppressed responding
compared to the response rate after the administration of
vehicle (p < 0.05, Fisher’s method). The highest dose of
triazolam (0.03 mg/kg) reliably decreased the mean rate of
non-suppressed responding compared to vehicle (p < 0.05).
Comparing the minimum effective dose (MED) to alter
suppressed responding (0.01 mg/kg) with the MED to alter
non-suppressed responding (0.03 mg/kg), triazolam was 3-fold
more potent at increasing suppressed responding vs. decreasing
non-suppressed responding.

In general, XLi-JY-DMH produced effects similar to triazolam
(Figure 3, middle panel; see Table 5 for results). XLi-JY-DMH
dose-dependently increased rates of suppressed responding over
the dose range of 0.003–0.1 mg/kg. Response rates after
cumulative doses of 0.03 and 0.1 mg/kg were reliably different

FIGURE 2 | Modulation of recombinant αxGABAA subtypes by 8-
substituted triazolobenzodiazepines XLi-JY-DMH and SH-TRI-108. Data are
expressed as percentage of triazolam effects at each concentration, based on
modulation of the ability of GABA (EC3) to potentiate Cl− currents
measured via patch-clamp techniques. Each point is based on N � 3-5
replications.
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from vehicle (p’s < 0.05). XLi-JY-DMH dose-dependently
decreased rates of responding in the non-suppressed
components, with the two highest doses (0.1 and 0.3 mg/kg)
virtually eliminating responding (p’s < 0.05). Comparing the
MED to alter suppressed responding (0.03 mg/kg) with the

MED to alter non-suppressed responding (0.1 mg/kg), XLi-JY-
DMH also was 3-fold more potent at increasing suppressed
responding vs. decreasing non-suppressed responding.

Like triazolam and XLi-JY-DMH, SH-TRI-108 dose-
dependently increased rates of suppressed responding, with

TABLE 4 | Intrinsic efficacy and potency of benzodiazepine receptor ligands at recombinant GABAA receptors containing αXβ3γ2 subunits based on all data converted to
proportion of triazolam.

α1 α2 α3 α5

XLi-JY-DMH
EC50 (nM) 30.3 ± 12.2 10.1 ± 2.1 23.3 ± 2.8 15.5 ± 2.3
Hill slope 0.91 ± 0.23 1.14 ± 0.15 0.88 ± 0.07 1.21 ± 0.25
Max effect (proportion of triazolam) 1.01 ± 0.13 1.07 ± 0.10 1.16 ± 0.05 0.96 ± 0.05
SH-TRI-108
EC50 (nM) 574.1 ± 95.0 22.6 ± 8.4 105.9 ± 9.5 61.8 ± 8.3
Hill slope 0.83 ± 0.08 0.89 ± 0.16 0.86 ± 0.09 1.11 ± 0.16
Max effect (proportion of triazolam) 1.16 ± 0.06 1.05 ± 0.13 1.17 ± 0.04 0.99 ± 0.04

FIGURE 3 | Effects of benzodiazepine receptor ligands in rhesus monkeys responding under a two-component multiple schedule in which responding was
maintained under a fixed-ratio schedule of food delivery in the absence (non-suppressed responding) and presence of response-contingent electric shock (suppressed
responding). Data are mean ± SEM for N � 3 rhesus monkeys. Blue asterisks (*): p < 0.05 vs. vehicle for suppressed responding (blue squares); Gray asterisks (*) p < 0.05
vs. vehicle for non-suppressed responding (gray triangles), Fisher’s method.

TABLE 3 | Intrinsic efficacy and potency of benzodiazepine receptor ligands at recombinant GABAA receptors containing αXβ3γ2 subunits, measured by patch-clamp
electrophysiology.

α1 α2 α3 α5

Triazolam
EC50 (nM) (95% CI) 9.0 (7.2–11.3) 8.4 (5.5–12.6) 17.3 (14.3–20.7) 5.8 (4.9–16.9)
Hill slope 1.00 ± 0.08 1.07 ± 0.18 1.18 ± 0.09 1.03 ± 0.14
Max % effect 461.6 ± 7.0 581.0 ± 17.2 852.4 ± 12.3 529.6 ± 5.6
XLi-JY-DMH
EC50 (nM) (95% CI) 35.2 (15.8–78.4) 20.7 (13.7–31.2) 47.0 (24.8–89.1) 14.9 (9.6–23.0)
Hill slope 0.96 ± 0.23 1.04 ± 0.15 1.07 ± 0.24 1.10 ± 0.22
Max % effect 475.8 ± 33.9 591.0 ± 21.0 851.1 ± 59.0 427.8 ± 14.2
SH-TRI-108
EC50 (nM) (95% CI) 497.6 (373.3–663.4) 82.0 (64.1–104.9) 333.0 (225.5–491.5) 129.9 (90.1–187.3)
Hill slope 0.93 ± 0.08 0.99 ± 0.11 0.96 ± 0.12 0.94 ± 0.14
Max % effect 545.3 ± 16.4 598.3 ± 12.5 959.7 ± 38.9 525.5 ± 16.6
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response rates after cumulative doses of 0.1 and 0.3 mg/kg reliably
different from vehicle (Figure 3, right panel; p’s < 0.05; see
Table 5 for results). Rates of responding in the non-
suppressed components were dose-dependently decreased, and
response rates after the highest dose of SH-TRI-108 were
significantly lower than rates after vehicle (p < 0.05). Although
the effects of SH-TRI-108 were qualitatively similar to the other
benzodiazepine receptor ligands, comparison of the MED to alter
suppressed responding (0.1 mg/kg) with the MED to alter non-
suppressed responding (1.8 mg/kg) showed that SH-TRI-108 was
18-fold more potent at increasing suppressed responding vs.
decreasing non-suppressed responding.

Observable Effects
Our squirrel monkey observation procedures also can
differentiate α1GABAA-preferring ligands from non-selective
ligands under certain conditions (Platt et al., 2002; Rowlett
et al., 2005; Licata et al., 2009). Of note, triazolam was
evaluated in both Platt et al. (2002) and Licata et al. (2009),
and those previous data were used as comparators to the present
findings with XLi-JY-DMH and SH-TRI-108. In the present
study, the average frequency of self-directed behaviors
(grooming, scratching) was low following saline administration
and was not systematically affected by administration of any drug
(data not shown). The levels of locomotion and environment-
directed behavior (object exploration and foraging) at low doses
did not differ from that observed on control days (Figure 4, top
panels, compare points with horizontal gray bar; note that results
are summarized in Table 5). However, at intermediate-to-high

doses (≥0.03), XLi-JY-DMH reduced these behaviors (p < 0.05 in
both cases). A single intermediate dose of XLi-JY-DMH
(0.03 mg/kg) also engendered reliable increases in rest posture
(Figure 4, bottom left panel; p � 0.05). The highest doses of XLi-
JY-DMH (≥0.3 mg/kg) reliably increased procumbent posture
(Figure 4, bottom right panel; 0.3 mg/kg: p < 0.05; 1.0 mg/kg: p <
0.001).

SH-TRI-108 engendered a similar pattern of effects on
observable behavior. SH-TRI-108 reduced overall activity at
higher doses (≥0.3 mg/kg), inducing significant decreases in
both locomotion and environment-directed behavior (p < 0.05
for both behaviors; Figure 4, top panels). Concomitant with the
decrease in these active behaviors, SH-TRI-108 induced
significant increases in rest posture (1.0 mg/kg) and
procumbent posture (3.0 mg/kg; Figure 4, bottom panels; rest
posture: p < 0.001; procumbent posture: p < 0.001 in both cases).

Based on our previous research (e.g., Rowlett et al., 2005), one
prediction based on in vitro activity at α1GABAA subtypes is
significant procumbent posture compared to other behaviors.
Similar to triazolam previously (Platt et al., 2002), both XLi-JY-
DMH and SH-TRI-108 engendered these behaviors. Because of
the differences in GABA-mediated current potencies, we assessed
the extent to which XLi-JY-DMH and SH-TRI-108 differed
among the four behavioral effects induced by each compound.
Comparison of MEDs showed that SH-TRI-108 was 10-fold less
potent than XLi-JY-DMH for decreases in locomotion and
environment-directed behavior, and increases in procumbent
posture, with a 33-fold difference in MEDs for increases in
rest posture (Table 6).

TABLE 5 | Summary of omnibus tests of significance (repeated measures analyses of variance) for the behavioral experiments with triazolobenzodiazepines.

Study Effect Drug/Compound F Value Degrees of
freedom (numerator,

denominator)

p Value Effect size
(r2)*

Conflict
Non-suppressed Triazolam 15.39 5, 10 <0.001 0.885
Suppressed Triazolam 20.61 5, 10 <0.0001 0.912
Non-suppressed XLi-JY-DMH 19.98 5, 10 <0.0001 0.910
Suppressed XLi-JY-DMH 17.11 5, 10 <0.001 0.873
Non-suppressed SH-TRI-108 21.99 5, 10 <0.0001 0.919
Suppressed SH-TRI-108 14.57 5, 10 <0.001 0.867

Observable Effects
Locomotion XLi-JY-DMH 2.78 6, 18 0.043 0.514
Environment-Directed XLi-JY-DMH 2.80 6, 18 0.042 0.519
Rest Posture XLi-JY-DMH 2.71 6, 18 0.047 0.495
Procumbent XLi-JY-DMH 6.54 6, 18 <0.001 0.972
Ataxia XLi-JY-DMH 4.27 6, 18 0.008 0.814
Resistance XLi-JY-DMH 27.67 6, 18 <0.001 0.989
Locomotion SH-TRI-108 7.78 4, 12 0.002 0.950
Environment-Directed SH-TRI-108 4.64 4, 12 0.017 0.712
Rest Posture SH-TRI-108 10.69 4, 12 <0.001 0.991
Procumbent SH-TRI-108 14.48 4, 12 <0.001 0.999
Ataxia SH-TRI-108 32.20 4, 12 <0.001 0.999
Resistance SH-TRI-108 48.21 4, 12 <0.001 0.999
Pellet Consumption Triazolam 7.64 5, 18 <0.001 0.914

XLi-JY-DMH 5.96 5, 18 <0.001 0.807
SH-TRI-108 6.33 5, 18 <0.001 0.896

*Effect size calculated by the method of Keppel and Wickens (2004).
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Results from hands-on assessments of ataxia and muscle
resistance are depicted in Figure 5 (see Table 5 for results). For
XLi-JY-DMH, the dose-response function for mean ataxia
scores was biphasic, with the 0.1 and 0.3 mg/kg doses
engendering significant increases from vehicle (p < 0.05). In
contrast, SH-TRI-108 showed a monotonic dose-response
function for mean ataxia scores, with doses of 1.0 and
3.0 mg/kg significantly greater than vehicle (p < 0.05). Both
compounds also significantly decreased mean resistance scores
(Figure 5, bottom panels), with XLi-JY-DMH again showing a
biphasic dose-response function, in which doses above
0.1 mg/kg tended to return to resistance scores of zero
(although still significantly below vehicle, p < 0.05). SH-
TRI-108, in contrast, demonstrated a dose-dependent
decrease in mean resistance scores, with the dose of
0.3 mg/kg and above significantly lower than vehicle (p <
0.05). Comparison of MED values for both compounds
between the two measures revealed that decreases in muscle

resistance occurred at a lower dose, i.e., was a more potent
effect, than ataxia for both compounds, although the difference
was relatively modest (3.3-fold).

Consistent with our previous research (Duke et al., 2006),
sucrose pellet consumption was increased to approximately
250–300% of baseline values by triazolam, XLi-JY-DMH, and
SH-TRI-108 (Figure 6; see Table 5 for results). Compared
with vehicle tests, the 0.03 mg/kg dose of triazolam and
1.0 mg/kg for both triazolobenzodiazepine compounds
resulted in significantly increase levels of sucrose pellet
consumption. A noteworthy observation is that doses
above the 0.03 mg/kg of triazolam and 1.0 mg/kg of SH-
TRI-108 did not significantly alter sucrose pellet
consumption, suggesting a biphasic function, whereas XLi-
JY-DMH engendered a monotonic increase in pellet
consumption over the dose range tested.

Summaries of the potencies for triazolam and the
triazolobenzodiazepine effects on observed behavior are shown
in Table 6, based on minimum effective doses (MEDs). For most
behaviors, triazolam and XLi-JY-DMH were essentially
equipotent, varying by no more than plus/minus 3-fold,
whereas SH-TRI-108 was generally less potent, ranging from
3- to 33-fold higher MED values. The only variant from this
pattern was XLi-JY-DMH being 33-fold less potent than
triazolam and equipotent with SH-TRI-108 in inducing
increased sucrose pellet consumption.

FIGURE 4 | Observable behavior following i. m. injections of XLi-JY-
DMH and SH-TRI-108 in squirrel monkeys (N � 4). Data are mean modified
frequency score (+/- SEM) for four behaviors altered significantly by
treatments (see Table 1 for definitions). Symbols filled with white
represent significant differences from vehicle, represented as gray horizontal
bars (lower and upper SEMs), Fisher’s method.

FIGURE 5 | Experimenter-assessed ataxia and muscle resistance
(relaxant) scores following i. m. injections of XLi-JY-DMH and SH-TRI-108 in
squirrel monkeys (N � 4). Data are mean ± SEM. *p < 0.05 vs. vehicle, Fisher’s
method.
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Molecular Docking
The structural docking studies were conducted to elucidate the
unique molecular interactions of the 8-ethynyl
triazolobenzodiazepines (XLi-JY-DMH, SH-TRI-108) and
previously published 8-ethynyl imidazodiazepines (XHe-II-053
and HZ-166) with the α1 subunit-containing GABAA receptor.
Described both below and in Figures 7–9 are the interactions
between the receptor binding site and the ligands. The Figures
show the α+γ-binding interface of the α1GABAA receptor, with
the α1 interface in aquamarine and the γ2 interface in orchid,
with the ligands posed to the C-loop of the α1 subunit, a
component of the receptor well-established as critical to
ligand-mediated binding and gating (cf. Terejko et al., 2020).
The triazolam structure was docked in a similar conformation as
bound alprazolam in the CryoER structure (6HUO). The chlorine
atom at the C8 position in triazolam forms a halogen bond
with the carbonyl oxygen of the α1His102 amino acid backbone
which is absent in 8-substituted imidazodiazepines (compare
Figure 7A with Figure 8). It is clear that the interactions
between the C-loop and the triazolobenzodiazepines,
i.e., stabilization of the C-loop in the open conformation,
are stronger than the interactions between the C-loop and
the imidazodiazepines (compare Figures 7, 8). This likely
is the reason that triazolam and the triazolobenzodiazepines
are more prominently sedating ligands, whereas the
imidazodiazepines showed no appreciable or reduced
benzodiazepine-like sedation (Rivas et al., 2009; Fischer et al.,
2010; Di Lio et al., 2011; Paul et al., 2014; Duke et al., 2018;
Tudeau et al., 2020). Illustrated in Figures 7, 8 are the docking
poses of ligands 1–5. Docking poses of 8-ethynyl
triazolobenzodiazepines indicates that the triazole ring system
occupies the same location as the ligand alprazolam bound to the
receptor (PDB 6HUO). The triazole ring stabilizes the C-loop in
the open position via the hydrogen bonds with the side chain
hydroxyl group and the backbone amide nitrogen of α1Serine205.
The imine nitrogen of ligands 2 and 3 forms a hydrogen bond
with the side chain of α1Serine205. The pendant phenyl rings of
all compounds are packed in an aromatic box formed by
α1Tyr210, α1Tyr160, α1Phe100, α1His102, and γ2Phe77. The
terminal hydrogen of acetylene in triazolobenzodiazepines forms
a weak hydrogen bond (distance 2 and 2.8 Å, respectively) with
the carboxyl oxygen of the α1His102 backbone (Figures 7B,C).
These interactions help to stabilize the ion channel C-loop in the
open position permitting chlorine ions to flow through the
channel. In contrast to 8-ethynyl triazolobenzodiazepines, the
terminal hydrogen of the acetylene in imidazodiazepines
(ligands 4–5) does not form a hydrogen bond with the carboxyl

oxygen of the α1His102 backbone. The imine nitrogen and
imidazole ring nitrogen of imidazodiazepines do form hydrogen
bonds with the α1Serine205 side chain but with longer (weaker)
distances than that of triazolobenzodiazepines (compare Figures 7,
8). Examination of the overlay docking poses of SH-TRI-108 and
HZ-166 shows a slightly different orientation of the acetylene
moiety and pendant phenyl ring (Figure 9). The overall
docking scores were in the order of (strongest to weakest
binding energy) triazolam > XLi-JY-DMH > SH-TRI-108>XHe-
II-053>HZ-166 (see Table 7).

DISCUSSION

Since the introduction of chlordiazepoxide and diazepam in the
1960’s, BZ-type drugs have become important psychiatric tools
for the management of anxiety and sleep disorders. Over the past
two decades, intense interest in exploiting the BZ-sensitive
GABAA receptor subtypes has resulted in clinical candidates
that lack some of the deleterious side effects associated with
this class of drugs (for review, see Maramai et al., 2020). A recent

FIGURE 6 | Sucrose pellet consumption by squirrel monkeys (N � 4)
following i. m. injections of triazolam, XLi-JY-DMH, or SH-TRI-108. Data are
percent of baseline pellet consumption, the horizontal gray bar represents
lower and upper SEMs for vehicle treatment. *p < 0.05 vs. vehicle,
Fisher’s method.

TABLE 6 | Potencies determined by minimum effective dose (MED, mg/kg) for induction of observable behavioral effects and from hands-on assessment following triazolam
and triazolobenzodiazepines in squirrel monkeys (N � 4).

Ligand Locomotion Environment-Directed Rest Posture Procumbent Posture Food Consumption Increase Ataxia Muscle Resistance

Triazolam 0.03* 0.1* 0.1* 0.1* 0.03 0.1* 0.1*
XLi-JY-DMH 0.1 0.03 0.03 0.3 1.0 0.1 0.03
SH-TRI-108 1.0 0.3 1.0 3.0 1.0 1.0 0.3

*Triazolam data were derived from previously published reports using the same methodology (Platt et al., 2002; Duke et al., 2006; Licata et al., 2009).
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unique application of preclinical discovery and development are
bioisostere 8-ethynyl-imidazodiazepines, which along with
reduced sedative effects have shown clear promise as improved
anticonvulsants for the treatment of epilepsy (e.g., Witkin et al.,
2020). Here, we examined an additional series of 8-ethynyl
analogs of triazolam (8-ethynyl-triazolobenzodiazepines),
which take advantage of triazolam’s relatively high degree of
efficacy and desirable overall potency.

The compounds studied in our program, XLi-JY-DMH and
SH-TRI-108, retained the relatively high intrinsic efficacy and
potency of triazolam in vitro evaluations. For both the
triazobenzodiazepine and imidazodiazepine series, the 8-
ethynyl modification appears to result in some loss of potency,
although there is an overall shift in efficacy profiles to
differentiation between α1GABAA and α2/α3GABAA subtypes
(Poe et al., 2016; Sieghart and Savić, 2018). For example, the

imidazodiazepine KRM-II-81 (5-(8-ethynyl-6-(pyridin-2-yl)-
4H-benzo [f]imidazo[1,5-a][1,4]diazepin-3-yl)oxazole)
demonstrated a greater degree of intrinsic efficacy at α2/
α3GABAA subtypes relative to α1GABAA subtypes (e.g.,
Witkin et al., 2017; Witkin et al., 2020), although at higher
concentrations this and related compounds do show at least
partial intrinsic efficacy at the latter subtypes (leading to the
suggested descriptor of “α2/α3GABAA subtype-preferring
compounds”; Maramai et al., 2020).

As discussed by Sieghart and Savić (2018), selectivity of a
compound should be conceptualized as an interaction of potency,
efficacy, and target engagement. In this regard, it is feasible that a
compound may have substantial intrinsic efficacy at a subtype,
but the potency at this subtype is low enough that sufficient CNS
concentrations cannot be attained following peripheral
administration (Sieghart and Savić, 2018). For the present

FIGURE 7 | The docked confirmations of triazolam (yellow), XLi-JY-DMH (orange) and SH-TRI-108 (gray) in the complex with the α1β3γ2L GABAA receptor 6HUO
at the α+γ− interface benzodiazepine binding site [α1 (aquamarine) and γ2 (orchid)], dashed lines indicate hydrogen bonds (green) and halogen bond (black).

FIGURE 8 | The docked confirmations of XHe-II-053 (sienna) and HZ-166 (light green) in the complex with the α1β3γ2L GABAA receptor 6HUO at the α+γ− interface
benzodiazepine binding site [α1 (aquamarine) and γ2 (orchid)], dashed lines indicate hydrogen bonds (green) and halogen bond (black).
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study, such a scenario was postulated for SH-TRI-108. For
example, at a concentration of 100 nM, positive modulation of
24% relative to triazolam was obtained for α1GABAA subtypes,
whereas the positive modulation at the other three subtypes was
52% or above. This differentiation was most notable for
α2GABAA receptors, for which the positive modulation of
GABA-mediated Cl− currents was 70% relative to triazolam.
This degree of functional selectivity has resulted in “anxio-
selective” effects for other compounds (for review, see Sieghart
and Savić, 2018; Maramai et al., 2020). At higher concentrations,
however, functional selectivity was not evident, suggesting that
SH-TRI-108 would show behavioral selectivity over a narrower
range of doses than a compound deemed functionally selective
based on an absence of intrinsic efficacy at α1GABAA receptors.

To determine if the level of selectivity exhibited by SH-TRI-
108 in vitro translated to a unique behavioral profile in vivo, we
conducted behavioral pharmacology studies in monkeys using
the approach described by Rowlett et al. (2005). Although overall

differences in potency among triazolam, XLi-JY-DMH, and SH-
TRI-108 were observed, there was little to distinguish the
compounds with respect to selective anxiolytic-like effects. In a
rhesus monkey conflict model of anxiolytic-like effects, SH-TRI-
108 showed a greater degree of separation (18-fold) between
suppressed and non-suppressed responding (i.e., anti-conflict
effect) compared with triazolam and XLi-JY-DMH (both 3-
fold), this 18-fold difference is in some instances smaller than
observed for other known anxiolytic, yet sedative, drugs in this
same procedure (Rowlett et al., 2005; Rowlett et al., 2006).
Similarly, SH-TRI-108 induced observable effects and increases
in food consumption in squirrel monkeys that were very similar
to those observed with triazolam and other BZs, but not
compounds with α2/3/5GABAA functional selectivity (e.g.,
Platt et al., 2002; Rowlett et al., 2005; Duke et al., 2006). In
general, we conclude that the degree of selectivity (25-fold
α2GABAA vs. α1GABAA subtypes) shown by SH-TRI-108
likely is insufficient to result in an anxio-selective profile for a
novel compound.

Emerging evidence has strongly implicated the α1GABAA

receptor in mediating sedative-motor effects, but not anxiolytic
effects, of benzodiazepines (for review, see Engin et al., 2018).
Consistent with this observation, our previous work with
imidazodiazepines suggests that these compounds, in contrast
to the triazolobenzodiazepines, have lower efficacy at α1GABAA

subtypes compared with α2/3GABAA subtypes, and importantly, a
lower degree of sedation and motor impairments (cf., the present
study; Fischer et al., 2010; Duke et al., 2018). Therefore, we
hypothesized that binding of the triazolobenzodiazepines would
be more robust at the level of the binding site than
imidazodiazepines, and conducted structural modeling to
evaluate this hypothesis. At the benzodiazepine binding site on
α1GABAA receptors, the interactions between triazolam and the
two triazolobenzodiazepine analogs with the C-loop were similar,
yet stronger than those of the two imidazodiazepines XHe-II-053
and HZ-166. C-loop stabilization in the open conformation is
thought to mediate GABA-modulated opening of the Cl− channel
(Masiulis et al., 2019). The docking scores (Table 7) indicate that
binding energies of 8-ethynyl imidazodiazepine ligands were
weaker when compared to 8-ethynyl triazolobenzodiazepines.
This is due to the lack of a hydrogen bond with the terminal

FIGURE 9 | The overlap of the docked confirmation of SH-TRI-108 and
HZ-166 in the complex with α1β3γ2L GABAA receptor 6HUO at the α+γ−
interface of the benzodiazepine binding site [α1 (aquamarine) and γ2 (orchid)].

TABLE 7 | Binding energy (α1GABAA subtype) estimated by autodock vina, compared with anti-conflict potency.

Compound Docking scorea (kCal/mole) Anti-conflict
potencyb (MEDns/MEDs)

Triazolam −11.1 3
XLi-JY-DMH −10.8 3
SH-TRI-108 −10.1 18
XHe-II-053 −9.3 NE (>10)c
HZ-166 −8.9 NE (>10)c

aTriazolam binds more robustly to the α1β3c2 binding site than SH-TRI-108 by 1 kCal/mole, thus defining an energy requirement for separation of anti-conflict from rate-suppressing
(sedating) effects.
bMEDns, minimum effective dose to attenuate responding maintained by food with no shock presentation (“non-suppressed responding”) in the rhesus conflict model. MEDs, minimum
effective dose to increase responding maintained by food but attenuated by contingent shock presentation (“suppressed responding”) in the rhesus conflict model.
cNE, no effect; from Fischer et al. (2010).
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hydrogen of the acetylene moiety and longer hydrogen bond
distance with the C-loop amino acid α1Serine205. For
comparison with in vivo results, we also included results from
our conflict model in Table 7. These data represent a fold-
difference in the MED to produce an anxiolytic-like effect vs.
suppression of rate, the latter correlated with mild-to-moderate
sedation using observation procedures (Duke et al., 2018), with the
higher number indicating more separation between doses that
engender anxiolytic-like effects vs. sedation. This separation was
similar between triazolam and XLi-JY-DMH, in which the docking
scores were closely aligned, yet higher for SH-TRI-108, which has a
lower docking score than the other two ligands. Strikingly, the
compounds XHe-II-053 and HZ-166 had no measurable effect on
rates of responding, corresponding to the two lowest docking
scores. Indeed, HZ-166 had no moderate-to-deep sedation or
ataxia, as measured by observation techniques in rhesus
monkeys, up a dose of 30 mg/kg, i. v. (it should be noted that a
mild form of sedation, referred to as “rest/sleep posture”, is
observed with all α2/3/5GABAA-selective compounds).
Collectively, these data suggest that a BZ-type ligand’s sedative
profile may be predicted based on C-loop binding energy of the
compound with the α1GABAA receptor binding site.

There are many factors to consider when determining the
extent to which differences in subtype affinities and efficacies
might predict behavioral properties of compounds, not the least
of which are factors such as absorption, distribution, brain
penetrability, etc. Pharmacokinetic variables were less likely to
account for behavioral effects given the triazolam scaffold of the
two compounds, although they nevertheless should be
considered. One curious property of these compounds was the
lack of any appreciable selectivity among subtypes in terms of
receptor binding affinity. Therefore, the functional selectivity
shown by SH-TRI-108 likely was not determined by
differences in binding affinity—an unexpected finding for
which we do not have additional information at this point.
Overall, the conclusions of α1GABAA C-loop binding energy
predicting sedative effects require further confirmation with more
compounds, including structurally diverse ones, as well as
compounds with differing selectivity profiles. Moreover, the
interplay with other subtypes (α2GABAA, α3GABAA,
α5GABAA) awaits further modeling studies.

In conclusion, at the most basic level the triazolobenzodiazines
assessed here did not possess behavioral selectivity, and therefore
do not warrant further development as possible treatments.
However, these results provide guidance for the degree of
selective efficacy required to obtain in vitro to translate into
clinically relevant separation of anxiolytic-like and sedative
motor effects in preclinical studies. Specifically, in silico

determination of docking scores at the α1 subunit C-loop of
less than 10 kCal/mole are predicted to result in compounds with
fewer sedative-motor side effects. In context, bioisostere 8-
ethynyl imidazodiazepines have been shown consistently to
have reduced sedative effects, yet retain preclinical effects
predictive of anxiolysis, as well as anti-epilepsy and anti-
nociceptive properties (Fischer et al., 2010; Duke et al., 2018;
Witkin et al., 2017; 2018; 2020), suggesting this strategy of
compound development with imidazodiazepines to be the
more viable approach.
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Ducić, I., Puia, G., Vicini, S., and Costa, E. (1993). Triazolam is more efficacious
than diazepam in a broad spectrum of recombinant GABAA receptors. Eur.
J. Pharmacol. 244 (1), 29–35. doi:10.1016/0922-4106(93)90056-f

Duke, A. N., Platt, D. M., Cook, J. M., Huang, S., Yin, W., Mattingly, B. A., et al.
(2006). Enhanced sucrose pellet consumption induced by benzodiazepine-type
drugs in squirrel monkeys: role of GABAA receptor subtypes.
Psychopharmacology (Berl) 187 (3), 321–330. doi:10.1007/s00213-006-0431-2

Duke, A. N., Meng, Z., Platt, D. M., Atack, J. R., Dawson, G. R., Reynolds, D. S., et al.
(2018). Evidence that sedative effects of benzodiazepines involve unexpected
GABAA receptor subtypes: quantitative observation studies in rhesus monkeys.
J. Pharmacol. Exp. Ther. 366 (1), 145–157. doi:10.1124/jpet.118.249250

Engin, E., Benham, R. S., and Rudolph, U. (2018). An emerging circuit
pharmacology of GABA A receptors. Trends Pharmacol. Sci. 39 (8),
710–732. doi:10.1016/j.tips.2018.04.003

Fischer, B. D., Licata, S. C., Edwankar, R. V., Wang, Z.-J., Huang, S., He, X., et al.
(2010). Anxiolytic-like effects of 8-acetylene imidazobenzodiazepines in a
rhesus monkey conflict procedure. Neuropharmacology 59 (7-8), 612–618.
doi:10.1016/j.neuropharm.2010.08.011

Fuchs, K., Zezula, J., Slany, A., and Sieghart,W. (1995). Endogenous [3H]flunitrazepam
binding in human embryonic kidney cell line 293. Eur. J. Pharmacol. Mol.
Pharmacol. 289 (1), 87–95. doi:10.1016/0922-4106(95)90172-8

Hester, J. B., and Von Voigtlander, P. (1979). 6-Aryl-4H-s-triazolo[4,3-a][1,4]
benzodiazepines. Influence of 1-substitution on pharmacological activity.
J. Med. Chem. 22 (11), 1390–1398. doi:10.1021/jm00197a021

Keppel, G., and Wickens, T. D. (2004). Design and analysis. Fourth Edition. Upper
Saddle River, NJ: Pearson College Div..

Licata, S. C., Platt, D. M., Cook, J. M., Van Linn, M. L., and Rowlett, J. K. (2009).
Contribution of α1 subunit-containing γ-aminobutyric acidA (GABAA)
receptors to motor-impairing effects of benzodiazepines in squirrel monkeys.
Psychopharmacology 203 (3), 539–546. doi:10.1007/s00213-008-1401-7

Maramai, S., Benchekroun, M., Ward, S. E., and Atack, J. R. (2020). Subtype
selective γ-aminobutyric acid type A receptor (GABAAR) modulators acting at
the benzodiazepine binding site: an update. J. Med. Chem. 63 (7), 3425–3446.
doi:10.1021/acs.jmedchem.9b01312
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Dexmedetomidine Inhibits ASIC
Activity via Activation of α2A
Adrenergic Receptors in Rat Dorsal
Root Ganglion Neurons
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1Research Center of Basic Medical Sciences, School of Basic Medical Sciences, Hubei University of Science and Technology,
Xianning, China, 2Department of Pharmacology, Hubei University of Science and Technology, Xianning, China

Dexmedetomidine (DEX), a selective α2 adrenergic receptor (α2-AR) agonist, has been
shown to have peripheral analgesic effects in a variety of pain conditions. However, the
precise molecular mechanisms have not yet been fully elucidated. Acid sensing ion
channels (ASICs) are the major player in pain associated with tissue acidosis. Given
that both α2-ARs and ASICs exist in dorsal root ganglia (DRG) neurons, we therefore
investigated the effects of DEX on the functional activity of ASICs. Herein, whole-cell patch-
clamp recordings demonstrated that DEX suppressed ASIC-mediated and acid-evoked
currents and action potentials in dissociated rat DRG neurons. DEX shifted downwards
concentration-response curve to protons, with a decrease of 35.83 ± 3.91% in the
maximal current response to pH 4.5. DEX-induced inhibition of ASIC currents was blocked
by the α2A-AR antagonist BRL44408 in DRG neurons. DEX also inhibited ASIC3 currents in
CHO cells co-expressing ASIC3 and α2A-ARs, but not in ASIC3 transfected CHO cells
without α2A-ARs expression. DEX-induced inhibition of ASIC currents was mimicked by
the protein kinase A inhibitor H-89, and blocked by intracellular application of the Gi/o

protein inhibitor pertussis toxin and the cAMP analog 8-Br-cAMP. In addition, peripherally
administration of DEX dose-dependently relieved nociceptive responses to intraplantar
injection of acetic acid in rats through local α2A-ARs. Our results indicated that DEX
inhibited the functional activity of ASICs via α2A-ARs and intracellular Gi/o proteins and
cAMP/protein kinase A signaling pathway in rat DRG neurons, which was a novel potential
mechanism that probably mediated peripheral analgesia of DEX.
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INTRODUCTION

Dexmedetomidine (DEX) is a potent highly selective α2
adrenergic receptor (α2-AR) agonist. It is approved as an
analgesic agent since the early 1970s (Kamibayashi and Maze,
2000). DEX’ action is related to the wide distribution of α2-ARs in
the pain signaling pathway, including in primary afferents and
spinal dorsal horn (Gold et al., 1997; Stone et al., 1998; Shi et al.,
2000; Nicholson et al., 2005). DEX has shown potential analgesic
effects at the supraspinal, spinal and peripheral levels in various
pain conditions. Intrathecal or systemic administration of DEX
produces analgesic effects in animals and humans (Aho et al.,
1991; Kingery et al., 2000; Kimura et al., 2012). Peripheral DEX
also shows anti-nociceptive effects since peripherally restricted
α2-AR antagonist could block the effect of systemic DEX on
neuropathic pain (Poree et al., 1998; Lee et al., 2013). Moreover,
DEX has stronger analgesic effects following peripheral nerve
injury via α2-ARs (Poree et al., 1998; Malmberg et al., 2001).
Studies with α2-AR knock-out animal models suggest that α2-AR
plays a major role in DEX analgesia (Hunter et al., 1997; Stone
et al., 1997; Malmberg et al., 2001). In addition to neuropathic
pain, studies have also confirmed that DEX has analgesic effects
on pain under postoperative, acute and chronic inflammatory
conditions (Mahmoud and Mason, 2015; Zhao et al., 2020).
Clinically, DEX has been used to relieve acute postoperative
pain, ischemic pain, refractory cancer pain (Hoy and Keating,
2011).

Apart from α2-ARs, a number of ligand-gated and voltage-
gated ion channels are also expressed in primary sensory neurons,
including dorsal root ganglion (DRG) neurons, which can
convert noxious stimulation into ascending nociceptive signals
(Mccleskey and Gold, 1999). Thus, modulation of these ion
channels may be a potential mechanism underlying peripheral
anti-nociceptive effects of DEX. For example, DEX has been
shown to inhibit voltage-gated sodium channels via α2-ARs in
DRG and trigeminal ganglion neurons (Gu et al., 2015; Im et al.,
2018). DEX also inhibits the activity of TRPV1 in DRG neurons
depending on the activation of α2-ARs followed by the inhibition
of the adenylate cyclase/cAMP/protein kinase A (PKA) pathway
(Lee et al., 2020).

To detect changes in pH, primary sensory neurons also express
several acid sensors, such as acid sensitive ion channels (ASICs),
TRPV1, proton-sensing GPCRs, and certain K2P channels
(Holzer, 2009; Pattison et al., 2019). Among these, ASICs and
TRPV1 have been most thoroughly studied. ASICs, as pH
sensors, are expressed in both DRG cell bodies and sensory
terminals, where they contribute to proton-evoked nociceptive
signaling (Alvarez De La Rosa et al., 2002; Benson et al., 2002). To
date, there are seven different ASIC subunits encoded by five
different genes (Wemmie et al., 2013). Among these ASIC
subunits, ASIC3 subunit is the most abundant in DRG and
has emerged as a critical pH sensor (Deval et al., 2008; Lee
et al., 2013). Proton, a canonical ligand for ASICs, is released and
causes tissue acidosis under multiple pathological conditions such
as inflammation, tissue injury, ischemic stroke and cancer (Deval
et al., 2011; Deval and Lingueglia, 2015). Amiloride, a non-
selective ASIC inhibitor, can significantly alleviate the pain

caused by moderate (up to pH 6.0) pH, suggesting that ASICs,
rather than TRPV1 or other acid sensors, mainly mediate the pain
sensation (Ugawa et al., 2002; Deval et al., 2008). ASICs, especially
ASIC3, are the major player in pain associated with tissue acidosis
and represent novel potential targets for development of
analgesics (Reeh and Steen, 1996; Wemmie et al., 2013; Li and
Xu, 2015; Dulai et al., 2020).

Given that both α2-ARs and ASICs exist in DRG neurons, the
aim of this study was to investigate whether ASICs are also
modulatory targets of DEX. We observed that DEX inhibited the
electrophysiological activity of ASICs through activation of α2-
ARs and an intracellular cAMP and PKA signaling pathway in rat
DRG neurons. DEX also relieved ASIC-mediated nociceptive
behaviors in rats by activating peripheral α2-ARs.

MATERIALS AND METHODS

Preparation of DRG Neurons
All experimental protocols were approved by the animal research
ethics committee of Hubei University of Science and Technology.
Sprague-Dawley male rats (5–6 weeks old) were anesthetized and
then killed. The DRGs were removed and chopped with thin
spring scissors. The minced ganglia were transferred to a test tube
containing Dulbecco’s modified Eagle’s medium (DMEM, Sigma)
and incubated in a shaking for 25–30 min at 35°C. Incubation
solution contained 1.0 mg/ml collagenase (type I-A, Sigma),
0.5 mg/ml trypsin (type II-S, Sigma) and 0.1 mg/ml DNase
(type IV, Sigma). Trypsin digestion was terminated by
adding1.25 mg/ml Soybean trypsin inhibitor (type II-S, Sigma).
The cells were cultured in DMEM supplemented with 10% fetal
bovine serum and 100 ng/ml never growth factor (NGF) for
12–24 h at 37°C in a water saturated atmosphere with 95% O2

and 5% CO2.

Electrophysiological Recordings
Electrophysiological experiments were carried out as described
previously (Wei et al., 2021). Whole-cell patch clamp recordings
were carried out at room temperature (22–25°C) using EPC-10
patch clamp amplifier and PULSE software (HEKA Electronic,
Lambrecht, Germany). The isolated DRG neurons were
transferred to a 35 mm culture dish and kept in normal
external solution for at least 60 min before electrophysiological
recordings. The external solution contained the following (in
mM): 150 NaCl, 5 KCl, 2 MgCl2, 2.5 CaCl2, 10 HEPES,
10 d-glucose. Its pH and osmolarity was adjusted to 7.4 with
NaOH and 330 mOsm/L with sucrose, separately. Recording
pipettes were pulled using a Sutter P-97 puller (Sutter
Instruments, CA, United States) and its resistance was in the
range of 3–6 MΩ. The micropipettes solution contained (in mM):
140 KCl, 2 MgCl2, 11 EGTA, 10 HEPES, 4 ATP, and 0.3 Na2GTP.
Its pH and osmolarity was adjusted to 7.2 with KOH and
310 mOsm/L with sucrose, separately. After whole-cell
configuration established, 70–80% series resistance and
membrane capacitance current were compensated. The
recording currents were sampled at 10 kHz and filtered at
2 kHz. Data detection and analysis were performed using the

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6854602

Wei et al. DEX Inhibits ASICs via α2A-ARs

212

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


pCLAMP 10 software (Axon Instruments, CA, United States).
The neurons selected for electrophysiological recordings were
15–35 μm in diameter, which are thought to be nociceptive
neurons. The membrane voltage was maintained at −60 mV in
all voltage-clamp experiments. Current-clamp recordings were
obtained by switching to current-clamp mode after a stable
whole-cell configuration was formed in voltage-clamp mode.
Only cells with a stable resting membrane potential (more
negative than −50 mV) were used in the study.

Cell Culture and Transfection
Rat ASIC3 and human α2A-AR cDNAs were used for
heterologous expression in Chinese hamster ovary (CHO) cells
as described previously (Wu et al., 2017). In brief, CHO cells were
cultured at 37°C in a humidified atmosphere of 5% CO2 and 95%
O2 and passaged twice a week. Transient transfection of CHO
cells was performed using a HilyMax liposome transfection
reagent (Dojindo Laboratories). CHO cells were maintained in
F-12 nutrient mixture (added 1.176 g of NaHCO3/L medium)
supplemented with 10% fetal bovine serum and 1% gluta-
MAXTM-1 (×100; Invitrogen). When ASIC3 and α2A-AR
cDNA were co-transfected, the ratio was maintained at 1:1. All
plasmids contained, in addition to the desired ASIC3 cDNA, the
coding sequence for enhanced green fluorescent protein to aid in
the identification of transfected cells. Electrophysiological
measurements were performed 24–48 h after transfection.

Drug Application
In the experiment, drugs included hydrochloric acid,
dexmedetomidine, clonidine, yohimbine, BRL44408, 8-Br-
cAMP, H-89, amiloride, APETx2, capsaicin, and AMG 9810.
They were obtained from Sigma Chemical Co. (St. Louis, MO,
United States). Different pH values were configured with
hydrochloric acid and external solution. The working
concentration of drugs was freshly prepared in normal
external solution and their pH was adjusted to7.4 with NaOH.
Each working drug was stored in a series of independent
reservoirs and applied by gravity. The distance was ∼30 μm
between drug exit and recorded neurons. To block G-protein
and intracellular signal, some antagonists or blockers were
dissolved in the internal solution and applied for intracellular
dialysis through recording patch pipettes as described previously
(Liu et al., 2021). To ensure that dialysis drugs are infused into the
cell interior, there is at least a 30 min interval between the
establishment of the whole cell pathway and the current
measurement. To functionally characterize ASIC activity, we
used AMG9810 (5 μM) to block TRPV1 in the extracellular
solution.

Nociceptive Behavior Induced by Acetic
Acid in Rats
Behavior experiments were carried out as described previously
(Wei et al., 2021). Male rats were allowed to habituate for at least
30 min before nociceptive behavior experiments in a Plexiglas
chamber. Separate groups of rats were coded and pretreated with
50 μl AMG 9810 (10 μM) together with vehicle, different dose

(10, 30 and 100 ng) of DEX, 150 ng BRL44408 + 100 ng DEX in
ipsilateral hindpaw using a 30-gauge needle connected to a 100 μl
Hamilton syringe. After 5 min, another experimenter
subcutaneously administered acetic acid solution (1%, 50 μl)
into the hindpaw and tested nociceptive behavior. In one
group, acetic acid was injected into one hindpaw and DEX
(100 ng) was injected into contralateral hindpaw. Nociceptive
behavior (that is, number of flinches) was counted over a 5 min
period starting immediately after the injection (Deval et al., 2008;
Omori et al., 2008).

Data Analysis
Data were statistically compared using the Student’s t-test or one-
way analysis of variance (ANOVA), followed by Bonferroni’s post
hoc test. Statistical analysis of concentration–response data was
performed using nonlinear curve-fitting program ALLFIT. Data
are expressed as mean ± S.E.M.

RESULTS

DEX Inhibits ASIC Currents in Rat DRG
Neurons
In the majority of DRG neurons tested (76.9%, 10/13), a perfusion of
pH 5.0 acid solution to DRG neurons for 5 s evoked a rapid inward
current (IpH5.0), even though blockade of proton-induced TRPV1
activation by addition of AMG9810 (5 μM) in external solution
(Figure 1A). Most (70.0%, 7/10) of IpH5.0 were characterized by a
fast inactivated inward current, followed by a smaller and non-
desensitizing sustained current in ten DRG neurons sensitive to
pH 5.0 acid stimuli. All seven IpH5.0 currents with this
characteristic could be completely blocked by the broad-spectrum
ASIC channel blocker amiloride (10 μM) andASIC3 blocker APETx2
(2 μM). In the presence of AMG9810, capsaicin (100 nM) failed to
evoke any membrane currents in all DRG neurons tested. However,
capsaicin (100 nM) evoked an inward current in the majority of DRG
neurons sensitive to pH 5.0 acid stimuli (71.4%, 5/7) after washout of
AMG9810. Thus, these proton-induced currents were considered to
be ASIC currents or ASIC3 currents after TRPV1 activation was
blocked by AMG9810. In the following study, wemainly observed the
ASIC3-like currents with the above characteristics.

In some DRG neurons sensitive to pH 5.0 acid stimuli (52.9%,
9/17), pre-application of α2-AR agonist DEX (3 μM) for 2 min
decreased the peak amplitude of the ASIC currents (Figure 1B).
In all nine cells response to DEX, pre-application of clonidine
(10 μM) for 2 min had also similar inhibitory effects on the ASIC
currents (Figure 1B). In addition, DEX shortened the
inactivation time constant of ASICs from 1,413.81 ± 184.64 to
1,094.44 ± 146.38 msec (p < 0.05, paired t-test, n � 9). The
inhibition of IpH5.0 was dependent upon the concentration of
DEX (Figures 1C,D). In a representative DRG neuron, the peak
amplitude of IpH5.0 progressively decreased as concentration of
pre-treated DEX increased from 0.1 to 10 μM (Figure 1B).
Figure 1C shows concentration-effect curve of DEX on IpH5.0

with an IC50 (half-maximal effective concentration) value of
1.18 ± 0.11 μM. The results indicated that DEX concentration-
dependently inhibited ASIC currents in rat DRG neurons.
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We then investigated the effect of DEX on concentration-
response curve to protons. Currents were measured by applying a
range of different low pH values before and after treatment with
DEX. Figure 2A shows that pre-application of DEX (3 μM for
2 min) decreased all peak amplitudes of IpH6.5, IpH5.5 and IpH4.5.
Figure 2B shows concentration-response to protons in the
absence and presence of DEX (3 μM). First, the maximal
current response (IpH4.5) of curve decreased 35.83 ± 3.91%
after DEX was treated to DRG neurons. Second, the Hill
coefficient or slope of two curves had not significant difference
(pH: n � 1.23 ± 0.16; DEX + pH: n � 1.16 ± 0.21; p > 0.1, post hoc
Bonferroni’s test). Third, the pH0.5 (pH for half-maximal
activation) values of two curves had also no statistical
difference (pH: pH0.5 � 5.97 ± 0.17; DEX + pH: pH0.5 �
5.89 ± 0.20; p > 0.1, post hoc Bonferroni’s test). These results
indicated that the maximum response to protons was inhibited by
DEX, but that no shift in proton sensitivity.

α2-ARs Mediate DEX-Induced Inhibition of
ASIC Currents
DEX is a selective α2-AR agonist. To address whether inhibition
of ASIC currents by DEX application wasmediated by α2-ARs, we
examined the effect of yohimbine, an α2-AR antagonist, on
inhibitory effects of DEX on ASIC currents. As shown in

Figures 3A,B, DEX-induced suppression of IpH5.0 was
significantly blocked by yohimbine. The amplitude of IpH5.0

decreased 38.48 ± 4.25% by 3 μM DEX pre-treatment alone.
In contrast, the amplitude of IpH5.0 decreased only 3.73 ±
3.23% in DRG neurons pre-treated with both 3 μM yohimbine
and 3 μM DEX (p < 0.01, compared with DEX pretreatment
alone, one-way ANOVA followed by post hoc Bonferroni’s test, n
� 7). Moreover, we also examined the effect of BRL44408, an α2A-
AR antagonist, on DEX-induced inhibition of ASIC currents. Pre-
incubation of BRL44408 (3 μM) alone did not affect the
amplitude of IpH5.0, but significantly blocked DEX-induced
suppression of IpH5.0 (Figures 3A,B). The results indicated
that DEX inhibited ASIC currents mainly through α2A-ARs in
DRG neurons.

To further verify whether α2A-ARs mediate DEX-induced
inhibition of acid-evoked currents, α2A-ARs were co-expressed
with ASIC3 in CHO cells. We recorded ASIC3-mediated acid
currents, since they were completely blocked by APETx2 (2 μM).
Similar to that observed in DRG neurons, the ASIC3 currents
were inhibited by the pre-application of DEX (3 μM) in CHO
cells co-expressing ASIC3 and α2A-ARs (Figures 3C,D). The
DEX-induced inhibition of ASIC3 currents was also blocked by
pre-incubation of 3 μM BRL44408, an α2A-AR antagonist
(Figures 3C,D). In contrast, DEX had no effect on ASIC3
currents at a concentration of 3 μM in CHO cells expressing

FIGURE 1 | DEX concentration-dependently inhibits proton-gated currents in rat DRG neurons. (A). Representative current traces were evoked by application of a
pH 5.0 acidic solution for 5 s in a tested DRG neuron in the presence of AMG9810 (5-μM). The proton-gated current (IpH5.0) could be blocked by broad-spectrum ASIC
channel blocker amiloride (Amil, 10 μM) and ASIC3 blocker APETx2 (2 μM). Capsaicin (Cap, 100 nM) failed to evoke any membrane currents in the presence of
AMG9810 (5-μM). However, capsaicin (100 nM) evoked an inward current after washout of AMG9810 in the same neuron. All membrane potentials were clamped
at −60 mV. (B). In the same DRG cell, pre-application of α2-ARagonist DEX or clonidine caused an inhibitory effect on IpH5.0. (C). The sequential current traces illustrate
that IpH5.0 amplitude was inhibited by pre-application of different concentration of DEX (for 2 min) in a representative DRG neuron. (D). The graph shows concentration-
effect curve of DEX on IpH5.0 with an IC50 of 1.18 ± 0.11 μM. Each point represents the mean ± SEM of 6–10 cells.
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ASIC3 alone, but not expressing α2A-ARs (Figures 3E,F). The pH
5.0 induced ASIC3 channel activation were completely blocked
by APETx2 (2 μM) in CHO cells expressing ASIC3 alone.
Guanabenz, another α2A-AR agonist, is recently found to
activate ASIC3 at neutral pH (Callejo et al., 2020). However,
we did not observe that DEX had such an effect when applied in
CHO cells expressing ASIC3 alone. DEX (3 or 500 μM) failed to
induce any membrane currents at neutral pH (n � 8, data not
shown). These results further indicated that α2A-ARs mediated
DEX-induced inhibition of ASIC3 currents.

Gi/o-Protein and PKA Signaling Participate
in the Inhibition of ASIC Currents by DEX
α2A-ARs belong to Gi/o protein-coupled receptor family, which
leads to a cascade of events, such as inhibition of adenylate cyclase
(AC) activity and the cAMP/PKA pathway (Wu et al., 1988).
Therefore, we first examined whether DEX-induced inhibition of

ASIC currents occurs via Gi/o proteins. Pertussis toxin (PTX,
1 μg/ml), an inhibitor of Gi/o-proteins, was applied internally to
DRG neurons and significantly prevented the decrease of IpH5.0

amplitude induced by DEX (Figures 4A,B). To further explore
intracellular signal transduction mechanisms underlying
suppression of ASIC currents by DEX, we observed the effect
of 8-Br-cAMP, a membrane permeable cAMP analog, on DEX
suppression of ASIC currents. When seven DRG neurons were
pre-treated with 8-Br-cAMP (1 mM) for 5 min, the relative
amplitudes of IpH5.0 were increased to 142.46 ± 13.64% of
control. In the presence of 8-Br-cAMP (1 mM), pre-
application of DEX (3 μM for 2 min) produced only decreases
of 6.25 ± 4.38% on IpH5.0 (p > 0.1, compared with 8-Br-cAMP
treatment alone, one-way ANOVA followed by post hoc
Bonferroni’s test, n � 7; Figures 4C,D). We then observed the
effect of H-89, a membrane-permeable inhibitor of PKA, on DEX
suppression of ASIC currents. When DRG neurons were pre-
treated with H-89 (0.3 μM) for 5 min, the relative amplitudes of
IpH5.0 were reduced to 51.21 ± 7.95% of control (n � 7), suggesting
that H-89 mimicked the action of DEX on IpH5.0 (Figures 4E,F).
In the presence of H-89 (0.3 μM), pre-application of DEX (3 μM
for 2 min) no longer further inhibited IpH5.0 (p > 0.1, compared
with H-89 treatment alone, one-way ANOVA followed by post
hoc Bonferroni’s test, n � 7; Figures 4E,F). Together, the results
indicated that the suppression of ASIC currents by DEX was
dependent upon Gi/o proteins and intracellular cAMP/PKA
signaling pathway.

DEX Suppresses Acid-Evoked Action
Potentials in Rat DRG Neurons
ASICs are trimeric cation-permeable channels. Once activation of
ASICs by protons causes cation influx (largely Na+) and membrane
potential depolarization, resulting in bursts of action potentials if the
proton-induced depolarization is large enough to activate Nav
subunits (Pattison et al., 2019). We further observed whether DEX
had effects on acid-evoked action potentials of rat DRG neurons.
Although proton-induced TRPV1 activation was blocked in the
presence of 5-μM AMG9810, we observed that an acid stimulus of
pH 5.0 could trigger bursts of action potentials (APs) inDRGneurons
under current-clamp conditions (Figures 5A,C). Consistent with that
observed under voltage-clamp conditions, DEX also decreased the
number of APs evoked by acidic stimuli of pH 5.0 in DRG neurons
(Figures 5A,B). In seven DRG neurons with DEX (3 μM for 2min)
pre-treatment, the number of APs evoked by acidic stimuli of pH 5.0
significantly decreased (p < 0.01, paired t-test, n � 7, Figure 5B).
However, the number of APs had not changed in other seven DRG
cells co-treated with both BRL44408(BRL, 3 μM) and DEX (3 μM)
(p > 0. 1, paired t-test; n � 7, Figures 5C,D). These results indicated
that DEX also suppressed acid-evoked action potentials in rat DRG
neurons through α2A-ARs.

DEX Relieves Acid-Induced Nociceptive
Behaviors in Rats
Above results demonstrated that DEX inhibited ASIC activity
in vitro. We further ascertained whether DEX had effect on ASIC-

FIGURE 2 | DEX shifts downwards the concentration–response curve
for protons. (A). Sequential currents were evoked by different low pH values in
the absence and presence of DEX (3 μM) pretreatment. (B). Proton
concentration-response curves for ASIC activation in the absence (○)
and presence (C) of extracellular 3 μM DEX. Pre-application of DEX shifted
downwards the concentration-response curve for proton. Each point
represents the mean ± S.E.M. of 6–10 neurons. All peak current values were
normalized to the peak current maximally activated by pH 4.5 applied alone in
the absence of DEX (marked with asterisk). The figure shows averaged data
fitted with the Hill equation.

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6854605

Wei et al. DEX Inhibits ASICs via α2A-ARs

215

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


mediated nociceptive behaviors through interacting with ASICs
in vivo. After acetic acid was injected into rat hind paws, rats
displayed an intense flinch/shaking response even if AMG 9810
(10 μM) blocked the activation of TRPV1. We found that
pretreatment with DEX (10, 30, and 100 ng) dose-dependently
relieved the acid-induced nociceptive behaviors (p < 0.05 and
0.01, one-way ANOVA followed by post hoc Bonferroni’s test,
n � 10; Figure 6). However, Co-injection of BRL44408 (BRL,
150 ng) blocked the relieving effect of 100 ng DEX on acid-
induced nociceptive behaviors. The mean number of flinches
in these rats significantly increased, compared with that observed
in rats pretreated with 100 ng DEX alone (p < 0.01, one-way
ANOVA followed by post hoc Bonferroni’s test, n � 10; Figure 6),
and were no different from control rats without DEX
pretreatment. In addition, injection of 100 ng DEX into the
contralateral paws did not relieved acid-induced nociceptive
behaviors. These results indicated that DEX relieved acid-
induced nociceptive behaviors in rats through activation of
α2A-ARs localized in the injected hindpaw.

DISCUSSION

The present data demonstrated that selective α2-AR agonist DEX
inhibited the electrophysiological activity of ASICs through α2A-

ARs. DEX reduced ASIC-mediated and acid-evoked currents and
action potentials in dissociated rat DRG neurons. PTX-sensitive
Gi/o proteins and cAMP/PKA signaling cascade was involved in
the inhibition of ASICs by DEX. Behaviorally, DEX also relieved
acid-induced nociceptive responses in rats by activating
peripheral α2A-ARs.

It has been found that six ASIC subunits are expressed in
neuron cell bodies in DRG, and ASIC3 subunit is the most
abundant (Deval et al., 2008). In the presence of AMG9810,
the low pH-evoked currents were mediated by ASICs in rat DRG
cells, since they were completely blocked by amiloride and
APETx2. The present study showed that DEX, a selective α2-
AR agonist, inhibited ASIC currents and the number of action
potentials evoked by low pH stimulation. Moreover, DEX
accelerated the inactivation of ASICs, which also helps to
reduce the number of action potentials evoked by acidic
stimuli. DEX inhibited the electrophysiological activity of
ASICs in rat DRG neurons through α2-ARs. First, another α2-
AR agonist clonidine has also been shown to effectively inhibit
ASIC currents. Second, DEX-induced inhibition was completely
blocked by the α2A-AR antagonist BRL44408. Last, DEX could
also inhibit acid-evoked currents mediated by ASIC3 in CHO
cells co-expressing α2A-ARs and ASIC3, but not in CHO cells
only expressed ASIC3 and lacked α2A-AR expression, further
suggesting that the inhibition of ASIC3 currents by DEX required

FIGURE 3 | α2-ARs mediate DEX-induced inhibition of ASIC currents in DRG and CHO cells. The current traces in (A) and the bar graph in (B) show that IpH5.0 was
inhibited by DEX (3 μM) pre-applied alone for 2 min in DRG neurons, and DEX inhibition of IpH5.0 was blocked by the co-application of α2-AR antagonist yohimbine (3 μM)
or α2A-AR antagonist BRL44408 (3 μM). The current traces in (C) and the bar graph in (D) show that IpH5.0 was inhibited by DEX (3 μM) pre-applied alone for 2 min in
CHO cells co-expressing ASIC3 and α2A-ARs. This inhibiting effect was blocked by the coapplication of α2A-AR antagonist BRL44408 (3 μM). The current traces in
(E) and the bar graph in (F) show that DEX (3 μM) had no effect on the IpH5.0 in CHO cells expressing ASIC3 alone, but not expressing α2A-ARs. Currents were normalized
to the control (100%, whitecolumn). Statistical tests were performed using one-way ANOVA followed by post hocBonferroni’s test, and significance is shown **p < 0.01,
n. s, not significant. n � 6 in each column.
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the co-expression of α2A-ARs. In addition, only some, but not all,
ASIC-like responses were inhibited by DEX/clonidine, which
may be related to the degree of the co-expression of α2A-ARs
and ASIC3 in rat DRG neurons. Thus, we speculated that DEX-
induced inhibition of ASIC currents maybe also occur only in
DRG neurons co-expressing α2A-ARs and ASICs, although the
direct evidence needs to further determine. It has been shown that
three subtypes of the α2-ARs (α2A-, α2B- and α2C-ARs) are
expressed in the rat DRGs (Shi et al., 2000). But α2B-AR
subtype is found only in a very small population (Chung
et al., 1993; Shi et al., 2000). The expression of α2A and α2C-
AR subtypes is regulated by peripheral nerve injury. Proteins and
mRNA levels of α2A and α2C-AR subtypes are increased and
decreased, respectively, in DRG neurons after chronic
constriction injury of sciatic nerve (Cho et al., 1997; Shi et al.,
2000). In addition to ASICs, other cation channels, such as
Nav1.8, TRPV1 and TRPM8 are also inhibited via α2A-AR
subtype in DRG neurons (Bavencoffe et al., 2010; Gu et al.,
2015; Lee et al., 2020). In addition, α2A-AR agonist is recently
found to activate ASIC3 at neutral pH and potentiate acid-gated
currents (Callejo et al., 2020). However, we observed that DEX
failed to induce any membrane currents at neutral pH when

applied in CHO cells expressing ASIC3 alone. The lack of such a
role of DEX may be due to the difference of the molecular
backbone between DEX and guanabenz, although both of
them are α2A-AR agonists.

α2A-AR is a Gi/o protein-coupled receptor that inhibits AC and
reduces cAMP production upon activation (Wu et al., 1988). The
present data demonstrated that Gi/o proteins and intracellular
cAMP/PKA signal transduction were involved in DEX-induced
inhibition of ASIC currents in rat DRG neurons. First, preventing
Gi/o recruitment by PTX treatment blocked DEX-induced
inhibition of ASIC currents. Second, DEX-induced inhibition
was lack after DRG neurons treated with the cAMP analog 8Br-
cAMP. Last, inhibition of intracellular PKA with H-89 mimicked
the inhibiting effect of DEX on ASIC currents. Then on the base
of these, DEX no longer further inhibited ASIC currents. These
findings were consistent with the general notion that stimulation
of α2A-ARs by DEX brings about Gi/o-mediated inhibition of AC
and reduction of intracellular cAMP levels, suggesting that DEX
inhibited ASIC currents through PTX-sensitive Gi/o proteins and
classical AC/cAMP/PKA signaling pathway. Previous studies
show that ASICs are modulated by intracellular cAMP/PKA
signaling. For example, inhibition of PKA phosphorylation of

FIGURE 4 |Gi/o-protein and PKA signaling participate in DEX-induced inhibition of ASIC currents. The current traces in (A) and the bar graph in (B) show the effects
of DEX (3 μM) on IpH5.0 in recording pipettes filled with normal and PTX (1 μg/ml) containing internal solution conditions. The current traces in (C) and the bar graph in (D)
show the enhancement of IpH5.0 by pre-incubation 8-Br-cAMP (1 mM), a membrane permeable cAMP analog. DEX (3 μM) failed to cause inhibition of IpH5.0 in the
presence of 8-Br-cAMP (1 mM). The current traces in (E) and the bar graph in (F) show inhibition of IpH5.0 by pre-incubation PKA inhibitor H-89 (0.3 μM). DEX (3 μM)
did not cause a further inhibition of IpH5.0 in the presence of H-89 (0.3 μM). Statistical tests were performed using one-way ANOVA followed by post hocBonferroni’s test,
and significance is shown **p < 0.01, n. s, not significant. n � 7 in each column.
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ASICs decreases the amplitude of ASIC currents in cortical
neurons (Chai et al., 2007). It has been shown that cAMP-
dependent signaling pathway involves in the inhibition of
ASIC-mediated functional activity by sumatriptan, a Gi/o

protein-coupled 5-HT1D receptor agonist, in rat trigeminal
ganglion neurons (Guo et al., 2018). Our previous studies
found that activation of μ-opioid receptors or CB1
cannabinoid receptors inhibits ASICs in DRG neurons in a
cAMP/PKA-dependent manner (Liu et al., 2012; Cai et al.,
2014). These studies provide further support that the
suppression of ASIC currents by DEX was dependent upon
intracellular cAMP and PKA signaling pathway.

Intraplantar injection of low pH solution produces an
intense flinch/shaking response in rats by activating ASICs
(Deval et al., 2008; Omori et al., 2008). In the presence of
AMG9810, ASICs are activated by injected protons, causing
cation influx (largely Na+) and membrane depolarization in
nociceptors, where nociception will occur if the
depolarization is large enough to activate Nav subunits,
resulting in generation of action potential that transmit
nociceptive signals (Pattison et al., 2019). The present data
show that peripheral pretreatment of the DEX relieved the
ASIC-mediated nociceptive behaviors in a dose-dependent
manner. The DEX′ actions occurred locally rather than
systematically, since the low pH- evoked nociceptive
behaviors did not changed when DEX was injected into
contralateral hindpaws. Local application of BRL44408, a
specific α2A-AR antagonist, significantly blocked the effect
of DEX on ASIC-mediated nociceptive behaviors, suggesting

that the DEX exerted its analgesic effect by acting directly on
α2A-AR subtypes localized on nociceptors. It has been shown
that anti-noceptive effects of DEX are mainly mediated via
α2A-AR subtype, since the effects are absent in α2A-AR
mutant mice, but intact in α2B- and α2C-AR mutant mice
(Malmberg et al., 2001). Obviously, the behavioral data
corroborated the electrophysiological studies and vice
versa. In this work, we used cell bodies of DRG neurons as
a simple and accessible model to examine the characteristics
of the membrane of peripheral terminals. Inhibition of ASICs
by DEX may also occur in peripheral terminals. So it’s also
possible that DEX relieved low pH- evoked nociceptive
behaviors by inhibiting ASICs localized in nociceptors, at
least partially. DEX activated α2A-ARs and then decreased
ASIC-mediated currents and action potentials in primary
sensory neurons, resulting in reduction of ASIC-
mediated pain.

Protons are released and result in a decrease in pH value in
some pathological pain conditions, such as postoperative pain.
The extracellular decreased pH is sustained for a few days after
incision (Woo et al., 2004). Peripheral ASIC3-containing
channels have been found to detect local changes in pH and
contribute to postoperative pain (Deval et al., 2011). Intra-
operative application of an ASIC3 inhibitor has a potent
analgesic effect on postoperative pain (Deval et al., 2011).
Clinically, intra-operative DEX decreases requirements for
postoperative analgesics of various surgical patients,
improves pain management in post-anesthesia care unit,
and has no obvious side effects (Alhashemi and Kaki, 2004;

FIGURE 5 | DEX suppresses acid-evoked action potentials in rat DRG neurons. (A,C). In the same DRG neuron, pH 5.0 induced not only an inward current with
voltage-clamp recording, but also action potentials with current-clamp recording. Original action potentials were recorded in two DRG neurons before and after
application of DEX (3 μM) alone (A) or coapplication of both DEX (3 μM) and BRL44408(BRL, 3 μM) for 2min (C). AMG9810 (5 μM) was used to block proton-induced
TRPV1 activation. (B,D). The graphs show the number of pH 5.0 acid-evoked action potentials decreased by pre-application of DEX alone, but not by coapplication
of both DEX and BRL44408. **p < 0.01, paired t-test, n � 7 cells.

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6854608

Wei et al. DEX Inhibits ASICs via α2A-ARs

218

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Arain et al., 2004). The present results that DEX-induced
inhibition of ASICs in primary sensory neurons provided a
clue that ASICs may be therapeutic targets for peripheral DEX
to relieve some types of pain, such as postoperative pain.

CONCLUSION

In summary, our results suggested DEX-induced inhibition of
ASIC-mediated the electrophysiological activity and pain,
revealing a novel peripheral mechanism underlying DEX
analgesia. It is clinically important that local application of
DEX can not only effectively relieve pain by inhibiting ASICs
in primary sensory neurons, but also this route of administration
would avoid side-effects that accompany systemic activation of
α2A-ARs.
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Riboflavin, also known as vitamin B2, isfound in foods and is used as a dietary
supplement. Its deficiency (also called ariboflavinosis) results in some skin lesions and
inflammations, such as stomatitis, cheilosis, oily scaly skin rashes, and itchy, watery
eyes. Various therapeutic effects of riboflavin, such as anticancer, antioxidant, anti-
inflammatory, and anti-nociceptive effects, are well known. Although some studies have
identified the clinical effect of riboflavin on skin problems, including itch and inflammation,
its underlying mechanism of action remains unknown. In this study, we investigated the
molecular mechanism of the effects of riboflavin on histamine-dependent itch based on
behavioral tests and electrophysiological experiments. Riboflavin significantly reduced
histamine-induced scratching behaviors in mice and histamine-induced discharges in
single-nerve fiber recordings, while it did not alter motor function in the rotarod test.
In cultured dorsal root ganglion (DRG) neurons, riboflavin showed a dose-dependent
inhibitory effect on the histamine- and capsaicin-induced inward current. Further tests
wereconducted to determine whether two endogenous metabolites of riboflavin, flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD), have similar effects to
those of riboflavin. Here, FMN, but not FAD, significantly inhibited capsaicin-induced
currents and itching responses caused by histamine. In addition, in transient receptor
potential vanilloid 1 (TRPV1)-transfected HEK293 cells, both riboflavin and FMN blocked
capsaicin-induced currents, whereas FAD did not. These results revealed that riboflavin
inhibits histamine-dependent itch by modulating TRPV1 activity. This study will be helpful
in understanding how riboflavin exerts antipruritic effects and suggests that it might be a
useful drug for the treatment of histamine-dependent itch.

Keywords: riboflavin, TRPV1, itch, histamine, channel blocker

INTRODUCTION

Riboflavin, also known as vitamin B2, consists of a group of water-soluble organic compounds
that play a role in a wide range of cellular, tissue-growth, and developmental functions (Altun and
Kurutas, 2016; Schwechheimer et al., 2016; Saedisomeolia and Ashoori, 2018). Moreover, it is found
in food, including eggs, green vegetables, milk and other dairy products, meat, mushrooms, and
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almonds, and is used as a dietary supplement. Its deficiency
(also called ariboflavinosis) results in some skin lesions and
inflammations, such as stomatitis, cheilosis, oily scaly skin rashes,
and itchy, watery eyes (Schmelz et al., 1997). In particular,
riboflavin has been demonstrated to have anti-inflammatory,
anti-nociceptive, anti-hyperalgesic, and anti-allodynic effects
in inflammatory and neuropathic pain models (Franca et al.,
2001; Granados-Soto et al., 2004; Bertollo et al., 2006), as well
as antioxidant, anti-aging (Zou et al., 2017), and anticancer
properties (Naseem et al., 2015). Recently, it was reported
that riboflavin reduces hyperalgesia and inflammation in rats
(Bertollo et al., 2006), which might involve the inhibition of
synthesis and/or action of inflammatory mediators. However, in
the formalin test, only the second phase of the formalin-induced
pain response was inhibited (Franca et al., 2001; Granados-Soto
et al., 2004). Although some of the analgesic effects of riboflavin
on pain are known, its effect on itching due to skin problems is
not yet known.

Itch (known as pruritus) and pain are the unpleasant
sensations that frequently provoke scratching or are associated
with actual or potential tissue damage, respectively. Both are also
mediated by primary sensory neurons, such as the dorsal root
ganglion (DRG) or the trigeminal ganglion (Ikoma et al., 2006).
Itch is exclusively sensed as an irritation in the skin that causes
a desire to scratch, whereas pain can be experienced almost all
over the body (Yosipovitch et al., 2003). Itch is also a symptom
of many common diseases, including diabetes mellitus, atopic
dermatitis, and inflammatory, metabolic, neurologic, thyroid,
and psychiatric diseases (Stander et al., 2003). People with
chronic itch experience a decreased quality of life because of
psychological disturbances often associated with the condition,
including sleeplessness, anxiety, and depression (Dhand and
Aminoff, 2014). Several substances are known to act as mediators
and signaling pathway molecules during the pathogenesis of
chronic itch (Song et al., 2018); however, the mechanisms
involved remain unclear.

Histamine is one of the best-known mediators of cutaneous,
pro-inflammatory conditions such as cutaneous mastocytosis,
insect-bite reactions, urticaria, and drug rashes, all of which
can cause itch (Moore et al., 2018). It is stored in basophilic
leukocytes and mast cells and its release is triggered by a
variety of itch stimuli, exciting a subset of unmyelinated C-fiber
mechano-insensitive primary afferent neurons via the histamine-
dependent (histaminergic) signaling pathway (Jian et al., 2016).
Furthermore, the itch is often divided into histamine-dependent
and histamine-independent subtypes (Ji et al., 2018). Histamine
receptors are the members of G-protein-coupled receptors
(GPCRs), and four subtypes (H1–H4) have been identified
(Huang and Thurmond, 2008; Shim and Oh, 2008). More
specifically, several studies have found that histamine H1 and
H4 receptors can be detected on DRG neurons and are involved
in histamine-induced itch (Han et al., 2006). Histamine in
the skin is mainly supplied through the degranulation of mast
cells. Tryptase secreted from the activated mast cells induces an
itching sensation by activation of proteinase-activated receptor
2 (PAR2) in C-nerve fibers. Meanwhile, another intracellular
mechanism is an increase in the excitability of cells through the

activation of transient receptor potential vanilloid 1 (TRPV1)
after the histamine that is released from mast cells binds
to the histamine receptor present at the end of the C-nerve
fiber, causing itching. Considering the results of the studies
to date, the mechanism through which histamine-dependent
itching activates TRPV1 has only been partially elucidated,
suggesting that there is a possibility of developing antipruritic
drugs targeting this marker.

TRPV1 is a nonselective cation channel that belongs to the
family of transient receptor potential (TRP) channels and has
been implicated in the mediation of pain and itch (Moore et al.,
2018). This protein is modulated by GPCR signaling (Jian et al.,
2016), and most itch stimuli activate GPCRs and trigger an
itch sensation by activating TRP channels, including TRPV1
(Shim et al., 2007). Recent studies have demonstrated that the
histamine H1 receptor (H1R) also activates TRPV1 via the
production of 12-hydroxyeicosatetraenoic acid, a downstream
metabolite of the PLA2 and lipoxygenase pathway in sensory
neurons of the somatic nervous system (Shim et al., 2007).
H1R is related to Gq/G11 and activates phospholipase Cβ3
(PLCβ3), resulting in increased intracellular Ca2+ in DRG
neurons via TRPV1 (Han et al., 2006). As with H1R, H4R also
induces an increase in Ca2+ via the intracellular PLC signaling
pathway and TRPV1, but not TRPA1 (Kim et al., 2004). In
cultured sensory neurons, the highly selective TRPV1 antagonist
capsazepine was found to significantly inhibit activation of the
histamine H4R (Jian et al., 2016). In addition, TRPV1−/− mice
exhibit significantly attenuated scratching behavior after pro-itch
stimulation (Costa et al., 2008). Therefore, TRPV1 is likely to
play an important role in the induction of itch downstream
of signaling through the activation of H1R or H4R and might
thus be involved in the mechanism underlying the histamine-
induced itch response. In the present study, regarding the effect
of riboflavin on itch, we sought to assess its effects in vivo and
in vitro based on behavioral and neurotransmission outcomes,
respectively. We found that riboflavin inhibited histamine-
induced currents via TRPV1 in small-sized DRG neurons and
had an antipruritic effect in a mouse model of histamine-
induced itch.

MATERIALS AND METHODS

Animals
All experimental methods were approved by the Experimental
Animal Ethics Committee of Hanyang University. Male C57BL/6
wild-type mice (OrientBio, Sungnam, Korea) weighing 18–22 g
were used in the present study. All experimental animals were
housed in a conventional facility with a 12:12-h light/dark cycle
(lights on at 8 am) and ad libitum access to water and chow.
Temperature and humidity were maintained at 22◦C and 60%,
respectively. All animals were allowed to habituate to the new
environment for 1 week prior to any experiment.

Drugs
Riboflavin, histamine, capsaicin, capsazepine, flavin
mononucleotide (FMN), and flavin adenine dinucleotide
(FAD) were purchased from Sigma-Aldrich. The stock solutions
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were prepared in ethanol or DMSO and stored at −20◦C.
The drugs were diluted to their final concentration with the
extracellular solution for in vitro experiments or with saline for
in vivo studies.

Cell Culture and Transfection
HEK293 cells were maintained in DMEM with 10% fetal bovine
serum at 37◦C in a humidified atmosphere with 5% CO2.
For transient transfection, cells were grown to approximately
70% confluence in 6-well plates. The next day, 1 µg/well of
the Trpv1 cDNA construct was transfected into cells with the
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. After 18–24 h, the cells
were trypsinized and used for experiments.

Primary DRG Neuron Culture
DRGs from all spinal levels of 6–8-week-old C57BL/6 mice
(male) were removed aseptically and incubated with collagenase
(5mg/ml, Roche, Basel, Switzerland)/dispase-II (1mg/ml, Roche,
Basel, Switzerland) at 37◦C for 40 min and then digested with
2.5% trypsin (Invitrogen, Carlsbad, CA, USA) for 7 min at
37◦C, which was followed by the addition of 0.25% trypsin
inhibitor (Sigma-Aldrich, St. Louis, MO, USA). Cells were
mechanically dissociated using a flame-polished Pasteur pipette
in the presence of 0.05% DNase I (Sigma-Aldrich, St. Louis, MO,
USA). DRG cells were first plated on bare glass coverslips and
then transferred to poly-D-lysine-coated coverslips. DRG cells
were then incubated in a 5% CO2 atmosphere at 37◦C and were
maintained for 24 h before use.

Itch Test
One day before the experiment, the animal’s nape hair was
shaved to create a site of 1.5 cm in diameter for intradermal
histamine injection. Experimental animals were placed in a small
plastic cylinder (20 cm in diameter, 25 cm in height) with a pad to
absorb any excrement for 15 min to allow them to acclimate, and
then, histamine (100 µg/50 µl, Sigma-Aldrich, St. Louis, MO,
USA) was injected intradermally into the nape of the animal’s
neck. To measure the number of rear hind leg direct scratching
events, experimental animals were monitored for 15 min before
intradermal injection and for 30 min after injection. A direct
scratching event involved the animal lifting its hind paw to
the injection site, scratching it, and then returning the paw to
its original position. To assess particular receptor responses to
riboflavin, the same procedure, described herein, was followed,
and behavioral responses were observed.

Rotarod Locomotion Test
To determine whether riboflavin affects animal locomotor
activity, mice were placed on a horizontal bar rotating at a
constant speed of 4 RPM using a rotarod apparatus (ROTA-
ROD, B.S Techno lab INC., Seoul, Korea). Twenty-four hours
before rotarod testing, all mice were preliminarily tested, and
only those that were able to remain on the rod for at least
120 s were included in the study. Time spent on the bar (in
seconds) and the number of falls were measured over a 2 min
trial. Scores were then compared and analyzed based on animal
performance 5 min before and 30 min after treatment with

vehicle or riboflavin. The test was repeated three times and the
mean value for each animal was calculated.

Ex vivo Recordings
Mice were euthanized by CO2 inhalation, and the hairy skin of
the hind paw innervated by the saphenous nerve was dissected
from attached connective tissues, muscles, and/or tendons. We
used an organ bath that consisted of two chambers (a perfusion
chamber and a recording chamber) separated by an acrylic
wall. The perfusion chamber was continuously perfused with
synthetic interstitial fluid (SIF; in mM: 3.5 KCl, 107.8 NaCl,
0.69 MgSO4·7H2O, 1.53 CaCl2·2H2O, 1.67 NaH2PO4·2H2O,
26.2 NaHCO3, 9.64 C6H11NaO7, 7.6 sucrose, and 5.55 glucose)
saturated with a mixture of 95% O2 and 5% CO2 and maintained
at 31 ± 1◦C. After dissection, the preparation was placed with
the epidermal side down, and nerves attached to the skin
were drawn into the recording chamber, which was filled with
paraffin oil. The nerve was placed on a fixed mirror, its sheath
was removed, and nerve filaments were repeatedly teased apart
such that single fiber recordings could be obtained using two
gold electrodes, one for recording and the other for reference.
Spikes from single C-fibers were recorded extracellularly with
a differential amplifier (DP311; Warner Instruments, Hamden,
CT, USA), transferred to a computer via a data acquisition system
(DAP5200a; Microstar Laboratories, Inc., Bellevue, WA, USA),
and analyzed offline using a window discrimination software
package (Dapsys 8; Bethel University, Arden Hills, MN, USA1).

Electrophysiology
Whole-cell current-clamp recordings were performed at
room temperature using the HEKA EPC10 amplifier (HEKA
Elektronik GmbH, Lambrecht/Pfalz, Germany). Patch pipettes
were pulled from borosilicate capillaries (Chase Scientific
Glass Inc., Rockwood, CA, USA). When filled with the pipette
solution, the resistance of the pipettes was 4–6 MΩ. The
recording chamber was continuously perfused (2 ml/min). We
compensated for series resistance (>80%), and leak subtraction
was performed. The Pulse v8.30 software (HEKA) was used
during experiments and for analyses. The internal pipette
solution was composed of the following (in mM): 140 KCl,
1 CaCl2, 2 MgCl2, 10 EGTA, 10 D-glucose, and 10 HEPES
adjusted to a pH of 7.3 with NaOH, with an osmolarity of
295–300 mOsm. The extracellular solution contained the
following (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2,
10 HEPES, and 10 D-glucose, adjusted to a pH 7.3 of with
NaOH, with an osmolarity of 300–310 mOsm. All drugs used
in this experiment were dissolved in an extracellular solution.
Voltage-clamp experiments were performed at a holding
potential of −60 mV.

Data Analyses
All data were analyzed using the SPSS 24 software (IBM,
Armonk, NY, USA). Differences between the two datasets were
evaluated by paired or unpaired t-tests. Differences between
multiple groups were evaluated by one-way ANOVA followed
by Tukey’s post hoc tests. Differences were considered significant

1http://dapsys.net
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when the p-value was less than 0.05 (p < 0.05). All data are
expressed as means ± standard errors of the mean (SEMs).
Dose-response analyses were performed using the Origin
6.1 software (MicroCal, Northampton, MA, USA).

RESULTS

Effect of Riboflavin on Behavioral Motor
Function and Scratching
Riboflavin (known as vitamin B2) is a water-soluble member
of the B-vitamin family found in food and used as a dietary
supplement with a molecular weight (MW) of 376.4 g/mol
(Figure 1A). In previous studies, riboflavin was found to be
associated with motor function and anti-allergic effects in
several diseases (Morawiecki, 1955; Coimbra and Junqueira,
2003; Bashford et al., 2017; Naghashpour et al., 2019). Because
high doses of riboflavin promote the recovery of some motor
functions in Parkinson’s disease (Coimbra and Junqueira, 2003),
we first performed the rotarod test to exclude the influence of
motor activity on behavioral assessments in the present study. As
shown in Figure 1B, both animals orally administered riboflavin
(169.7 ± 9.8 s, n = 3) and controls (162.0 ± 8.0 s, n = 2) had
similar fall latencies in the rotarod test. Meanwhile, to measure
the anti-allergy effect, we evaluated the number of scratching
events induced by the intradermal injection of histamine

FIGURE 1 | Effect of riboflavin on itching caused by histamine. (A) Molecular
structure of riboflavin. (B) Motor function assessed by fall latency on the
rotarod test after the oral administration of vehicle or riboflavin (600 mg/kg,
n = 3). Total scratching bouts during the first 30 min after (C) the oral
administration of riboflavin (each 100, 300, and 600 mg/kg, n = 5) or (D) the
intradermal injection of riboflavin (1 µM, n = 5, *p < 0.05, ***p < 0.001). Ribo,
riboflavin.

(100 µg/50 µl) as one sign of an allergic reaction (Morawiecki,
1955), which is 140.0 ± 6.6 bouts / 30 min (n = 5). The oral
administration of high-dose riboflavin (600 mg/kg) significantly
reduced the total number of scratching (46.6 ± 9.9 bouts /
30 min, n = 5) over the observation period in a dose-dependent
manner (130.6 ± 10.8 and 100.8 ± 4.8 bouts / 30 min in
100 mg/kg and 300 mg/kg, respectively, n = 5; Figure 1C). In
addition, intradermal injections of riboflavin also significantly
reduced scratching behavior (37.6 ± 8.8 bouts / 30 min, n = 5)
compared to histamine (100.6 ± 8.7 bouts / 30 min, n = 5;
Figure 1D).

Effect of Riboflavin on Histamine-Induced
Peripheral Neuron Discharge
Next, we prepared ex vivo recordings to examine the propagation
of extracellular action potential (AP) along a single nerve
fiber. Single fibers were stimulated with SIF, histamine, and
riboflavin in succession. The application of histamine evoked the
generation of AP, resulting in an increase to 82 ± 31.1 firing
rates/min, n = 4, compared with the firing rates/min in SIF
(4.8 ± 1.9 firing rates/min, n = 4; Figure 2A). Furthermore,
when histamine was applied in combination with riboflavin,
the propagation of APs was also inhibited. Ex vivo spike
count analyses of single-fiber recordings revealed that riboflavin
had a significant inhibitory effect on histamine-induced APs
(9.8 ± 4.7 firing rates/min; Figure 2B).

Inhibitory Effects of Riboflavin on
Histamine- or Capsaicin-Induced Currents
in Small-Sized DRG Neurons
Even though it is well established that riboflavin elicits a
protective effect on DRG neurons (Salman et al., 2015), its
effects on itch in small-sized DRG neurons as well as its
mechanism are still not known. Therefore, we evaluated the
potential effects of riboflavin on histamine- and capsaicin-
evoked inward currents in small-sized DRG neurons using
a whole-cell patch-clamp recording technique. As shown in
Figure 3A, current responses to capsaicin and histamine were
similar in amplitude under the voltage-clamped condition at
−60 mV, and pretreatment with riboflavin (1 µM) significantly
reduced histamine-induced currents (1.9 ± 0.9%, n = 5) in
a dose-dependent manner (50.7 ± 4.2% and 29.1 ± 3.8% in
100 nM and 500 nM riboflavin, respectively, n = 5, Figure 3B).
Furthermore, after the removal of riboflavin, histamine evoked
inward currents, despite a lack of recovery to normal control
levels, which were completely inhibited by capsazepine, a
TRPV1 antagonist (Figures 3A,B). This result was consistent
with the previous study showing that histamine could activate
TRPV1 (Shim et al., 2007). To further examine the effect of
riboflavin on capsaicin-induced currents, it was applied prior
to a second stimulation with capsaicin. In the DRG neuron
shown in Figure 3C, capsaicin-induced inward currents were
completely inhibited by riboflavin (0.9 ± 0.43% in 1 µM,
n = 5) administration in a dose-dependent manner (36.9 ± 5.0%
and 16.0 ± 6.4% in 100 nM and 500 nM, respectively,
n = 5, Figure 3D). After a washout period, capsaicin-induced
currents in these neurons were partially recovered. In addition,
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FIGURE 2 | Effect of riboflavin in histamine-induced peripheral sensory
neural discharge. (A) The instantaneous response frequency from a
representative single C-fiber with the application of synthetic interstitial fluid
(SIF), histamine (500 µM), and a combination of histamine (500 µM) and
riboflavin (100 µM). Based on the AP’s shape, the number of generated nerve
discharges was measured and the shape of AP was shown in the inset panel.
Light blue shaded bars represent each period of solution change with the
application of SIF, histamine, and a combination of histamine and riboflavin.
(B) Spike counts from a single fiber during the control period of SIF
administration and a corresponding histamine and riboflavin responsive
period (*p < 0.05, n = 4). Open square represents mean of number of APs
with SIF, histamine, and a combination of histamine and riboflavin. AP, action
potential; Hist, histamine; Ribo, riboflavin; n.s., not significant.

current-clamp recordings revealed that riboflavin (1 µM) also
completely blocked capsaicin-evoked APs in small-sized DRG
neurons (Figure 3E). These data indicate that riboflavin inhibits
histamine- and capsaicin-induced inward currents in small-sized
DRG neurons.

Effect of Flavin Mononucleotide (FMN) and
Flavin Adenine Dinucleotide (FAD) on
Capsaicin-Induced Currents in Small-Sized
DRG Neurons
Riboflavin is composed of a dimethyl isoalloxazine nucleus
(isoalloxazine is the basic structure of all flavin molecules)
and ribitol (the reduced form of the sugar ribose; Figure 1A).
Riboflavin is converted to FMN by the addition of a phosphate
group on the ribityl side chain and is further converted to FAD
by the addition of adenosine monophosphate (AMP; Figure 4A).
In general, both FMN and FAD play a key role as cofactors
for enzymes that catalyze certain complexes in the Krebs cycle
that are involved in energy metabolism and are required for

FIGURE 3 | The inhibitory effects of riboflavin on histamine- or
capsaicin-induced currents in small-sized dorsal root ganglion (DRG)
neurons. (A) Inward currents were activated by capsaicin (Cap, 100 nM, 5 s
or histamine (Hist, 100 µM, 5 s) that was blocked by riboflavin (1 µM, 5 min)
or capsazepine (CPZ, 10 µM, 5 min) at the holding potential of −60 mV in
small-sized DRG neurons. (B) Summary of IHist inhibition by riboflavin relative
to the other IHist (***p < 0.001, n = 5, LSD’s post hoc after one-way ANOVA).
(C) Capsaicin-induced inward currents were blocked by riboflavin (1 µM) at
the holding potential of −60 mV in small-sized DRG neurons. (D) Summary of
ICap inhibition by riboflavin relative to the others ICap. Results are presented as
the mean ± SEM (***p < 0.001, n = 5, LSD’s post hoc after one-way
ANOVA). (E) Current-clamp recording showing the blockade of capsaicin
(Cap, 200 nM)-induced action potentials by riboflavin (1 µM). Cap, capsaicin;
Hist, histamine; Ribo, riboflavin; CPZ, capsazepine.

functions in numerous reduction and oxidation (redox) reactions
in humans (Thakur et al., 2017). Therefore, along with the effect
of riboflavin, we tested whether FMN and FAD could inhibit
capsaicin-induced inward currents in small-sized DRG neurons.
For this, FMN (1 µM) or FAD (1 µM) was applied 2 min
prior to a second stimulation with capsaicin and continuously
until 2 min after the removal of capsaicin. Interestingly, the
capsaicin-induced inward current was markedly blocked by
FMN (34.4 ± 6.0%, n = 8), but not by FAD (98.1 ± 2.7%,
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n = 8; Figures 4B,C). Furthermore, the intradermal injection
of FMN (60.3 ± 10.8 bouts / 30 min, n = 4), but not FAD
(84.0 ± 6.9 bouts / 30 min, n = 4), partly reduced the number
of scratching responses compared to that with only histamine
(100.6 ± 8.8 bouts / 30 min, n = 5; Figure 4D). This result
suggests that a riboflavin metabolite, FMN, as well as riboflavin
has an antipruritic effect.

Effect of Riboflavin, FMN, and FAD on
Capsaicin-Induced Currents in
TRPV1-Transfected HEK293 Cells
To further assess the direct effects of riboflavin or its metabolites
on activation of TRPV1, we examined the effects of riboflavin,
FMN, and FAD on capsaicin-induced inward currents in
TRPV1-transfected HEK293 cells. Riboflavin (1 µM), FMN
(1 µM) or FAD (1 µM) were applied 2 min prior to a second
stimulation with capsaicin and then continuously applied until
2 min after its removal. As shown in Figures 5A–D, the inward
current induced by capsaicin in TRPV1-transfectedHEK293 cells
was completely or partially blocked by riboflavin (5.6 ± 2.9%,
n = 3) and FMN (43.6 ± 2.6%, n = 3), respectively, while the
capsaicin-induced current was not altered by FAD (96.3 ± 6.6%,
n = 3; Figures 5E,F). In conclusion, these results indicate that
riboflavin and FMN inhibit capsaicin-induced inward currents
via a direct blocking activation of TRPV1 ion channel.

DISCUSSION

Itch is mainly mediated by unmyelinated, slow conducting C-
fibers, which are found at the dermal–epidermal junction, with
free nerve endings that extend into the epidermis (Schmelz
et al., 1997; Mcneil and Dong, 2012; Cho et al., 2016). GPCRs
or ion channels can initiate itch signals (Kremer et al., 2014)
via proteases such as tryptase and neuropeptides, such as
substance P, prostaglandins, and histamines (Mollanazar et al.,
2016). Under pathological conditions such as nerve injury
and tissue damage, the sensation of itch develops into a
chronic condition resulting from excess peripheral firing or the
attenuation of central inhibition of the itch-pathway neurons
(Steinhoff et al., 2018). However, the diagnosis of chronic
itch is challenging because different types (focal/widespread,
peripheral/central) exist and there are few available treatment
options (Lee et al., 2016). Currently, available strategies include
treating or preventing the causal disease, such as diabetes or
herpes zoster, and topical or systemic medication that attenuates
excess neuronal firing (Luo et al., 2015). Unfortunately, the
efficacy of these treatments is limited. Thus, it is necessary to
develop more effective anti-pruritic medications for therapeutic
applications to acute or chronic itch.

Histamine is known as the primary endogenous itch-inducing
substance and is predominant in mast cells and basophile
granulocytes (Mollanazar et al., 2016). Although antihistamines
are often used for the treatment of itch (Yosipovitch and
Bernhard, 2013), effective anti-pruritic therapeutics are still
lacking for many types of itch (Song et al., 2018). In recent
decades, great progress has been made toward revealing the

FIGURE 4 | Effect of flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD) on capsaicin-induced currents in small-sized dorsal root
ganglion (DRG) neurons. (A) Biosynthesis of FMN and FAD from riboflavin. (B)
A representative trace of capsaicin (Cap, 200 nM)-induced inward current in
the absence and presence of FMN (1 µM) or FAD (1 µM) are shown. (C) The
relative peak amplitudes of capsaicin-induced inward currents after a second
stimulation compared to those after the first stimulation of each neuron are
shown (holding voltage at −60 mV), normalized to the current in the same cell
(***p < 0.001, n = 8, LSD’s post hoc after one-way ANOVA). (D) The total
scratching bouts during the first 30 min after the intradermal injection of FMN
(1 µM) and FAD (1 µM) compared to those with histamine (100 µg/50 µl).
Results are presented as the mean ± SEM (**p < 0.01, n = 4, LSD’s post hoc
after one-way ANOVA). Cap, capsaicin; FMN, flavin mononucleotide; FAD,
flavin adenine dinucleotide.

molecular and cellular mechanisms for (acute) itch (Mishra and
Hoon, 2013). Primary DRG sensory neurons are responsible
for transmitting itch signals to the spinal cord dorsal horn
and then projecting them to the brain (Han and Dong,
2014). Histamine binds H1 and/or H4 receptors to activate
PLC3 and TRPV1 on free nerve terminals in the skin to
elicit the itch sensation, which requires TRPV1-expressing
C-fibers in the periphery (Imamachi et al., 2009). Therefore, an
intracellular signaling pathway might converge on TRPV1 to
mediate histamine itch response, although TRPA1-dependent
and non-TRPV1–TRPA1-dependent itch pathways also exist
(Luo et al., 2015).
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FIGURE 5 | Effect of riboflavin, FMN, and FAD on capsaicin-induced
currents in transient receptor potential vanilloid 1 (TRPV1)-transfected
HEK293 cells. The responses to capsaicin (Cap, 200 nM) in the absence and
presence of (A) riboflavin (1 µM), (C) FMN (1 µM), and (E) FAD (1 µM) are
shown in TRPV1-transfected HEK293 cells. The normalized response of
capsaicin currents induced by the second stimulation compared to those with
the first stimulation in each neuron is shown (B,D,F). Results are presented
as the mean ± SEM (***p < 0.001, n = 3, unpaired t-test). Cap, capsaicin;
FMN, flavin mononucleotide; FAD, flavin adenine dinucleotide.

TRPV1, a nonselective cation channel expressed
predominantly in primary small-sized sensory neurons, is
activated by capsaicin and acid or by temperatures >43◦C
(Caterina et al., 1997; Zygmunt et al., 1999). Further,
TRPV1 sensitization induced by inflammatory mediators
might contribute nociceptor hyperexcitability and neuropathic
pain after spinal-cord injury (Wu et al., 2013). However,
unlike the well-recognized role of TRPV1 in pain, its function
in itch sensation has only recently been established (Luo
et al., 2015). TRPV1-null mice show significantly attenuated
itch behavior in response to the intradermal injection of
histamine (Shim et al., 2007; Imamachi et al., 2009). In
addition, histamine can activate TRPV1 channels expressed
in HEK293 cells, and TRPV1 mediates the histamine-induced
excitation of DRG neurons (Shim et al., 2007). The direct

activation of TRPV1 induces pain, whereas the GPCR-mediated
indirect activation of TRPV1 produces itch. Therefore, it
appears that TRPV1 is differentially involved in pain and itch
(Luo et al., 2015).

Vitamins are essential nutrients because they perform
hundreds of roles in the body. Imbalances in vitamin absorption
and deficiency can protect against or cause several diseases,
respectively. In a previous study, some vitamins were used
as diagnostic factors in chronic pruritus (Rajagopalan et al.,
2017). One member of the vitamin B family, riboflavin, is
also an essential component of normal cellular function and
metabolism, acting to ameliorate neuroinflammation, glutamate
excitotoxicity, mitochondrial dysfunction, and oxidative stress,
which are involved in a wide array of diseases, such as migraine,
anemia, cancer, diabetes mellitus, hypertension, Parkinson’s
disease, and other neurological disorders (Mcnulty et al., 2006;
Zhou et al., 2008; Long et al., 2012; Hwang, 2013; Dey
and Bishayi, 2016; Marashly and Bohlega, 2017). Thus, a
number of recent studies have highlighted the cellular processes
and biological effects associated with riboflavin (Jaeger and
Bosch, 2016; Schwechheimer et al., 2016; Manole et al., 2017;
Naghashpour et al., 2017; Udhayabanu et al., 2017; Saedisomeolia
and Ashoori, 2018). In particular, riboflavin has been shown
to induce anti-nociceptive and anti-inflammatory effects in
multiple experimental models of acute pain and inflammation
(Franca et al., 2001; Granados-Soto et al., 2004; Bertollo
et al., 2006) and has been used to treat patients with painful
conditions, such as migraine (Boehnke et al., 2004), carpal
tunnel syndrome (Folkers et al., 1984), diabetic polyneuropathy
(Jorg et al., 1988), and premenstrual tension (Wyatt et al.,
1999). In addition, one report found that the synthesis of FAD
decreased in patients with amyotrophic lateral sclerosis (Lin
et al., 2009). Although there are distinct subpopulations of
sensory neurons and spinal circuits involved in the transduction
of pain and itch stimuli, they are closely related because
they are both initiated by the activation of primary sensory
neurons and involve some of the same ion channels (Sun
et al., 2009; Mishra and Hoon, 2013; Han and Dong, 2014).
Therefore, despite the beneficial analgesic effects of riboflavin,
few studies have assessed its ability to regulate anti-itch
mechanisms. Thus, it would be expected that this compound
would regulate the itch response. Recent reports have shown
that the oral application of riboflavin reduces inflammation,
thermal hyperalgesia, and formalin-induced nociception, but
not tactile allodynia and motor activity based on the rotarod
test in mice (Granados-Soto et al., 2004; Bertollo et al., 2006).
Oral medication is the main treatment option for patients
with widespread chronic itch and for those with a focal itch
that is refractory to topical treatment (Mirzoyev and Davis,
2013; Maciel et al., 2014; Matsuda et al., 2016). Our results
demonstrated that the oral administration of riboflavin reduced
histamine-induced animal scratching (Figure 1A), although it
did not change animal motor activity (Figure 1B). Further,
as histamine-sensitive C-fibers cover the largest innervation
area in the lower leg, the peripheral chronic itch can spread
to the innervation site of damaged nerves or nerve roots
(Schmelz, 2015). The primary cause of chronic pain appears to
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be focal neuronal discharge caused by the spontaneous or excess
firing of a damaged cutaneous C-fiber after injury, scarring,
or neuropathy (Sene et al., 2013). Therefore, we found that
riboflavin blocked the high-frequency bursting discharge and
action potentials based on histamine-sensitive single C-fiber
ex vivo recordings (Figure 2). Riboflavin is the precursor
of two active coenzyme forms in the body, FMN and FAD
(Saedisomeolia and Ashoori, 2018). Riboflavin is converted to
FAD through an enzymatic reaction whereby FAD synthetase
adds an AMP to FMN (Schwechheimer et al., 2016; Thakur
et al., 2017). These act as electron carriers in a number of
redox reactions involved in energy production and in numerous
metabolic pathways (Thakur et al., 2017). AMP is a well-known
intermediary substance formed during the creation of energy
in the form of adenosine triphosphate from food and was
reported to reduce the duration of pain due to shingles and
prevent the development of postherpetic neuralgia (Bednarczuk,
1986). In addition, endogenous adenosine can act as a pain
suppressor, and adenosine is generated fromAMP. To determine
whether riboflavin or its coenzymes FMN and/or FAD have
any effects on itch, we examined the effects of riboflavin,
FMN, and FAD on capsaicin-induced inward currents and
histamine-induced scratching in vitro and in vivo, respectively.
Interestingly, we found that riboflavin and FMN attenuated
histamine-induced itch behavior (Figures 1C,D, 4D) and that
FMN inhibited capsaicin-induced currents in cultured mouse
DRG neurons and TRPV1-transfected HEK293 cells, but that
FAD did not have these effects (Figures 4, 5). This result
indicates that FMN and FAD might differentially function
in anti-nociception or anti-pruritus responses via a TRPV1-
dependent pathway.

Taken together, our findings suggest that riboflavin levels,
as well as FMN and FAD levels, are differentially related
to histamine-induced itch and thermal-hyperalgesia responses
via distinct mechanisms. Although many distinct compounds
including chloroquine, β-alanine, serotonin, endothelin-1, and
also those found in cowhage, induce itching/scratching behaviors
and intracellular signals via distinct histamine-independent
molecular pathways (Mcneil and Dong, 2012), our data

demonstrated that histamine-induced scratching behaviors in
mice are specifically inhibited by riboflavin. These results
indicate that the anti-itching effect of riboflavin depends
primarily on histamine-dependent pathways and not another
pro-itch mechanism.

In summary, we have shown in this study that riboflavin has
anti-pruritic effects on histamine-induced scratching behaviors,
which at least in part suppresses itching behaviors. In peripheral
sensory neurons, TRPV1 is further involved in the riboflavin-
mediated inhibition of histamine-dependent itch. Given this, we
suggest that riboflavin might serve as a novel anti-itch treatment
for histamine-dependent itch.
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Claire Legendre1, Hélène Tricoire-Leignel1, Christian Legros1* and César Mattei1*
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Fipronil (FPN) is a worldwide-used neurotoxic insecticide, targeting, and blocking
GABAA receptors (GABAARs). Beyond its efficiency on insect GABAARs, FPN causes
neurotoxic effects in humans and mammals. Here, we investigated the mode of
action of FPN on mammalian α6-containing GABAARs to understand its inhibitory
effects on GABA-induced currents, as a function of the synaptic or extrasynaptic
localization of GABAARs. We characterized the effects of FPN by electrophysiology
using Xenopus oocytes which were microtransplanted with cerebellum membranes
or injected with α6β3, α6β3γ2S (synaptic), and α6β3δ (extrasynaptic) cDNAs. At
micromolar concentrations, FPN dose-dependently inhibited cerebellar GABA currents.
FPN acts as a non-competitive antagonist on ternary receptors. Surprisingly, the
inhibition of GABA-induced currents was partial for extra-synaptic (α6β3δ) and binary
(α6β3) receptors, while synaptic α6β3γ2S receptors were fully blocked, indicating
that the complementary γ or δ subunit participates in FPN-GABAAR interaction. FPN
unexpectedly behaved as a positive modulator on β3 homopentamers. These data
show that FPN action is driven by the subunit composition of GABAARs—highlighting
the role of the complementary subunit—and thus their localization within a physiological
synapse. We built a docking model of FPN on GABAARs, which reveals two putative
binding sites. This is consistent with a double binding mode of FPN on GABAARs,
possibly one being of high affinity and the other of low affinity. Physiologically, the γ/δ
subunit incorporation drives its inhibitory level and has important significance for its
toxicity on the mammalian nervous system, especially in acute exposure.

Keywords: fipronil, GABAA receptor, synaptic/extrasynaptic receptor, voltage-clamp recording, cerebellum

INTRODUCTION

Insecticides are used worldwide to increase crop yields or to fight vector-borne diseases.
Restrictions to their use are due to insect resistances and off-target toxicity, including pollinators,
mammals, and humans (Gibbons et al., 2015; Simon-Delso et al., 2015). Most insecticides target
the nervous system, eliciting an overstimulation or a deadly inhibition of central or peripheral
functions (Casida and Durkin, 2013). Of them stands fipronil (FPN, Figure 1), a phenylpyrazole
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FIGURE 1 | The 2D structure of fipronil (Pubchem CID: 3352).

molecule launched more than 30 years ago for pest control
and known to act on GABAA receptors (GABAARs) as a non-
competitive antagonist or a negative allosteric modulator (Hosie
et al., 1995; Ikeda et al., 2001). FPN binds to GABAARs,
preferentially in the open state, thus promoting exacerbated
excitability in the central and peripheral nervous system
(Szegedi et al., 2005).

The efficiency of an insecticide relies on its ability to neutralize
a pest at low concentrations without consequences on undesired
targets. The lethal dose 50% (LD50) of FPN is typically 0.25 µg/g
in house fly, and about 130 times less potent in mouse (Cole
et al., 1993), suggesting a higher affinity for insect molecular
targets. In addition, FPN has been shown to inhibit glutamate-
chloride receptors, which are expressed only in invertebrates
(Zhao et al., 2004). Although FPN was designed to selectively
target insects, previous data have also proved it acts on vertebrate
systems (Ikeda et al., 2001; Tingle et al., 2003). Acute human
intoxication involving FPN revealed symptoms associated with
the GABA transmission within the central nervous system,
including seizure, agitation, and headache (Mohamed et al., 2004;
Bharathraj et al., 2015). Confirming these biological signs in
human, FPN induces hyperactivity, tremor, and seizure in mice
(Cole et al., 1993). It has been more recently involved in memory
impairment in rats, through its interaction with GABAergic
networks (Godinho et al., 2016). Electrophysiological studies
brought to light that FPN antagonizes mammalian GABAARs in
native rat neurons or when expressed in heterologous systems
by decreasing the opening frequency of the channel (Ikeda
et al., 2001; Li and Akk, 2008). GABAARs are targeted by
a collection of pharmacologically active molecules including
anxiolytic, anesthetics, neurosteroids, and alcohol (Olsen and
Sieghart, 2008) but little is known about their interactions
with insecticides.

The ionotropic GABAAR is a heteropentameric protein
incorporating five subunits in total (α1-6, β1-3, γ1-3, δ, ε, π,
θ, ρ1-3) among which three are different (Sigel and Steinmann,
2012). The receptor functional stoichiometry requires 2α, 2β,
and a third complementary subunit: most of GABAARs display
ternary subunit arrangement, mainly αβγ and αβδ isoforms

(Olsen and Sieghart, 2009). In brain GABAergic networks,
synaptic GABAARs are localized in the postsynaptic neuronal
membrane and mediate a fast, strong, and transient “phasic”
neuronal inhibition preventing neuronal overexcitation (Farrant
and Nusser, 2005). Extrasynaptic GABAARs are localized at
the somatic, dendritic and axonal levels of the neuronal
membranes, distant from the release sites of GABA and are
responsible for a long-lasting, slow, weak, and constant “tonic”
inhibition which modulates the post-synaptic response by
influencing the overall rate of neuronal excitability, namely the
action potential firing (Farrant and Nusser, 2005; Kullmann
et al., 2005). The nature of the GABAAR subunits determines
their cellular localization and consequently their participation
in the phasic or tonic inhibition and their pharmacological
properties. A large amount of data shows that the third and
complementary subunit leads to a synaptic or extrasynaptic
localization. When harboring the γ2 subunit, GABAARs are
predominantly synaptic (except for α5β2/3γ2); whereas the δ

subunit confers an extrasynaptic localization (Nusser et al., 1998).
The α6 subunit can be associated either with the γ2 or the
δ subunit and is expressed in granule cells in both synaptic
and extrasynaptic localizations (Nusser et al., 1998). In fact,
the α6 subunit is predominantly found associated with the δ

subunit to form a functional receptor located in the cerebellum
(Wisden et al., 1992). It is also present in sensory networks
(Gutiérrez et al., 1996).

In heterologous systems, such as Xenopus oocyte, functional
heteropentameric GABAARs are classically obtained by the
co-expression of three different subunits: α and β, with γ

or δ. Beside, binary αβ receptors lacking the third γ or δ

subunit, also form functional entities in heterologous systems,
and although their physiological function is still a matter
of debate, they are expressed next to ternary receptors and
should be considered as therapeutic targets with specific
pharmacological and biophysical properties (Bencsits et al.,
1999; Sieghart and Sperk, 2002; Mortensen and Smart, 2006;
Che Has et al., 2016; Chiou et al., 2018). However, the co-
expression of three αβγ/δ subunits univocally lead to a ternary
GABAARs (Angelotti and Macdonald, 1993) and it is likely
that native receptors are predominantly of ternary organization
(Olsen and Sieghart, 2009).

Few studies have explored the mode of action of FPN on
mammalian GABAAR. It has been shown that the GABAAR
subunit composition is a key feature to explain the affinity and
binding of FPN to its mammalian target (Ratra and Casida,
2001; Charon et al., 2011). The β3 subunit is proposed to
contain the FPN biding site (Ratra et al., 2001). In this study,
the inhibitory effects of FPN on cerebellum membranes and
recombinant α6β3γ2S/δ GABAARs were investigated for the
potential effects of this insecticide on phasic and tonic GABAergic
inhibition. In addition, we challenged FPN with GABAARs
without any complementary subunit, to highlight the putative
third subunit-dependent effects, and on β3 homopentamers,
since β3 is a structural cue in FPN/GABAAR interaction (Ratra
et al., 2001). Finally, our results prompted us to explore
the interaction between FPN and α6β3-containing GABAARs
through a 3D model.
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MATERIALS AND METHODS

Drugs
GABA (Sigma, Saint-Quentin-Fallavier, France) was prepared in
the standard oocyte solution (SOS, see composition hereafter)
and FPN (Sigma, Saint-Quentin-Fallavier, France; Figure 1)
was diluted in DMSO and then its concentration range was
prepared in SOS medium. Picrotoxin (PTX—Sigma, Saint-
Quentin-Fallavier, France) was firstly diluted in DMSO to a
final concentration of 0.1%. 100 µM PTX was then prepared in
SOS medium. Control experiments using DMSO (0.5%) were
performed. Etifoxine (EFX hydrochloride, Biocodex, Gentilly,
France) was dissolved in DMSO at a final concentration of 0.1%.

Ethics Statements
All animal procedures were carried out in accordance with
the European Community council directive 2010/63/EU for
the care and use of laboratory animals and were approved
by our local ethical committee (N◦A49007002 for rats) in
addition to the French Ministry of Agriculture (authorization
APAFIS#19433-2019022511329240 and B49071 for Xenopus).
The NC3R’s ARRIVE guidelines were followed in the conduct
and reporting of all experiments using animals. Four rats were
killed to prepare cerebellum membranes (in four independent
experiments) to attenuate the effects of individual polymorphism
in GABAAR microtransplantation experiments. For TEVC, the
data were collected from oocytes collected from 12 distinct
Xenopus females. In our animal facility, oocytes were collected
twice a week, leading to the use of two different females. Each
animal was reused after 9 weeks to allow a full recovery (healing
and for animal welfare).

Animal Care
Rats and Xenopus laevis females were used for cerebellum
and oocytes preparations, respectively. Wistar rats of 200–
250 g were obtained from the Animal Facility Centre of
the Hospital/University of Angers. Rats were maintained
with ad libitum access to standard diet and tap water and
accommodated in individual cages under controlled conditions
of room temperature and illumination (12 h light/dark cycle).

Xenopus oocytes were prepared as previously described
(Mattei et al., 2019). Briefly, adult female Xenopus laevis were
purchased from Centre de Ressources Biologiques Xénopes
(Rennes, France) and were bred in the laboratory according
to the recommendations of the Guide for the Care and Use
of Laboratory Animals of the European Community. Oocytes
were harvested from Xenopus laevis frogs under 0.15% tricaine
anesthesia. All animals recovered within 2–3 h. Each female is
operated every 3 months, not less and no more than 5 times.

GABAAR Subunit Cloning
The cDNAs encoding the α6 and δ subunits used in this work
were cloned in mouse as previously described (Mattei et al., 2019).
pGW1 (= pRK5) plasmids containing cDNAs encoding mouse β3
and γ2S subunits were provided by Steven J. Moss (Department
of Neuroscience, Tufts University, Boston, United States).

Rat Membrane Preparation
We adapted the method of membrane transplantation described
previously (Miledi et al., 2004). Adult Wistar rats (male and
female) were euthanized with CO2 (5%) for 6 min. The brain
and cerebellum were removed and stored at−80◦C. Tissues were
ground on ice with 200 mM glycine buffer (sucrose 300 mM—
glycine 200 mM—NaCl 150 mM—EDTA 50 mM—EGTA
50 mM, supplemented with protease inhibitors). A portion of the
homogenate was aliquoted, frozen in liquid nitrogen and stored
at −80◦C for use in the protein assay. After homogenization, the
samples were centrifuged for 15 min at 9,500 g and 4◦C (12132-
H angular rotor, SIGMA2-16K centrifuge). The supernatant
was recovered—a part was aliquoted for protein assay—and
centrifuged for 2 h at 100,000 g and 4◦C (MLA-130 angular
rotor, Beckman Coulter OPTIMA MAX-XP ultracentrifuge). The
new supernatant was aliquoted and stored at −80◦C. The pellet,
which contains membranes, was suspended with 10 µl glycine
buffer 5 mM, and stored at −80◦C. The membrane preparations
can be used for protein assay or for microinjection. These living
membranes, which carry the native α6-containing receptors,
incorporate within the oocyte membrane, and the oocytes can be
stimulated with GABA (Palma et al., 2005).

Protein Quantification
We used the same method as described previously (Crespin et al.,
2016). Briefly, the protein content was determined with a BCATM

Protein Assay Kit (Pierce R©). Several dilutions were performed
with samples to ensure detection in the range. Each dilution
was injected twice in a 96-well plate. After incubation at 37◦C,
the plate was read at 570 nm using a plate reader (Multiscan
Ascent Thermoscientific R©). The protein content was calculated
from a standard range of BSA (0–80 µM). The preparation of
cerebellum rat membranes yielded a membrane suspension of 24
ng/nl protein concentration.

Oocyte Preparation
Oocytes were harvested as previously described (Mattei et al.,
2019). Briefly, oocytes were collected from female anesthetized
X. laevis with tricaïn 0.15 M for 15 min and washed first in
a solution of SOS (NaCl 100 mM, KCl 2 mM, MgCl2 1 mM,
CaCl2 1.8 mM, HEPES 5 mM—pH 7,4), and then in a Ca2+-
free SOS solution. They were incubated under gentle stirring with
collagenase (2 mg/ml) and trypsin inhibitor (0.8 mg/ml) for 5–
10 min and manually defolliculated. Then, oocytes were stored
in SOS medium supplemented with antibiotics (gentamicin
0.04 mg/ml, penicillin/streptomycine/pyruvate 0.22 mg/ml)
at 4◦C.

Membrane Microinjection and GABAAR
cDNA Injection
Defolliculated stage V-VI oocytes were microinjected with rat
cerebellum membranes or cDNA using a nano-automatic injector
(Nanoject II, Drummond Scientific Company, Pennsylvania,
United States). For optimal GABA-evoked current recordings
(>10 nA), 55.2 nl of cerebellum membrane preparation
corresponding to 1325 ng of proteins were injected by oocyte.
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The α6β3 (1:1), α6β3γ2S (1:1:5), α6β3δ (1:1:5) combinations
were prepared at a concentration of 50 ng/µl for α and β,
250 ng/µl for γ2S, and δ to obtain. For each combination
(Figure 2A), an amount of 450 pg cDNA was injected into the
cell nucleus. Oocytes were incubated at 18◦C and tested 24–48 h
after injection. FPN was pre-applied for 45 s before any GABA
application. To check ternary α6β3γ2S and α6β3δ GABAARs,
and binary α6β3 GABAARs, controls were performed with GABA
(5.10−7 M) before and after addition of Zn2+ (10 µM), which
does not affect ternary receptors, and inhibits GABA-induced
current through binary receptors (Supplementary Figure 1).
Control experiments were performed with the antagonist PTX
(100 µM) (Supplementary Figure 1).

Electrophysiology
To monitor the activity of functional GABAAR responses in
Xenopus oocytes, we used a standard two microelectrode voltage-
clamp technique as described previously (Mattei et al., 2019).
Glass microelectrodes were made with a DMZ Zeitz puller and
exhibited a resistance of 0.5–1.5 M�. They were filled with
an intracellular solution containing 1 M KCl/2 M K acetate.
Each oocyte was continuously bathed in a recording chamber
with the SOS solution. The resting membrane potential of
injected oocytes was about −30 mV and, in the voltage-clamp
configuration, the holding current (Ih) was about 50 nA for
a holding potential of −60 mV. We only chose oocytes with
a stable resting potential. The resting membrane potential was
measured at the end of each experiment. FPN was diluted in
the perfusion solution and then directly applied in the oocyte-
containing chamber. 48 h after cDNA injection, oocytes were
tested using a two-electrode voltage-clamp amplifier (TEV-
200A, Dagan Corporation, Minneapolis, United States), at a
holding potential of −60 mV. Data were acquired with a
pCLAMP system (Digidata 1440 and pCLAMP 10.0 software
from Axon Instruments). Experiments were performed at room
temperature. Control experiments using DMSO (0.5%) were
performed. No change in holding currents were observed, when
non-injected or injected oocytes were perfused with SOS solution
with 0.5% DMSO.

Molecular Model Preparation and
Docking
The models for the three receptors were prepared depending
on the closest available template. The β3 homopentamer was
directly based on the PDB structure 4COF. For α6β3 and
α6β3γ2 heteropentamers, an additional homology modeling step
was required and was based on the structure of the α1β3γ2
heteropentamer (6HUG). The sequences of the human α6, β3,
and γ2 GABAAR subunits were aligned with those of the template
using T-Coffee software (Notredame et al., 2000). The model
was then prepared by homology modeling using Modeler version
9.19 software (Sali and Blundell, 1993) with default settings. One
hundred models were prepared, and the best model, according
to the Discrete Optimized Protein Energy function (DOPE), was
selected. For the three models, side chains were improved with
Scwrl4 (Krivov et al., 2009). The models were then evaluated with

Molprobity and improvements on side chains were considered
(Williams et al., 2018).

The docking has been performed with AutoDock Vina
(Trott and Olson, 2010). The ligands and proteins were
prepared with prepare_ligand4.py and prepare_receptor4.py
scripts, respectively. The docking was restricted using a docking
box of 15 A side, in the upper and lower binding sites identified
previously (Charon et al., 2011). Figures were prepared with
PyMOL (Schrödinger and DeLano, 2020).

Data Analysis
In electrophysiology, the amplitude of each current response
was expressed as a% of the response to GABA EC50. The
EC50 and the Hill coefficient (nH) were determined by non-
linear regression (Figure 2B) using the Langmuir equation with
variable slope. We excluded data (i) in case of potential drift
(>0.6 mV) after pulling out the electrodes from the oocytes and
(ii) when current amplitudes were < 10 nA or > 2 µA. When
required, current densities were calculated using membrane
capacitance. GraphPad Prism 7.02 (GraphPad Software, San
Diego, United States) was used for all graphs and statistical
analyses. Normality of data distribution was validated using
Shapiro-Wilk test to choose a parametric or a non-parametric
test. Statistical significance tests between groups were performed
using variance analysis (one-way ANOVA) followed by Tukey’s
post hoc test for comparison of all groups or non-parametric
Kruskal-Wallis procedure, followed by the post hoc Dunn’s test
when appropriate. All data are presented as mean ± SEM of
individual oocytes from at least two separate female Xenopus.
Differences with p < 0.05 were considered significant (∗ for
p < 0.05, ∗∗ for p < 0.01, ∗∗∗ for p < 0.001, ∗∗∗∗ for
p < 0.0001).

RESULTS

Effect of Fipronil on Microtransplanted
Rat Cerebella
To assess the effect of FPN on native receptors embedded
in their biological membranes, we used rat cerebella. In this
context, GABAARs are fully functional as they can be activated by
increasing concentrations of GABA (Figure 3A). We challenged
microinjected oocytes with GABA (0.1 mM). FPN dose-
dependently inhibited GABA-induced currents (Figure 3B). The
inhibition level was 33.0 ± 3.9, 53.8 ± 7.5, and 58.8 ± 7.4%
when GABA was applied with 1, 10 and 100 µM FPN,
respectively (Figure 3C). Because the cerebellum mainly contains
α6-, but also α1-, GABAARs (Wisden et al., 1992), we
chose to express the ternary α6β3γ2S and α6β3δ receptors
in Xenopus oocytes for investigating FPN putative antagonist
activity and to decipher the role of the third subunit on its
inhibitory effects.

GABA Concentration Responses
To see if the FPN mode of action relies on the subunit
composition, we first generated GABA concentration-response
curves for the different GABAAR isoforms expressed in Xenopus
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FIGURE 2 | GABA sensitivity of ternary and binary α6-containing GABAARs. (A) Stoichiometric organization of α6-containing GABAARs used in this work (see
Baumann et al., 2001; Baur et al., 2010; Sigel and Steinmann, 2012). (B) Concentration-response curves for α6β3γ2S, α6β3δ, and α6β3 GABAARs. Data were best
fitted by non-linear regression to the Hill equation with variable slope α6β3γ2S: EC50 = 3.85 ± 0.28 µM and Hill-coefficient = 1.24 ± 0.08, R2 = 0.98; α6β3δ:
EC50 = 0.75 ± 0.09 µM and Hill-coefficient = 0.99 ± 0.09, R2 = 0.95; α6β3: EC50 = 0.43 ± 0.01 µM and Hill-coefficient = 1.83 ± 0.09, R2 = 0.99). Data are
mean ± SEM (n = 4–8) of at least two independent experiments.

oocytes, i.e., synaptic α6β3γ2S, extrasynaptic α6β3δ, and α6β3
(Figure 2A). For the synaptic α6β3γ2S, extrasynaptic α6β3δ and
α6β3 GABAARs, we determined GABA EC50 values (Figure 2B)
for subsequently evaluating FPN effects on each of these
receptors. Our GABA EC50 values (see caption) are in accordance
with data obtained by Mortensen et al. (2012), who transiently
expressed various synaptic and extrasynaptic GABAAR in HEK-
293 cells and reported a very similar overall ranking of GABA
sensitivity. We obtained an EC50 of 0.75 µM for α6β3δ

(Figure 2B), and Mortensen et al. (2012) reported EC50 of 0.17
µM for this same subunit combination. The EC50 was 3.85 µM
for α6β3γ2S and 0.43 µM for α6β 3.

Antagonist Activity of Fipronil on Ternary
Receptors
To compare the inhibitory effects of FPN on extrasynaptic and
synaptic receptors, we expressed ternary α6β3δ and α6β3γ2S
combinations. FPN alone (10 µM) did not induce any current.
We analyzed the effects of FPN (10 µM) with increasing
concentrations of GABA (Figures 4A,C). For this purpose, we
first applied 10−9 to 10−4 M GABA in the absence of FPN,
which served as the control. This was followed by another set
of experiments where the same concentrations of GABA were
applied in the presence of 10 µM FPN. We measured the current

density of each oocyte recorded. The concentration-response
relationships for GABA in the absence and presence of FPN
are shown in Figure 4. Our data show that the FPN effect is
similar between the GABAAR combination: for both receptors,
the addition of FPN did not modify EC50 values, whereas the
maximal effect was significantly decreased (Figures 4B,D and
Table 1). These observations agree with the fact that FPN behaves
as a non-competitive antagonist (Li and Akk, 2008), which means
that it targets an allosteric site on these two mammalian α6-
containing receptors.

Inhibitory Effects of Fipronil on α6β3δ,
α6β3γ2S, α6β3 GABAARs
To highlight the role of the complementary subunit in FPN-
induced inhibition of GABA currents, we decided to challenge
ternary and binary receptors. Oocytes injected with α6β3δ

extrasynaptic ternary receptors were first subjected to GABA
EC50 in the presence of increasing concentrations of FPN
(Figure 5A). FPN (300 µM) produced a maximal inhibition
of 46.0%, with an IC50 of 20.7 µM, which denotes a partial
antagonist effect on extrasynaptic receptors (Table 2). To
make sure that the current observed was mostly due to the
ternary receptors (α6β3δ) and not binary receptors (α6β3),
Zn2+-containing SOS was applied to inhibit GABA-evoked
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FIGURE 3 | Inhibitory effects of FPN on GABA-induced currents in membrane-transplanted oocytes. (A) Representative traces of currents evoked by increasing
concentrations of GABA in an oocyte transplanted with rat cerebellum membranes. (B) Effects of FPN (1, 10, 100 µM) on GABA-evoked currents. Control
experiments denote the addition of 10−4 M of GABA (left), before simultaneous addition of GABA and FPN (right). (C) Histograms showing the
concentration-dependent inhibitory effects of FPN on GABA-evoked currents elicited by oocyte transplantation with rat cerebellum membranes. The number of
recorded oocytes is indicated inside the bars. Data are mean ± SEM. Multiple comparisons were performed using one-way ANOVA tests followed by Tukey’s
post hoc correction (*p < 0.05, ns, not significant).

currents elicited by binary GABAARs, without altering GABA-
evoked currents from ternary GABARs (Draguhn et al., 1990).
The addition of ZnCl2 (10 µM) in a solution containing GABA
5.10−7 M triggered currents with similar amplitude to those
obtained with the application of GABA alone (Supplementary
Figure 1). The currents generated by the binary receptors
were thus negligible, suggesting that most receptors expressed
in the oocyte membrane were ternary α6β3γ2S. Furthermore,

co-application of PTX (100 µM) and GABA (5.10−7 M) was
performed to check if the observed currents were effectively
GABA-driven. PTX induced an almost complete inhibition of
current (Supplementary Figure 1).

We then challenged the effect of FPN on α6β3γ2S synaptic
GABAARs using the calculated EC50. FPN concentration-
dependently antagonized α6β3γ2S (Figure 5A). Inhibition of the
current was 94% with 300 µM FPN, and the calculated IC50 was

Frontiers in Neuroscience | www.frontiersin.org 6 November 2021 | Volume 15 | Article 768466236

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-768466 November 23, 2021 Time: 16:14 # 7

Soualah et al. Fipronil-Induced Modulation of GABAA Receptors

FIGURE 4 | FPN effects on GABA-induced currents elicited by α6β3γ2S and α6β3δ GABAARs. (A,C) Concentration-response curves for α6β3γ2S and α6β3δ

GABAARs. Data were best fitted by non-linear regression to the Hill equation with variable slope. (B,D) Comparison of EC50 and GABA-currents densities obtained
with α6β3γ2S (B) and α6β3δ (D) GABAARs, in control (CTRL) and in the presence of FPN (10 µM). For α6β3γ2S, pEC50 was 5.83 ± 0.21 without FPN and
5.77 ± 0.28 with FPN; Emax was 11.6 ± 0.6 pA/pF without FPN and 3.4 ± 0.2 with FPN. For α6β3δ, pEC50 was 6.24 ± 0.12 without FPN and 6.33 ± 0.10 with
FPN; Emax was 1.8 ± 0.3 pA/pF without FPN and 0.8 ± 0.2 with FPN. The number of recorded oocytes is indicated inside the bars. For both receptors, the
normality of maximal current density distribution was validated using Shapiro-Wilk test and data were analyzed with unpaired t-test. EC50 values did not pass
Shapiro-Wilk test and they were analyzed with non-parametric Mann and Whitney test (ns: non-significant, *p < 0.5, ****p < 0.0001. Data are mean ± SEM of at
least two independent experiments (n = 5–6 cells) (see also Table 1).

TABLE 1 | GABA potency and efficacy on α6β3γ2S and α6β3δ GABAARs in the absence (CTRL) and the presence of 10 µM FPN.

EC50 (µM, ± SEM) pEC50 ± SEM Hill coefficient ± SEM Maximal current density (pA/pF ± SEM) n

α6β 3γ 2S CTRL 2.7 ± 1.4 5.82 ± 0.21 1.1 ± 0.3 11.6 ± 0.6 6

+ 10 µM FPN 2.9 ± 1.5 5.77 ± 0.28 1.3 ± 0.5 3.4 ± 0.2 6

α6β 3δ CTRL 0.6 ± 0.2 6.24 ± 0.12 1.0 ± 0.3 1.8 ± 0.3 5

+ 10 µM FPN 0.5 ± 0.1 6.33 ± 0.1 1.1 ± 0.3 0.8 ± 0.3 6

20.2 µM. This result shows a discrepancy in the inhibitory effect
of FPN, as a function of the complementary subunit: on the one
hand, IC50 values are similar between α6β3γ2S and α6β3δ; on
the other hand, the inhibition is full for α6β3γ2S, and partial
for α6β3δ. Again, to verify that the current recorded was due to
the ternary α6β3γ2S receptors, we used Zn2+. The subsequent

addition of ZnCl2 in the medium did not modify the GABA-
induced current, while PTX (100 µM) inhibited these currents
(Supplementary Figure 1).

To highlight the role of the complementary γ/δ subunit in FPN
mode of action, we performed the previous experiment again
using the binary α6β3 receptor. Representative current traces are
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FIGURE 5 | Comparison of inhibitory effects of FPN on α6β3γ2S, α6β3δ, and α6β3 GABAARs. (A) Left: Concentration-inhibition curves of FPN on α6β3γ2S, α6β3δ,
and α6β3 GABAARs stimulated with GABA (EC50). Data were best fitted by non-linear regression to the Hill equation with variable slope. For α6β3γ2S, pIC50 was
4.86 ± 0.10 and Hill coefficient = 0.80 ± 0.05, R2 = 0.96; for α6β3δ, pIC50 was 4.78 ± 0.05 and Hill coefficient = 0.90 ± 0.12, R2 = 0.93; for α6β3, pIC50 was
5.93 ± 0.20 and Hill coefficient = 1.08 ± 0.29, R2 = 0.99. Right: Representative responses to concentration-inhibition of FPN on α6β3γ2S, α6β3δ, and α6β3
GABAARs stimulated with GABA (EC50). (B,C) Analysis of the inhibitory effects of FPN on α6β3γ2S, α6β3δ and α6β3 GABAARs. Potency (pIC50, B) and efficacy
(maximum inhibition obtained with 300 µM FPN, C) of FPN on the three α6-containing GABAARs were compared. Normality of data distribution was validated using
Shapiro-Wilk test and data were analyzed with one-way ANOVA followed by multiple comparison test with Tukey test (ns: non-significant, ****p < 0.0001). Data are
mean ± SEM of at least two independent experiments (n = 4–9 cells) (see also Table 2).

TABLE 2 | Fitting parameters of FPN inhibition on α6β3, α6β3γ2S, and α6β3δ GABAARs.

IC50 (µM, ± SEM) pIC50 ± SEM Hill coefficient ± SEM Maximal inhibition (% ± SEM) n

α6β 3 2.4 ± 0.4 5.93 ± 0.20 1.08 ± 0.29 46.8 ± 3.7 7

α6β 3γ 2S 20.2 ± 1.7 4.86 ± 0.10 0.80 ± 0.05 94.1 ± 0.7 6

α6β 3δ 20.7 ± 2.6 4.78 ± 0.05 0.90 ± 0.12 46.0 ± 2.0 9

shown in Figure 5B. Unexpectedly, FPN did not fully antagonize
the α6β3-driven current. The IC50 is 2.4 µM—10-fold lower
than ternary receptors—and the maximal inhibition is 46.8%,
close to what is observed with α6β3δ receptors. Our data suggest

that FPN differentially antagonizes GABAARs, as a function
of their subunit composition, and the complementary subunit
appears to play a crucial role in this inhibition. Altogether, the
stoichiometry of these receptors drives their pharmacological
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FIGURE 6 | Effect of FPN on leak currents elicited by expression of β3-subunits in Xenopus oocytes. (A) Representative current traces obtained by increasing
concentrations of FPN (1, 10, and 10 µM). (B) Analysis of FPN-induced currents. The current density increases as a function of FPN concentrations: it was
0.0058 ± 0.0021 nA/pF, 0.0177 ± 0.0018 nA/pF, 0.0661 ± 0.0105 nA/pF for 1, 10, and 100 µM FPN, respectively. The number of recorded oocytes is indicated
inside the bars. Data are mean ± SEM of at least two independent experiments. Multiple comparisons were performed using one-way ANOVA tests followed by
Tukey’s post hoc correction (***p < 0.001, ****p < 0.0001, ns, not significant).

properties toward the phenylpyrazole insecticide FPN, since the
current inhibition was almost complete for synaptic receptors
and partial for extrasynaptic and binary receptors.

Effect of Fipronil on β3 Homopentamers
The β3 subunit of mammalian GABAARs is of particular
importance: although it has never been identified in vivo, it was
the first GABAAR structure solved at high-resolution (Miller
and Aricescu, 2014). This subunit has been shown to influence
the binding of FPN to GABAARs (Ratra et al., 2001). The β3
homopentamer stands in an open conformation and proved
to be insensitive to GABA or muscimol but can be positively
modulated by pentobarbital (Wooltorton et al., 1997). The β3 leak
currents could be inhibited by EFX (Supplementary Figure 1C),
as it has been shown previously (Hamon et al., 2003). Then,
this homopentamer was challenged to increasing concentrations
of FPN which elicits dose-dependent currents (Figure 6). We
can notice that these currents display small amplitudes (∼15
nA), compared to GABA-induced currents elicited by binary
or ternary GABAARs (∼200–1,000 nA). In addition, FPN did
not induce any current in oocytes expressing binary or ternary
GABAARs, indicating that β3 homopentamers did not influence
the GABA-mediated currents of Figures 2, 4.

Hence, FPN behaved as a pseudo-agonist of β3 GABAARs,
after we have shown its role as an antagonist on binary
and ternary receptors. This again highlights the versatile
pharmacological properties of FPN on GABAARs, depending on
their subunit composition, from non-competitive antagonist to
positive allosteric modulator.

Docking Model
We generated homology models of α6β3 and α6β3γ2S GABAAR
to predict how FPN binds to their receptor site (Figure 7).

The docking was guided by the prior knowledge that FPN is
an open channel blocker and has two putative binding sites
in the ion channel, lined by the M2 transmembrane segments
(Perret et al., 1999; Charon et al., 2011). Indeed, our docking
finds two binding modes, located nearby Val257 and Ser272
(Figures 7C,D). We reasoned that these two putative binding
sites may explain the different pharmacological properties
observed at Figure 5, because FPN appears in contact with
residues that differ depending on the subunit (Figure 7). Both
sites could be accessible to FPN and occupied simultaneously.
The model presented is speculative and based on a possible
docking. Consequently, our hypothesis deserves to be verified
with mutagenesis experiments.

DISCUSSION

GABAAR antagonists, notably insecticides and convulsants,
display differential activities at their site receptor just like
GABAAR allosteric modulators, including anxiolytics and
neurosteroids, which pharmacological properties depend on
GABAARs subunit composition and regional expression in the
brain, (Olsen, 2015). In this study, we looked at FPN effect
on α6-harboring GABAARs with or without a complementary
subunit. Binary (α6β3), synaptic (α6β3γ2S), and extrasynaptic
(α6β3δ) receptors were expressed in Xenopus oocytes and
challenged with FPN to measure the EC50 GABA-induced
currents. We chose to work on the α6 subunit because it
is exclusively expressed in the cerebellum, which function is
dedicated to motor function in terms of movement, posture,
and balance (Ghez and Fahn, 1985). Moreover, this subunit
has been, among others, associated with genetic epilepsies, and
might be considered as an interesting pharmaceutical target
(Hernandez et al., 2011). On the other hand, the insecticide
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FIGURE 7 | Binding modes of FPN obtained by docking on the mouse α6-containing GABAAR. (A) Model of the receptor viewed from the membrane plane. The
protein is shown in cartoon representation with a different color code for each polypeptide. The position of the membrane is represented by a sphere positioned at
the level of lipid head groups as determined by the Orientations of Proteins in Membranes database. (B) Model of the receptor viewed from above the membrane
(rotation of 90◦ from A). (C,D) Binding modes of FPN obtained by docking on the mouse α6β3γ2S (C) and α6β3 (D) GABAARs. Close-up showing the FPN-binding
pocket (FPN appears in sticks). FPN interacts with an upper site (Ser272)—nearby the extracellular part of the membrane—and the second site (Val257)—located
near the intracellular part of the membrane.

FPN is an antagonist of GABAARs and has been linked
to different toxicological conditions in mammals, including
seizures (Bharathraj et al., 2015; Gibbons et al., 2015). It has
been shown in the past that FPN displays higher affinity
toward the open conformation of the GABAAR (Ikeda et al.,
2001). Once bound to FPN, the channel can still be targeted
by GABA at the α/β interface, but it remains blocked due
to the FPN binding. It displays high affinity for rat brain
membranes with an IC50 value of 800 nM (Zhao and Casida,

2014). In mammals, FPN has been shown to compete with
[3H]Ethynylbicycloorthobenzoate ([3H]EBOB) binding to man
and mouse GABAARs with an IC50 of 942 and 1014 nM,
respectively (Hainzl et al., 1998).

In our hands, FPN inhibits GABA-induced currents
mediated by native GABAARs in cerebellum membranes or
by heteropentameric GABAARs, with IC50 of 20 µM for ternary
receptors and 2.4 µM for binary receptors. We noticed that FPN
at 100 µM did not totally inhibit the GABA-induced currents in
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oocytes injected with cerebellum membranes. This could be due
to the presence of GABA channels with a poor sensitivity to FPN.
Alternatively, when tissue membranes are injected in oocytes,
its plasma membrane can become unstable, which could explain
what is observed at high concentrations of FPN.

The fact that subunit composition is a major contributor to
FPN selectivity has been demonstrated in the past. The presence
of the β3 subunit is a crucial feature in the interaction of FPN
with GABAAR: binding and toxicity assays showed that β3 is part
of the insecticide target and other subunits modulate the binding
to confer selective toxicity (Ratra and Casida, 2001; Ratra et al.,
2001). Competitive binding assay using human receptors have
shown that FPN targets with high affinity β3 homopentamers
(Ki 1.8 nM) and a decreasing affinity regarding the subunit
composition: β3∼α6β3 > α6β3γ2, as indicated by the value
of the IC50 (2.4, 3.1, 17 nM, respectively). Indeed, and as it
has never been shown before, our data demonstrate that FPN
dose-dependently activates β3 homopentamers, thus providing
a confirmation of its direct interaction with this subunit, but
as a positive modulator, rather than an antagonist. However,
FPN elicits quite small currents in β3 subunit-injected oocytes
and does not induce any current through ternary or binary
receptors. Indeed, we cannot rule out the putative presence of β3
homopentamers in oocytes expressing heteropentamers, but with
insignificant influence on the FPN antagonist effect.

This indicates that the molecular architecture of the GABAARs
drives the selectivity of FPN and may be responsible for its
toxicity. However, the limited inhibitory effect of FPN on both
α6β3δ and α6β3 receptors prompted us to propose a model to
explain this ambiguity. As it has been described previously, two
putative binding sites have emerged for FPN, one being α1-
Val257 close to the intracellular part of the membrane, the other
α1-Ser272 close to the extracellular part, by docking FPN on the
α1β2γ2 GABAAR (Charon et al., 2011). We can speculate that
γ-containing ternary receptors could offer two binding modes
to FPN, while in the α6β3δ and α6β3 receptors, the upper site
(Ser272) would be favored, and the second site (Val257) might
be less accessible and lowered. This discrepancy can explain
the ability of FPN to bind binary and ternary α6-containing
receptors, with a limited pharmacological inhibition of binary
and extrasynaptic receptors.

FPN is known to bind with high-affinity the α6-containing
binary GABAARs (α6β3) and with lower affinity the α6-
containing ternary receptors (α6β3γ2S and α6β3δ) (Ratra and
Casida, 2001). In contrast, as shown by our data, FPN is
significantly more efficacious at ternary than binary receptors.
Such pharmacological differences have been observed in the
past, with various ligands. Recently, it has been shown that
muscimol differentially activates binary and ternary GABAARs:
co-expression of the δ subunit induced a greater sensitivity
in α4β3-injected oocytes (Benkherouf et al., 2019). This result
could be deducted from the observation that δKO mice exhibit
reduced 3H-muscimol binding sites in the cerebellum (Mihalek
et al., 1999). As demonstrated for muscimol, the binding
properties of FPN depend on the γ2S subunit. Also, the
benzodiazepine diazepam exhibits a greater efficacy on GABA
currents when linked to ternary α1β2γ2 receptors compared

to binary α1γ2 GABAA receptors, and this might be explained
by the higher binding site density at the ternary complex
compared with the binary complex (Granja et al., 1997).
This could explain a better accessibility of FPN to ternary
receptors, by unmasking binding sites. More recently, the
convulsant rodenticide tetramethylenedisulfotetramine (TETS)
was investigated for its non-competitive antagonistic effect
toward GABAARs (Pressly et al., 2018). TETS exhibit a clear
receptor subtype selectivity: (i) it is more efficient at α2β3γ2l and
α6β3γ2l receptors, and (ii) the complementary subunit appears
to play a crucial role in this selectivity: TETS is 7 times more
potent on ternary α2β3γ2l (IC50 0.48 µM) than on binary α2β3
GABAARs (IC50 3.37 µM).

The last feature illustrating the pharmacological versatility of
FPN is its positive modulation on β3 homopentamers. These
spontaneously open receptors have been shown to be positively
modulated by pentobarbital, propofol and more surprisingly
bicuculline, yet known as a competitive antagonist of ternary
GABAARs (Wooltorton et al., 1997). Alongside, FPN proved
to positively modulate murine β3 receptors in our study. This
homopentamer, close to the rdl insect channels, has proved to
exhibit high affinity for classical non-competitive antagonists,
partly because of its symmetric organization (Chen et al., 2006).
Our data raise the question of the binding site of FPN. As a non-
competitive antagonist, FPN competes for the EBOB binding
site on human β3 and α1β3γ2 GABAARs expressed in Sf9 cells,
which highlighted the importance of the β3 subunit (Ratra et al.,
2001). Two sites have already been observed for FPN, PTX and
EBOB, one being a lower site (Val257) and the other an upper site
(Ser272) (Charon et al., 2011).

CONCLUSION

As predicted, FPN-induced toxicity in mammals may involve
action at multiple receptor subtypes (Ratra et al., 2001). The
results presented in our study have demonstrated the inhibitory
modulation of the non-competitive FPN on GABAA receptors
depending on their subunit composition (α6β3δ, α6β3γ2S, and
α6β3). These different combinations are either synaptic-like
receptors (α6β3γ2S) or extra-synaptic (α6β3δ). The comparison
of the FPN effects highlights the crucial and unexpected role of
the third subunit in this inhibitory process. We show that ternary
GABAARs composed of α6β3γ2S are totally antagonized by FPN
while α6β3δ and binary α6β3-drivern GABA currents are only
partially inhibited. Such inhibition levels have not already been
reported because the subunit composition of GABAAR have not
been characterized functionally with respect to their sensitivity
to insecticides. Although there is a differential inhibition of
FPN on synaptic and extrasynaptic receptors, both combinations
proved to have their current blocked when expressed in Xenopus
oocytes. It will be important to determine whether FPN and other
GABAAR antagonists inhibit all binary and ternary receptor-
mediated currents in a comparable way and if this could be
related to physiological functions. The role of the third subunit
deserves to be finely studied in other GABAA receptors subjected
to FPN. Site-directed mutagenesis on Ser272 and/or Val 257 will
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be helpful to validate the putative implication of both residues in
ternary GABAAR allosteric modulation.
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