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An imbalance between neuronal excitation and inhibition represents a core feature in multiple neuropsychiatry
disorders, necessitating the development of novel strategies to calibrate the excitatory–inhibitory balance of
therapeutics. Here we identify a natural compound quercetin that reduces prefrontal cortical GABAergic trans-
mission and alleviates the hyperactivity induced by glutamatergic N-methyl-D-aspartate receptor antagonist
MK-801. Quercetin markedly reduced the GABA-activated currents in a noncompetitive manner in cultured cor-
tical neurons, and moderately inhibited spontaneous and electrically-evoked GABAergic inhibitory postsynaptic
current in mouse prefrontal cortical slices. Notably, systemic and prefrontal-specific delivery of quercetin re-
duced basal locomotor activity in addition to alleviated theMK-801-induced hyperactivity. The effects of querce-
tin were not exclusively dependent on α5-subunit-containing A type GABA receptors (GABAARs), as viral-
mediated, region-specific genetic knockdown of the α5-subunit in prefrontal cortex improved the MK-801-
evoked psychotic symptom but reserved the pharmacological responsivity to quercetin. Both interventions to-
gether completely normalized the locomotor activity. Together, quercetin as a negative allosteric GABAAR mod-
ulator exerted antipsychotic activity, facilitating further therapeutic development for the excitatory–inhibitory
imbalance disorders.
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1. Introduction

Accurate calibration of excitatory–inhibitory balance across the cen-
tral nervous system is fundamental for the normal functioning of the
brain, while an imbalance in neuronal excitation/inhibition is a core
feature observed in neuropsychiatric disorders, but not restricted
to schizophrenia. The finding [37] that the psychotomimetic drug
phencyclidine noncompetitively blocked the N-methyl-D-aspartate
receptor (NMDAR) gave rise to the glutamate theory of schizophrenia
[10, 11, 26], according to which NMDAR hypofunction and disturbances
in NMDAR-related gene expression and metabolic pathways confer the
disease phenotypes [46, 62]. The NMDAR antagonist ketamine has been
shown to induce significant psychosis [31] and exacerbated it further in
individuals predisposed to schizophrenia symptomatology [32]. Conse-
quently, the NMDAR antagonist such as MK-801 has been shown to in-
duce hyperactivity using locomotor activity paradigm in rodents to
model the part of the positive symptoms in psychosis [1, 23, 70, 71]
for novel antipsychotic drug discovery [58] and therapeutic develop-
ment [42–44]. Not surprisingly, agents potentiating glutamatergic
transmission, by activating the glycine modulatory site on the
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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NMDAR, have been reported to reduce some of the cognitive symptoms
of schizophrenia [4, 14, 15]. Specifically, schizophrenia, particularly the
cognitive symptoms of the disorder, may result from the low activity of
NMDAR on the GABAergic inhibitory interneurons in the prefrontal cor-
tex [10–12, 26, 42, 43, 46, 71], as the postnatal ablation of NMDAR in this
subtype of neurons conferred most schizophrenia-like phenotypes
[5, 20]. The progress in the understanding of pathogenesis of psychosis
is encouraging; however, unfortunately, current treatments for schizo-
phrenia are far from satisfactory. Yet, these treatments have substan-
tially improved outcomes for most patients with schizophrenia [26].
Therefore, continued efforts are necessary to develop or discover
novel strategies for preventing and curing this type of disorder.

The γ-aminobutyric acid (GABA) system is pivotal for the orchestra-
tion of local networks and the functional interaction across different
brain regions [64], which can act as an alternative target to calibrate
the excitatory–inhibitory balance in the central nervous system. A-
type GABA receptors (GABAARs) are pentameric Cl−-permeable ion
channels activated by the GABA transmitter and widely distributed in
the central nervous system, which primarily confer fast inhibitory con-
trol over neural activity [56]. To date, at least up to 19 known subunits
(α1–6, β1–3, γ1–3, δ, ε, θ, π, and ρ1–3) have been identified. Of note,
many of functional GABAARs contain two α-subunits, two β-
subunits, and one γ-subunit [41, 55]. Because GABAARs are responsi-
ble for inhibitory tone in the central nervous system, they are indis-
pensable for controlling the neuronal balance between excitation
and inhibition and thus participate in almost every physiological
and pathophysiological brain function. Accordingly, GABAARs have
long been considered as an important pharmaceutical target. They
are positively modulated [59] by benzodiazepines [63], barbiturates
[38], steroids [25], and anesthetics [45, 52, 65, 69]. Most of these
drugs have been in clinical use for decades and are still among the
most widely prescribed drugs for the treating insomnia and anxiety
disorders.

Growing evidence also suggests that low doses of GABAAR antag-
onists show therapeutic potentials in a particular type of
neurodevelopmental disorders such as in Down syndrome [18] and
the antipsychotic efficacy [51, 60]. Of note, negative allosteric modu-
lators selectively targeting α5-subunit-containing GABAARs consis-
tently exhibit substantial pharmacological effects to restore
cognitive deficits [2, 3, 30, 40, 53, 61], promote functional recovery
after stroke [8], or exert the anti-depressant action [72]. It is worth
noting that GABAAR-mediated inhibition can be cell type-specific
[66], and targeting GABAARs would have different roles in the net-
work dependent on the target neurons [17]. Inhibiting glutamatergic
pyramidal neuron by GABAAR reduces network excitability while
inhibiting GABAergic interneurons increases network excitability.
Nevertheless, most of GABAergic agents do not distinguish between
these two alternatives, providing an alternative explanation for the
aforementioned GABAAR inhibitors, on occasion, capable of reducing
network excitability for their beneficial efficacy. Collectively, thera-
peutic potentials by virtue of negative modulators of GABAARs for
neuropsychiatric disorders [6, 29, 64], including schizophrenia, are
far underestimated.

The current study took advantage of a natural flavonoid compound
quercetin [2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one,
Fig. 1A], which has been identified as a negativemodulator for recombi-
nant GABAARs and C-type GABA receptors (GABACRs, also designated to
be ρ1-subunit-containing GABAARs) [21, 22, 28], to examine its phar-
macological effects on brain activity. The present study examined the
effects of quercetin on the endogenous GABAAR currents in cultured
mouse cortical neurons, in addition to that on synaptic transmission in
mouse prefrontal cortex slices (using patch-clamp electrophysiology),
and MK-801-evokded locomotor hyperactivity (using behavioral as-
sessment). The study found that quercetin, as an inhibitor of GABAARs,
reduced GABAergic transmission in the prefrontal cortex and alleviated
the hyperactivity caused by MK-801.
2. Materials and Methods

2.1. Animals

All behavioral measurements were performed in adult unrestrained
awake male C57BL/6J mice (8–12 weeks old), which were obtained
from Shanghai Slac Laboratory Animal Company Limited (Shanghai,
China). The Mice were subjected to a 12-h light/dark cycle, and the
behavioral experiments were always performed during the light phase
of the cycle. The mice had access to food and water ad libitum except
during tests. All efforts were made to minimize animal suffering and
reduce the number of animals used. All experimental protocolswere ap-
proved by the Animal Ethics Committee of Shanghai Jiao Tong Univer-
sity School of Medicine, China. In all experiments, the investigators
were blind to the drug treatment of mice. The experiments were per-
formed on the mice in a randomized order.

2.2. Drugs

Primary cultures of mouse cortical neurons were prepared accord-
ing to previously described techniques [36]. In brief, 15-day-old embry-
onic C57BL/6 J mice were isolated using a standard enzyme treatment
protocol. Brains were removed rapidly and placed in ice-cold Ca2+-
and Mg2+-free phosphate-buffered solution (PBS). Tissues were
dissected and incubated with 0.05% trypsin-EDTA for 10 min at 37 °C,
followed by trituration with fire-polished glass pipettes, and plated on
poly-D-lysine-coated 35 mm culture dishes (Corning, USA) at a density
of 1 × 106 cells per dish. Neurons were cultured using Neurobasal me-
dium (Thermo Fisher Scientific, USA) supplemented with B27 (Thermo
Fisher Scientific, USA) and maintained at 37 °C in a humidified 5% CO2

atmosphere incubator. Cultures were fed twice a week and used for
electrophysiological recording 10–20 days after plating.

The cDNA of mouse GABAAR α5-subunit (GenBank accession: NM_
176942.4) or γ2-subunit (GenBank accession: NM_008073.4) was
expressed in human embryonic kidney (HEK)-293T cells by transient
transfection as reported in a previous study [36]. The HEK-293T cells
were cultured in the Dulbecco's modified Eagle's medium supple-
mented with 1 mM L-glutamine, 10% fetal bovine serum, 50 units/ml
penicillin, and 50 μg/ml streptomycin (all from Thermo Fisher Scientific,
USA), at 37 °C in a humidified atmosphere of 5% (v/v) CO2 and 95% O2

(v/v) and passaged twice a week. Transient transfection of HEK-293T
cells was performed using HilyMax liposome transfection reagent
(Dojindo Laboratories, Japan).

2.3. Chemicals

All drugs were purchased from Sigma-Aldrich (Merck Millipore,
USA) except otherwise indicated. In the electrophysiological experi-
ment, the final concentration of dimethyl sulfoxide (DMSO) was lower
than 0.1% and verified to be ineffective alone at the same concentration
in control experiment. Other drugswerefirst dissolved in ion-freewater
and then diluted to the final concentrations in the standard external so-
lution just before use or dissolved directly in the standard external
solution.

2.4. Electrophysiological Recording in Cultured Cells

Whole-cell recordings were made using an Axon 200B patch-clamp
amplifier (Axon Instruments, USA). Membrane currents were sampled
and analyzed using a Digidata 1440 interface and a personal computer
running Clampex and Clampfit software (Version 10, Axon Instru-
ments). The membrane potential was held at −60 mV throughout the
experiment under voltage clamp conditions. All the experiments were
carried out at room temperature (23 ± 2 °C).

The standard external solution contained (inmM): 150NaCl, 5 KCl, 1
MgCl2, 2 CaCl2, 10N-hydroxyethylpiperazine-N-2-ethanesulphonic acid



Fig. 1.Modulation of GABA response byquercetin in cultured cortical neurons. (A)Chemical structures of quercetin. (B)Representative traces showing the currents evokedbyGABA (10 μM)
alone, or in the presence of various concentrations of quercetin as indicated. (C) Concentration–response curves of quercetin plus GABA-evoked induced currents. Current amplitudeswere
normalized to the GABA-induced response in the absence of quercetin. The IC50 and Hill coefficient values were 8.7 ± 2.1 μM and 1.4 ± 0.5, respectively. n = 4–10 for each group. (D,
E) Representative traces (D) and pooled data (E) showing the relative inhibition induced by 20 μM quercetin of the response to various concentrations of GABA. n= 3–7 for each group.
F(7,42) = 0.662, p = .702, one-way ANOVA.
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(HEPES), and 10 glucose (pH 7.4 with Tris-base, 325–330 mOsm). The
pipette solution was composed of (in mM): 120 KCl, 30 NaCl, 1 MgCl2,
0.5 CaCl2, 5 ethylene glycol tetraacetic acid (EGTA), 2 Mg-ATP, 10
HEPES, pH 7.2 adjusted with Tris-base. For the majority of electrophys-
iological recordings, drugs were applied using the “Y-tube” method,
which allowed a complete exchange of external solution surrounding
the cell within 20 ms [35, 48]. Throughout the experiment, the bath
was superfused continuously with a standard external solution.

2.5. Brain Slice Preparation and Electrophysiological Recording

Experimentswere performed on 300-μm transversemedial prefron-
tal cortical slices from male C57BL/6J mice (6–10 weeks old), as de-
scribed in a previous study [33] with minor modifications. Briefly,
after decapitation, the mouse brains were quickly removed and placed
in a well-oxygenated (95% O2/5% CO2) ice-cold artificial cerebrospinal
fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 12.5 D-glucose, 1
MgCl2, 2 CaCl2, 1.25 NaH2PO4, and 25 NaHCO3 (pH 7.35–7.45). Two to
three coronal prefrontal cortical slices were cut with a vibratome
(Leica VT 1000S, Germany) and incubated at 30 ± 1 °C in oxygenated
ACSF at least 1 h before transferring to a recording chamber. Whole-
cell patch-clamp recordings were made from neurons in medial pre-
frontal cortex (mPFC) using an infrared-differential interference con-
trast video microscope (Olympus, BX51WI, Japan). The placement of
individual slices was observed using an infrared-differential interfer-
ence contrast video monitor. The slices were continuously perfused
with well-oxygenated ACSF at 35 ± 1 °C during all electrophysiological
studies. Electrophysiological indexes were measured from the superfi-
cial layer (layer II–III) pyramidal neurons using an Axon 200B amplifier
(Axon Instruments, USA). Membrane currents were sampled and
analyzed using a Digidata 1440 interface and a personal computer run-
ning Clampex and Clampfit software (version 10, Axon Instruments).
For recordings of spontaneous inhibitory postsynaptic currents (sIPSCs),
the holding potential was clamped at −70 mV (Fig. 2). Patch pipettes
had open-tip resistances of 3–5MΩwhen filledwith an intracellular so-
lution that contained (inmM): 140 CsCl, 10 HEPES, 1MgCl2, 0.1 EGTA, 4
NaCl, 2 Mg-ATP (pH 7.3). The D-2-amino-5-phosphonopentanoic acid
(D-APV, 50 μM) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX,
20 μM) were added to the bath through a gravity-driven perfusion sys-
tem. The MiniAnalysis 6.0.1 program (Synaptosoft Inc., USA) was used
to analyze sIPSCs. The amplitude threshold for event detection was set
to 10 pA while other parameters were the default values. Every single
event in each recorded cell was fully characterized using the following
parameters: amplitude, rise time, decay time, and area constants, and
calculated using the MiniAnalysis 6.0.1 program.

The electrically evoked inhibitory postsynaptic currents (IPSCs,
Fig. 3) were recorded from superficial layer (layer II–III) pyramidal neu-
rons, and the stimulation was delivered with a bipolar tungsten stimu-
lating electrode placed in the deep layer (layer V–VI). The electrical
stimulation was delivered repetitively every 20 s, with the neuron
voltage-clamped at 0 mV. The recording pipettes (3–5 MΩ) were filled
with a solution containing (in mM): 132.5 cesium gluconate, 17.5 CsCl,
2 MgCl2, 0.5 EGTA, 10 HEPES, 4 Mg-ATP, 5 QX-314 chloride
(280–300 mOsm, pH 7.2 with CsOH).

2.6. Open Field Test

The mice were brought to the testing room to acclimatize to the en-
vironment prior to the experiment. They were placed in the center of a
square Plexiglas open field apparatus (40 × 40 × 35 cm) and allowed to



Fig. 2.Quercetin reduces the spontaneous GABAergic inhibitory postsynaptic current in prefrontal cortical slices. (A) Representative traces showing voltage responses of neurons in layer
II–III of prefrontal cortex to 500-ms injection of the current of+200 pA. (B) Representative traces showing GABAergic sIPSCs in the absence (Ctrl, black) or presence (+quercetin, blue) of
100 μMquercetin. (C–G) Summary data showing the amplitude (C), frequency (D), kinetics (E–G) of GABAergic sIPSCs in the absence or presence of 100 μMquercetin. Data aremeans ±
S.E.M. n= 11 cells from 7 mice. N.S., not significant difference; ⁎p b .05, ⁎⁎p b .01, paired Student's t-test. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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freely explore according to differential protocols shown in Figs. 4–7. The
first protocol shown in Fig. 4 was consisted of a 30-min habituation ses-
sion in which each mouse was allowed to explore freely in the open
field, a 30-min test session in which the effects of quercetin on basal lo-
comotor activity were determined and following a 30-min challenge
session evoked by MK-801. During the test session, the treated mice
were administered quercetin [50 mg in 10 ml volume per kg mice;
Fig. 3. Effects of quercetin on electrically-evoked IPSC and EPSC in prefrontal cortical slices. (A)
(layer II–III) inmouse brain slice. (B) Pooled data showing the time course of quercetin-induced
(dashed line) during the first 2 min of the recording. (C) Summary data showing the amplitude
.001, paired Student's t-test. (D) Representative traces showing that quercetin strongly inhibite
time course of quercetin-induced inhibition of eEPSCs. eEPSC amplitudes were normalized t
(F) Summary data showing the amplitude of eEPSCs in the absence or presence of 100 μM que
intraperitoneally (i.p.)], which was dissolved in a vehicle solution con-
taining 0.5% carboxymethyl cellulose, while the control mice were ad-
ministered vehicle only. During the irritation session, the treated mice
were administered MK-801 (0.2 mg in 10 ml volume per kg mice; i.p.),
which was dissolved in saline, whereas the control mice were
administered saline only. Another protocol shown in Figs. 5–7
contained only a 30-min irritation session using the mice not
Representative traces showing that quercetin strongly inhibited eIPSCs in mPFC neurons
inhibition of eIPSCs. eIPSC amplitudeswere normalized to the average of eIPSC amplitudes
of eIPSCs in the absence or presence of 100 μMquercetin. n=16 cells from 9mice. ⁎⁎⁎p b

d eEPSCs in mPFC neurons (layer II–III) in mouse brain slice. (E) Pooled data showing the
o the average of eEPSC amplitudes (dashed line) during the first 2 min of the recording.
rcetin. n = 17 cells from 11 mice. ⁎⁎⁎p b .001, paired Student's t-test.
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Fig. 4. Effects of systemic treatment of quercetin on baseline locomotor activity and MK-801-induced locomotor hyperactivity. (A) Behavioral protocol. (B) Sample locomotion traces of
mice after injection (i.p.) with control vehicle (grey) or quercetin (50mg/10ml per kg, light blue), following a 30-min habituation in the open field. (C) The total distance traveled during
each 5-min interval. n=17–19 for each group. N.S., not significant difference, ###p b .001, vehicle vs. quercetin, twoway repeated-measures ANOVA. (D) The total distance of vehicle- and
quercetin-treated mice during the first 30-min habituation session and the following 30-min test session, respectively. n = 17–19 for each group. N.S., not significant difference, ###p b

.001, vehicle vs. quercetin, unpaired Student's t-test. (E) Sample locomotion traces of vehicle- or quercetin-treatedmice, each of whichwere then subdivided into two groups and treated
with saline orMK-801 (in saline, 0.2mg/10ml per kgmice), respectively. (F) The total distance of vehicle- or quercetin-treated mice followed by injection (i.p.) of saline orMK-801 trav-
eled during each 5-min interval. n = 8–10 for each group. ⁎⁎⁎p b .001, saline vs. MK-801; N.S., not significant difference, ###p b .001, vehicle vs. quercetin, two way repeated-measures
ANOVA. (G) The total distance in the 30-min session ofmice followed by saline orMK-801 injection. n=8–10 for each group. ⁎⁎⁎p b .001, saline vs.MK-801; N.S., not significant difference,
###p b .001, vehicle vs. quercetin, unpaired Student's t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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acclimated to the open field but started with the 30-min session after
bilaterally prefrontal cortex-specific infusion (Fig. 5) of quercetin
(100 mM, in DMSO, 0.5 μl each side) or vehicle (DMSO only, 0.5 μl each
side), or i.p. treatment (Figs. 6 and 7) of quercetin or vehicle only. During
the irritation session, the treated mice were administered MK-801 (i.p.)
or saline only. The total distance traveled was quantified using the
Ethovision video-tracking system (Noldus Information Technology,
Netherlands).

2.7. Generation of Adeno-Associated Virus Vectors

To construct shRNA, oligonucleotides that contained 21-base sense
and antisense sequences targeting mouse Gabra5 (GenBank accession:
NM_176942.4, sense sequence, 5′-GTCCATTGCACACAACATGAC-3′) or
Gabrg2 (GenBank accession: NM_008073.4, sense sequence, 5′-CTCC
GGTTGAATAGCAATATG-3′) were connected with a hairpin loop
followed by a poly (T) termination signal. For initial testing of the effi-
cacy of the shRNA, the full-length Gabra5 or Gabrg2 cDNA was
transfected into HEK-293T cells together with the negative control
(NC-Ctrl, with sense sequence: 5′-GTTCTCCGAACGTGTCACGT-3′) or
shRNA plasmid using a vector AAV-CAG-GFP-U6-shRNA (provided by
Shanghai SunBio Biomedical technology, China), which contained a
CAG promoter driving green fluorescence protein (GFP) and a U6 pro-
moter driving shRNA expression. The levels of mouse α5-GABAAR or
γ2-GABAAR protein expression was then assessed using Western blot-
ting. The cells were washed with PBS at 48 h after co-transfection and
lysed in the lysis buffer to prepare protein samples from HEK-293T
cells. The resuspended lysates were incubated on ice for 30 min and
centrifuged at 13,000 g at 4 °C for 15 min. Then, the supernatants
were collected forWestern blotting. Finally, the AAV vectors engineered
to express the validated NC-Ctrl and Gabra5-shRNA or Gabrg2-shRNA
were constructed under the promoter control of U6, a Pol III promoter
that selectively drives the expression of short hairpin RNAs (Figs. 6B
and 7B).

2.8. Surgical Procedures and Virus or Drug Microinjection

Surgeries were performed in mice as described in a previous study
[33]. For virus injection, mice at the age of 8 weeks were anesthetized
with 5% chloral hydrate and gently placed in a stereotaxic frame
(RWD Life Science, China). Virus preparations (all vector titers were
N1.0 × 1012 viral genome-containing particles per ml) were injected
bilaterally into the mPFC. The stereotactic coordinates according to the
mouse brain atlas [57]were as follows: anteroposterior,+1.78mm; lat-
eral, ±0.35 mm; and dorsoventral, −2.65 mm. One injection (0.5 μl)
was performed on each side of the mPFC using microelectrodes con-
nected with a microinjector pump (KDS 310, KD Scientific, USA) at a
rate of 0.1 μl/min. The microelectrodes were left in situ for an additional
10min to allow the viruses to diffuse. Themicewere allowed to recover
for 4 weeks before behavioral analysis, and the injection sites were ex-
amined at the end of the experiment. Brain slices from animals treated
with the viruses were examined directly by fluorescent microscopy,



Fig. 5. Effects of prefrontal cortex–specific delivery of quercetin onMK-801-induced locomotor hyperactivity. (A) Behavioral protocol. (B) A diagram depicting drug infusion to themPFC.
(C) Sample locomotion traces of vehicle- or quercetin (100mM, 0.5 μl each side)-infusedmice tomPFC following injection (i.p.) with saline orMK-801 (0.2mg/10ml per kg) and a 30min
test session in the open field. (D) The total distance ofmice during each 5-min interval. n= 8–12 for each group. ⁎⁎⁎p b .001, saline vs.MK-801; ##p b .01, ###p b .001, vehicle vs. quercetin,
twoway repeated-measures ANOVA. (E) The total distance in the 30-min session ofmice followed by saline orMK-801 injection. n=8–12 for each group. ⁎p b .05, saline vs.MK-801; N.S.,
not significant difference, #p b .05, vehicle vs. quercetin, unpaired Student's t-test.
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and mice with incorrect diffusion scope were excluded from the data
analysis.

For drugmicroinjection, micewere anesthetizedwith 5% chloral hy-
drate and placed in a stereotactic frame (RWD Life Science, China).
Then, a 26-gauge guide cannula was implanted bilaterally and aimed
at 1.00 mm above the targeted region with the following coordinates
[57]: anteroposterior, +1.78mm; lateral, ±0.35mm; and dorsoventral,
−2.65 mm. The cannulas were angled at 30° and positioned in place
using acrylic dental cement and secured with skull screws. A stylus
was placed in the guide cannula to prevent clogging. The mice were
allowed to recover from surgery for aweek before experimental manip-
ulations. The infusion cannula was connected via PE20 tubing to a
microsyringe driven by a microinfusion pump (KDS 310, KD Scientific,
USA). The injection sites were examined at the end of the experiments,
and mice with incorrect diffusion scope were excluded from the data
analysis.
2.9. Western Blotting

Protein samples from cultured HEK-293T cells were separated using
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride filters. The filters were incubated
overnight at 4 °C with appropriate antibodies. Secondary antibodies
conjugated to horseradish peroxidase were added to the filters and
then visualized in the enhanced chemiluminescence solution (Thermo
Scientific, USA). The visualization was performed via the ImageQuant
LAS 4000 mini Molecular Imaging System (GE Healthcare Life Sciences,
USA), and the Image J software (NIH, USA) was used for the analysis of
band intensity. The antibodies used were as follows: β-actin (1:1000;
Chemicon, Cat # MAB1501), FLAG (1:4000; Sigma-Aldrich/Merck
Millipore, Cat # F1804), GABAAR-α5 (1: 1000; Chemicon, Cat #
AB9678), and GABAAR-γ2 (1:100; Santa Cruz, Cat # sc-101963).
2.10. Immunohistochemistry

Mice were deeply anesthetized with 5% chloral hydrate and
transcardially perfused with 40 ml of prewired 1 × PBS. The brains
were dissected, fixed in 4% paraformaldehyde at 4 °C overnight, and
dehydrated in 30% sucrose (in 1 × PBS) at 4 °C overnight. On the day
of the experiment, the frozen brains were transferred to −20 °C for
2 h to allow the temperature of the frozen tissue block to equilibrate
to the temperature of the cryostat, cut in desired thickness (30 μm) sec-
tions, andmounted on glass slides. After incubating it for 5min in 100 μl
4,6-Diamidino-2-phenylindole dihydrochloride hydrate (DAPI) solu-
tion (1: 1000), the sections were washed for 3 min with 1 × PBS for
three times. Slides were mounted in the dark with glass coverslips
using the mounting media. The coverslips were sealed to the slide
using nail polish. Stained slides were ready for microscopy. The GFP
and DAPI signals in mPFC were observed using a fluorescence
microscope.
2.11. Statistics

No statistical methods were used to predetermine the sample
size, but the sample sizes used were similar to those generally
employed in the field. The data were collected and processed ran-
domly. All behavioral tests and analysis were blindly conducted.
The variance was similar between groups, and data were found to
be normally distributed using parametric statistics. Data were ana-
lyzed using the Student's t-test or one-way analysis of variance
(ANOVA) or two-way repeated-measures ANOVA, followed by
Fisher's least significant difference post hoc comparisons, where ap-
propriate. A p values b .05, represented significant differences; N.S.
represented no significant difference; and ⁎p b .05, ⁎⁎p b .01, and
⁎⁎⁎p b .001 were considered statistically significant. The smooth



Fig. 6. Effects of quercetin on MK-801-induced locomotor hyperactivity in mice with mPFC-specific genetic knockdown of α5-GABAAR (Gabra5) subunit. (A) Behavioral protocol.
(B) Schematics of AAV vector constructs. (C) Representative images of Western blotting showing the efficacy of AAV-Gabra5-shRNA compared with that of AAV-NC-Ctrl. (D) Diagram
illustrating the AAV infection to the mPFC. (E) Sample locomotion traces of AAV-NC-Ctrl-infected mice to mPFC with vehicle- or quercetin (50 mg/10 ml per kg)-treatment (i.p.) and
then following injection (i.p.) with saline or MK-801 (0.2 mg/10 ml per kg) in addition to a 30 min test session in the open field. (F) The total distance of AAV-NC-Ctrl-infected mice to
mPFC during each 5-min interval. n = 8 for each group. ⁎⁎⁎p b .001, saline vs. MK-801; ###p b .001, vehicle vs. quercetin, two way repeated-measures ANOVA. (G) The total distance in
the 30-min session of AAV-NC-Ctrl-infected mice followed by saline or MK-801 injection. n = 8 for each group. ⁎p b .05, ⁎⁎p b .01, saline vs. MK-801; ###p b .001, vehicle vs. quercetin,
unpaired Student's t-test. (H) Sample locomotion traces of AAV-Gabra5-shRNA-infected mice to mPFC with vehicle- or quercetin (50 mg/10 ml per kg)-treatment (i.p.), followed by in-
jection (i.p.) with saline orMK-801 (0.2 mg/10ml per kg) in addition to a 30min test session in the open field. (I) The total distance of AAV-Gabra5-shRNA-infectedmice tomPFC during
each 5-min interval. n=8 for each group. N.S., not significant difference, ⁎⁎⁎p b .001, saline vs.MK-801; ###p b .001, vehicle vs. quercetin, twoway repeated-measures ANOVA. (J) The total
distance in the30-min session of AAV-Gabra5-shRNA-infectedmice followedby saline orMK-801 injection. n=8 for each group.N.S., not significantdifference, ⁎p b .05, saline vs.MK-801;
###p b .001, vehicle vs. quercetin, unpaired Student's t-test.
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concentration–response curve of quercetin on inhibition of the GABA
response in cultured cortical neurons was fitted with the following
equation: I = Imax(IC50)nH/[CnH + (IC50)nH], where I is the normal-
ized value of the current, Imax is the maximal response, C is the
drug concentration, IC50 represents the antagonist concentration
producing a half-maximal inhibitory effect, and nH is the apparent
Hill coefficient.
3. Results

3.1. Quercetin Inhibited GABA-Induced Response in Cultured Cortical
Neurons

Previous studies [21, 22, 28] identified that quercetin (Fig. 1A) as a
natural flavonoid compound inhibited the ionic currents mediated by



Fig. 7. Effects of quercetin on MK-801-induced locomotor hyperactivity in mice with mPFC-specific genetic knockdown of γ2-GABAAR (Gabrg5) subunit. (A) Behavioral protocol.
(B) Schematics of AAV vector constructs. (C) Representative images of Western blotting showing the efficacy of AAV-Gabrg2-shRNA compared with that of AAV-NC-Ctrl. (D) Sample
locomotion traces of AAV-Gabrg2-shRNA infected mice to mPFC with vehicle- or quercetin (50 mg/10 ml per kg)-treatment (i.p.) and then following injection (i.p.) with saline or MK-
801 (0.2 mg/10 ml per kg) in addition to a 30 min test session in the open field. (E) The total distance of AAV-NC-Ctrl-infected mice to mPFC during each 5-min interval. n = 11 for
each group. ⁎⁎⁎p b .001, saline vs. MK-801; ###p b .001, vehicle vs. quercetin, two way repeated-measures ANOVA. (F) The total distance in the 30-min session of AAV-Gabrg2-shRNA-
infected mice followed by saline or MK-801 injection. n = 11 for each group. ⁎p b .05, ⁎⁎p b .01, saline vs.MK-801; #p b .05, ###p b .001, vehicle vs. quercetin, unpaired Student's t-test.
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theα1-β2-γ2 or ρ1-containing GABAARs (the latter previously denoted
as the GABACR) expressed in Xenopus laevis oocytes; however, to more
physiologically relevant extent, its pharmacological action on endoge-
nous GABAARs together with the functional output remains to be deter-
mined. To this end, this study recorded GABA-evoked currents in the
presence and absence of quercetin in cultured cortical neurons. As
shown in Fig. 1B, quercetin alone at the concentrations up to 100 μM
induced no significant current in cortical neurons, but significantly
inhibited the GABA-induced current with an IC50 of 8.1 ± 2.1 μM and
a Hill coefficient (nH) of 1.4 ± 0.5 (Fig. 1C). Next, the effect of 20 μM
quercetin on the current induced by a wide range of GABA concentra-
tions (0.3–1000 μM) was measured. Quercetin was found to effectively
reduce GABA-evoked current at various GABA concentrations, including
subsaturating and saturating concentrations (Fig. 1D and E). Addition-
ally, quercetin suppression of GABA-induced current was independent
of GABA concentrations (close to 60% inhibition at all concentrations;
Fig. 1D and E), suggesting that quercetin inhibited the GABA-induced
currents in cortical neurons probably in a noncompetitive manner.

3.2. Quercetin Reduced Spontaneous GABAergic Inhibitory Postsynaptic
Current in Prefrontal Cortical Slices

The aforementioned experiments demonstrated that quercetin
inhibited the GABA-induced response noncompetitively in cortical
neurons similar to Xenopus laevis oocytes in recombinantly expressing
GABAARs [21, 22, 28]. Spontaneous inhibitory postsynaptic currents
(sIPSCs) were measured in prefrontal cortical slices in the absence and
presence of quercetin (100 μM) to achieve a better understanding of
the influence of quercetin on GABAergic inhibition at the synaptic
level. The study first investigated whether quercetin inhibits spontane-
ous GABAergic transmission in the pyramidal neurons at the layer II–III
of mPFC, which were largely identified based on their ability to exhibit
spike frequency adaptation in response to prolonged depolarizing cur-
rent injection (Fig. 2A). As shown in Fig. 2B, quercetin at a concentration
of 100 μM substantially reduced the amplitude (for quantification, see
Fig. 2C) of sIPSC. Moreover, quercetin also demonstrated a trend to
decrease the frequency of sIPSCs (Fig. 2D). However, the kinetics of
sIPSCs, including the rise time (Fig. 2E) and decay time (Fig. 2F), was
not substantially affected. The area (Fig. 2G) of the sIPSCs was conse-
quently reduced largely due to the effects of quercetin on the sIPSC am-
plitude, indicating a potent inhibitory effect of quercetin on GABAergic
inhibition at the synaptic level.

3.3. Quercetin Reduced Electrically EvokedGABAergic Inhibitory Postsynap-
tic Current in Prefrontal Cortical Slices

Next, the effects of quercetin on the electrically evoked GABAergic
IPSCs of pyramidal neurons at the layer II–III were assessed by
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stimulation in the deep layers (V and VI) of the mPFC. Pyramidal neu-
rons were clamped at 0 mV, the reversal potential of glutamate
receptor-mediated cationic currents, to record for the electrically
evoked IPSCs (eIPSCs). As shown in Fig. 3A–C, the amplitudes of evoked
GABAergic IPSCs were reduced to 60% of control by 100 μM quercetin.
Together with the pharmacological efficacy on the sIPSCs, quercetin as
a GABAAR inhibitor [21, 22, 28] (Fig. 1) was capable of inhibiting the
GABAergic transmission regardless of the ways to generate.

3.4. Quercetin Potentiated Prefrontal Cortical Glutamatergic Transmission

Inhibition of GABAergic transmission was expected to increase the
overall network activity and facilitate the glutamatergic excitatory
transmission. Therefore, the effects of quercetin on the EPSC were
examined. Pyramidal neurons at the layer II–III by stimulation in the
deep layers (V and VI) of the prefrontal cortex were clamped at
−70 mV, the reversal potential of GABAAR receptor-mediated Cl− cur-
rents, to record the electrically evoked EPSCs (eEPSCs). As expected,
quercetin at a concentration of 100 μM significantly enhanced the am-
plitudes of evoked glutamatergic EPSCs to about 150% of the control
(Fig. 3D–F). These results suggested that by inhibiting GABAergic trans-
mission, quercetin relieved the inhibitory tone on the neurons (leading
to enhanced neuronal activity) and potentiated the glutamatergic trans-
mission as a result to shape the neuronal activity.

3.5. Systemic Treatment of Quercetin Alleviates MK-801-Induced
Hyperactivity

Considering the significant impact of quercetin on GABAergic inhibi-
tion and consequent enhancement of glutamatergic transmission, the
present study further examined the effects of quercetin on animal activ-
ity in vivo. An open-field behavioral assessment of locomotor activity
usingmicewas conductedwith andwithout the administration of quer-
cetin. Moreover, the potential therapeutic efficacy of quercetin on the
locomotor hyperactivity induced by the NMDAR antagonist MK-801
was also examined, a rodent model that was used to mimic the part of
the positive symptoms in psychosis [1, 23, 70, 71] for novel antipsy-
chotic drug discovery [58] and therapeutic development [42–44]. To
gauge the effect of quercetin on mice, we systematically administered
(i.p.) quercetin at the doses of 5 and 20 mg/kg (Supplementary
Fig. 1A). As expected, systemic injection of MK-801 (0.2 mg/kg) evoked
a significant locomotor hyperactivity (Supplementary Fig. 1B) in the
vehicle-pretreated mice (each 5-min bin, F(1,120) = 65.144, p b .001,
Supplementary Fig. 1C; total, p = .001, Supplementary Fig. 1C,
vehicle + saline vs. vehicle +MK-801) within the 30 min time window.
In the presence of quercetin, the MK-801-induced locomotor hyperactiv-
ity was moderately alleviated (5 mg/kg: each 5-min bin, F(1,120) =
8.087, p = .005, Supplementary Fig. 1C; total, p = .1926, Supplemen-
tary Fig. 1D, vehicle + MK-801 vs. quercetin + MK-801; 20 mg/kg:
each 5-min bin, F(1,120) = 20.174, p b .001, Supplementary Fig. 1C;
total, p = .0484, Supplementary Fig. 1D, vehicle + MK-801 vs.
quercetin + MK-801). To make a more obvious and significant effect
of quercetin, we thus chose 50 mg/kg as the effective dosage in the fol-
lowing study.

Upon the systemic injection of quercetin (50mg/kg) in a habituation-
test protocol (Fig. 4A), the mice displayed greatly reduced basal locomo-
tor activity comparedwith the vehicle solution (habituation: each 5-min
bin, F(1,216) = 0.047, p = .949, Fig. 4C; total, p = .9719, Fig. 4D; post-
injection: each 5-min bin, F(1,216) = 45.58, p b .001, Fig. 4C; total, p =
3.525E − 04, Fig. 4D, vehicle vs. quercetin). Also, treatment of MK-801
(0.2 mg/kg) evoked a significant locomotor hyperactivity (Fig. 4E) in
this cohort of vehicle-pretreated animals (each 5-min bin, F(1,102) =
197.067, p b .001, Fig. 4F; total, p=3.390E− 08, Fig. 4G, vehicle+ saline
vs. vehicle+MK-801), consistent with the results shown in Supplemen-
tary Fig. 1. Notably, the reaction to MK-801 (Fig. 4E) was more strongly
reduced (each 5-min bin, F(1,114) = 58.933, p b .001, Fig. 4F; total, p =
8.670E − 05, Fig. 4G, vehicle + MK-801 vs. quercetin + MK-801) but
not totally lost (each 5-min bin, F(1,114) = 170.81, p b .001, Fig. 4F;
total, p = 1.798E− 08, Fig. 4G, quercetin + saline vs. quercetin + MK-
801) in the quercetin-pretreated mice. Thus, these results implied a no-
ticeable inhibitory effect of quercetin on the psychotic hyperactivity in
addition to the basal locomotor activity.

3.6. Prefrontal Cortex–Specific Delivery of Quercetin Alleviated MK-801-
Induced Hyperactivity

The study then determined whether quercetin in mPFC specifically
was sufficient to counteract MK-801-induced hyperlocomotor activity
likely via regulation of synaptic transmission (Figs. 2 and 3). To this
end, quercetin (100 mM, 0.50 μl per side) or vehicle was injected bilat-
erally into mPFC (Fig. 5A and B) 30min before the irritation using a sys-
temic treatment of MK-801. Consistently, in the vehicle-deliveredmice,
systemic injection of MK-801 (0.2 mg/kg) evoked a significant locomo-
tor hyperactivity (Fig. 5C) compared with that of saline only (each 5-
min bin, F(1,120) = 37.271, p b .001, Fig. 5D; total, p = .01747, Fig. 5E,
vehicle + saline vs. vehicle + MK-801) within the 30-min time win-
dow. Notably, MK-801-induced hyperactivity was largely attenuated
by the mPFC–specific administration of quercetin compared with that
of vehicle only (each 5-min bin, F(1,144) = 24.007, p b .001, Fig. 5D;
total, p = .04538, Fig. 5E, vehicle + MK-801 vs. quercetin + MK-801).
Notably, quercetin pretreatment did not absolutely abolish the
MK-induced hyperactivity (each 5-min bin, F(1,120) = 18.828, p b

.001, Fig. 5D; total, p = .06278, Fig. 5E, quercetin + saline vs.
quercetin + MK-801), arguing for more complex mechanisms beyond
quercetin regulation. The finding that prefrontal cortex–specific deliv-
ery of quercetin was sufficient to counteract the NMDAR antagonism-
induced hyperactivity strengthened the importance of the effect of
quercetin on prefrontal cortical activity for the control of psychosis.

3.7. Effects of Quercetin Were Associated with the GABAAR Activity

Next, we assessed whether the effects of quercetin on the locomotor
activity are associated with the activity of GABAARs, aiming to match
these behavioral effects of quercetin to its reduction on GABA-induced
response and GABAergic transmission observed at the cellular and syn-
aptic levels (Figs. 1–3). To this end, we systematically administered
(Supplementary Fig. 2A) an antagonist of GABAARs, picrotoxin (PTX),
alongside with quercetin for the locomotor activity test. Application of
the PTX (i.p., 1 mg/10 ml per kg mice) alone did not significantly affect
basal locomotor activity (each 5-min bin, F(1,120) = 2.999, p = .086,
Supplementary Figs. 1C and 2C; total, p = .4360, Supplementary
Figs. 1D and 2D, total distance = 52.4 ± 9.6 vs. 44.3 ± 3.3 m, for
vehicle+ saline vs. PTX+ saline, respectively). However, PTX produced
a significant impact on the MK-801-induced locomotor hyperactivity
(each 5-min bin, F(1,120) = 52.188, p b .001, Supplementary Figs. 1C
and 2C; total, p = .0026, Supplementary Figs. 1D and 2D, total
distance = 119.4 ± 15.0 vs. 64.4 ± 4.8 m, for vehicle + MK-801 vs.
PTX + MK-801, respectively). Notably, PTX did not abolish the effects
of quercetin, as that quercetin was still capable of reducing the
basal locomotor activity (each 5-min bin, F(1,120) = 74.080, p b .001,
Supplementary Fig. 2C; total, p = 5.326E − 05, Supplementary
Fig. 2D, PTX + saline vs. PTX/Quercetin + saline) and alleviating the
MK-801-evoked hyperactivity (each 5-min bin, F(1,120) = 67.483, p b

.001, Supplementary Fig. 2C; total, p = 8.672E − 05, Supplementary
Fig. 2D, PTX + MK-801 vs. PTX/Quercetin + MK-801). These observa-
tions implied an incomplete inhibition of GABAAR in vivo by systemic
delivery of either PTX or quercetin in a safe dose range. Together, inhi-
bition of GABAAR activity could constitute a valid mechanism to coun-
teract the NMDAR antagonism-induced locomotor hyperactivity,
while the pharmacological effects of quercetin more likely depends on
suppressing the activity of GABAARs.



Fig. 8. A proposed scheme for quercetin-mediated suppression of cortical GABAergic
transmission and its involvement in alleviating the MK-801-induced hyperactivity.
Please see text for more details.
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3.8. Effects of Quercetin Were Not Exclusively Dependent on α5-Subunit-
Containing GABAARs in the Prefrontal Cortex

Τhe molecular substrates were then determined using quercetin in
the mPFC to antagonize the psychotic hyperactivity. The negative allo-
steric modulators ofα5-subunit-containing GABAARs were consistently
found to exhibit substantial pharmacological effects on cognitive en-
hancement [2, 3, 30, 40, 53, 61]. The necessity of α5-subunit-
containing GABAAR in mediating the effects of quercetin on
counteracting MK-801-induced hyperactivity was thus evaluated
(Fig. 6A). An AAV construct was generated that expressed a short hair-
pin RNA (shRNA, Fig. 6B and C) targeting the α5 subunit of GABAARs,
which were present in the cortical pyramidal neurons [7, 68], driven
by U6 promoter (Fig. 6B). The AAV-Gabra5-shRNA or a negative control
virus (AAV-NC-Ctrl) was injected into the mPFC (Fig. 6D) of mice.

In the AAC-NC-Ctrl-injectedmice (Fig. 6E), systemic injection ofMK-
801 evoked a strong hyperactivity (NC-Ctrl: each 5-min bin, F(1,96) =
66.589, p b .001, Fig. 6F; total, p = .0017, Fig. 6G, vehicle + saline vs.
vehicle + MK-801), which was substantially inhibited by treatment of
quercetin (NC-Ctrl: each 5-min bin, F(1,96) = 118.547, p b .001, Fig. 6F;
total, p = 1.743E − 04, Fig. 6G, vehicle + MK-801 vs. quercetin + MK-
801). However, in the AAV-Gabra5-shRNA-injected animals
(Fig. 6H), MK-801-induced hyperactivity (vehicle + MK-801: each 5-
min bin, F(1,96) = 27.836, p b .001, Fig. 6F and I; total, p = .0302,
Fig. 6G and J, NC-Ctrl vs. Gabra5-shRNA) over basal locomotor activity
(vehicle + saline: each 5-min bin, F(1,96) = 3.128, p = .081, Fig. 6F and
I; total, p= .3541 Fig. 6G and J, NC-Ctrl vs.Gabra5-shRNA)were substan-
tially reduced. Of note, quercetin was still effective in the AAV-Gabra5-
shRNA-injected mice, and reduced MK-801-induced hyperactivity
(Gabra5-shRNA: each 5-min bin, F(1,96) = 196.608, p b .001, Fig. 6I;
total, p = 6.539E − 07, Fig. 6J, vehicle + MK-801 vs. quercetin + MK-
801), implicating the not completely overlapping mechanisms between
genetic reduction of α5-GABAAR expression and quercetin inhibition of
GABAergic transmission. As supporting evidence, MK-801-evoked psy-
chotic symptom was totally lost under both of these interventions
(Gabra5-shRNA: each 5-min bin, F(1,96) = 0.006, p = .94, Fig. 6I; total,
p = .52038, Fig. 6J, quercetin + saline vs. quercetin + MK-801). These
results suggested that both α5-subunit-dependent and α5-subunit-
independent mechanisms were involved in the regulation of MK-801-
evoked psychotic symptom by quercetin.

3.9. Effects of QuercetinWere Partially Mediated by γ2-Subunit-Containing
GABAARs in the Prefrontal Cortex

Finally, we examined the roles of the γ2 subunit of GABAARs, which
is present in approximately 90% of GABAARs [63], in conferring thephar-
macological effects of quercetin. The AAV-Gabrg2-shRNA virus (Fig. 7A–
C), targeting the γ2-subunit of GABAARs, was injected into the mPFC of
mice. In the AAV-Gabrg2-shRNA-injected animals, compared with the
AAV-NC group shown in Fig. 6, MK-801-induced hyperactivity was
substantially reduced (vehicle + MK-801: each 5-min bin, F(1,114) =
6.119, p = .015, Figs. 6F and 7E; total, p = .0735, Figs. 6G and 7F, total
distance = 134.9 ± 15.3 vs. 101.7 ± 9.7 m, for NC-Ctrl vs. Gabrg2-
shRNA, respectively). Instead, the basal locomotor activity was in-
creased in the AAV-Gabrg2-shRNA- than the AAV-NC-injected animals
(vehicle + saline: each 5-min bin, F(1,114) = 6.739, p = .011, Figs. 6F
and 7E; total, p = .1400, Figs. 6G and 7F, total distance = 68.5 ± 7.7
vs. 79.6±2.6m, forNC-Ctrl vs.Gabrg2-shRNA, respectively), supporting
a specific engagement of prefrontal GABAAR activity in control of psy-
chotic over basal locomotor activity. Strikingly, for the pharmacological
treatment ofMK-801-inducedhyperactivity by quercetin, genetic knock-
down of the γ2 subunit of GABAARs in mPFC failed to further improve
the psychotic activity, but canceled out a proportion of therapeutic effi-
cacy of quercetin (quercetin + MK-801: each 5-min bin, F(1,114) =
14.331, p b .001, Figs. 6F and 7E; total, p = .1063, Figs. 6G and 7F, total
distance = 48.2 ± 7.6 vs. 69.2 ± 8.9 m, for NC-Ctrl vs. Gabrg2-shRNA,
respectively). This observation was in agreement with a notion that the
effects of quercetin were partially mediated by the prefrontal γ2-
subunit-containing GABAARs. Supportingly, AAV-Gabrg2-shRNA-
injected mice were still responsive to quercetin (Gabrg2-shRNA: each
5-min bin, F(1,132) = 27.971, p b .001, Fig. 7E; total, p = .0233, Fig. 7F,
vehicle + MK-801 vs. quercetin + MK-801). These results thus sug-
gested that the actions of quercetin require complexmechanisms indeed
including the regulation of GABAAR activity in prefrontal cortex. Taken
together, being a negative allosteric GABAARmodulator, quercetin repre-
sents a promising leading compound holding a strong antipsychotic ac-
tivity (Fig. 8), shedding more lights on therapeutic development for
excitatory–inhibitory imbalance disorders.

4. Discussion

The present study showed that quercetin, a natural flavonoid com-
pound identified as the inhibitor of α1-β2-γ2 or ρ1-containing
GABAARs [21, 22, 28], concentration dependently reduced GABA-
induced currents in the cultured cortical neurons.Moreover, on the pre-
frontal cortex slice, quercetin moderately inhibited the spontaneous
and electrically evoked GABAergic transmission and potentiated gluta-
matergic transmission as a result. Remarkably, systemic treatment of
quercetin decreased the basal locomotor activity and MK-801-induced
hyperactivity in vivo. Notably, the prefrontal cortex–specific delivery
of quercetin recapitulated its pharmacologic efficacy as the systemic ad-
ministration. Interestingly, viral-mediated genetic knockdown of α5-
subunit of GABAARs selectively in themPFC combined with the querce-
tin treatment, but not each alone, totally abolished theMK-801-induced
hyperactivity. Finally, genetic knockdownofγ2-subunit failed to further
improve the therapeutic effects of quercetin, implying an involvement
of the γ2-containing GABAARs in prefrontal cortex for the compound's
action. Taken together, these results identified quercetin as a novel an-
tipsychotic leading agent targeting against the GABAergic inhibition in
the prefrontal cortex.

Quercetin as a bioactive compound has diverse pharmacologic ef-
fects [39, 47, 54], including antioxidant, anti-inflammatory, anti-
proliferative, anti-angiogenic, and asthma-relieving properties. On the
central nervous system [13, 67], quercetin exerts several beneficial ef-
fects such as neuroprotective [9, 16, 34, 67], regulator of sleep–wake
cycle [27], anti-nociceptive [19], and anticonvulsant [49]. Here we iden-
tified a novel pharmacological efficacy of quercetin for the treatment of
psychotic hyperactivity. First, this study demonstrated that systemic
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administration of quercetin significantly decreased the baseline loco-
motor activity (Fig. 4A–D). Second, under MK-801-induced psychosis
model, quercetin treatment dramatically counteracted the hyperactiv-
ity (Fig. 4E–G). Third, mPFC region-specific delivery of quercetin was
still effective to antagonize the MK-801-evoked hyperactivity (Fig. 5),
underscoring the importance of prefrontal cortical activity for psychotic
control. Overall, quercetinwas capable of targeting the prefrontal cortex
to downregulate the physiological and pathological locomotor activity.

It seems unusual to ascribe thequercetin-induced behavioral pheno-
types to its inhibition of GABAARs at the molecular level because of the
proconvulsant nature of GABAAR inhibitors, such as PTX [50] and pen-
tylenetetrazol [24]. This disparity could be at least partially explained
by the dosage of GABAAR inhibitors used for therapeutics. First, the pres-
ent finding that quercetin repressed the GABAAR-mediated synaptic re-
sponse and alleviated MK-801-caused psychotic symptoms was
reminiscent of previous studies showing that low doses of PTX gave
rise to substantial therapeutic effects in Down syndrome [18]. Consis-
tently, both mPFC-specific delivery (Fig. 5) and the systemic treatment
(Fig. 4) of GABAAR antagonist quercetin were indeed effective in antag-
onizing the MK-801-evoked hyperactivity in the present study. Second,
PTX at the dosage of 1 mg/kg in mice alone did not significantly affect
basal locomotor activity but produced a significant impact on the MK-
801-induced locomotor hyperactivity (Supplementary Fig. 2), arguing
for a more valid strategy of repressing GABAAR activity for correction
of the NMDAR antagonism-induced psychotic hyperactivity. Third, ge-
netic reduction of either α5 or γ2 subunits of GABAAR alone alleviated
the MK-801-induced locomotor hyperactivity, validating the targetable
molecular mechanisms of GABAAR inhibition or downregulation for
anti-psychotic therapeutics. Fourth, combined treatments of quercetin
together with PTX or geneticmanipulation of GABAAR subunits resulted
either overlapping or additive effects, suggesting that GABAAR regula-
tion, likely in a specific way, would underlie the pharmacological effects
of quercetin on psychotics.

Quercetin, a GABAAR inhibitor, possesses several properties
distinguishing it from PTX or other known inhibitors. Different from
the classic benzodiazepine modulation, quercetin is able to antagonize
both the α1-β2-γ2 and ρ1 subtypes of GABAARs, and the modulation
was insensitive to thebenzodiazepine antagonistflumazenil [22].More-
over, for the ρ1-containing GABAARs, while the effects of picrotoxin
were use dependent, strongly relied on the agonist concentration and
had a slow onset and offset, the effects of quercetin were use indepen-
dent, had relatively fast onset and offset, and resulted in a slowed
time course of the GABA-evoked currents [21]. As supporting evidence,
this study showed that quercetin reduced GABA-induced currents in
cultured cortical neurons in a noncompetitive manner (Fig. 1D and E).
Moreover, quercetin displayed a moderately and partially inhibitory ef-
ficacy against the GABA-mediated response compared with picrotoxin.
This study demonstrated that quercetin inhibited the GABA (10 μM)-
induced currents at the IC50 of 8.7± 2.1 μM in the cultured cortical neu-
rons. Notably, at the slice level, quercetin at the concentrations up to
100 μM (Figs. 2 and 3) meaningfully reduced the GABAergic transmis-
sion but could not achieve the complete inhibition. Based on themoder-
ate and uncompetitive antagonism of quercetin, its effects on the
GABAergic tonic inhibition, primarily by ambient extracellular GABA
acting on extrasynaptic high-affinity GABAARs [7], was not so evident
(data not shown) as the phasic (i.e. synaptic) inhibition (Figs. 2 and 3)
that resulted from high-level GABA transients associated with evoked
release of GABA and subsequent synaptic GABAAR activation. In this re-
gard, the pharmacological efficacy of quercetinwould not be covered by
the cognitive enhancement effects of negative allosteric modulators se-
lectively targetingα5-subunit-containing GABAARs [2, 3, 30, 40, 53, 61],
which were present in the cortical pyramidal neurons [7, 68] and con-
siderably constituted the main molecular substrate for tonic inhibition
[7]. Consistently, this study demonstrated that although viral-
mediated, region-specific genetic knockdown of theα5-subunit in pre-
frontal cortex improved the MK-801-evoked psychotic symptom, it
reserved the pharmacological responsivity to quercetin, and both inter-
ventions together completely normalized the hyperactivity (Fig. 6). By
contrast, genetic knockdown of γ2-subunit failed to further improve
the therapeutic effects of quercetin (Fig. 7), implying at least a partial in-
volvement of the γ2-containing GABAARs in prefrontal cortex for the
compound's action. Together, quercetin as the negative allosteric
GABAAR modulator indeed exerts antipsychotic activity (Fig. 8), al-
though its specific molecular substrates such as the particular GABAAR
subtypes targeted by quercetin remain to be further clarified in the fu-
ture studies.
5. Conclusion

In conclusion, the present study showed that quercetin decreased
the GABA-induced currents in cultured cortical neurons, and reduced
GABAergic synaptic transmission, leading to a strong inhibition of base-
line locomotor activity and MK-801-induced psychotic activity in vivo.
Thus, the present study suggested a novel pharmacological efficacy of
quercetin depending on the regulation of GABAergic transmission in
the prefrontal cortex.
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