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Effects of Quercetin on Human o-Amino-3-hydroxy-5-methyl-4-
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Quercetin is a low molecular weight flavonoid found in dietary fruits and vegetables. Quercetin, like other
flavonoids, has demonstrated neuroprotective effects in vitro and in vivo. However, relatively little is known about
how quercetin achieves its neuroprotective abilities. The o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor is one of several excitatory receptors, which play an important role in postsynaptic neurotrans-
mission. Over-stimulation of ionotropic glutamate receptor including AMPA receptors is closely associated with
excitatory neurotoxicities. In the present study, we investigated the effects of quercetin on the glutamate-induced
inward current (I,,) in Xenopus oocytes that heterologously express human AMPA receptor and stargazin, an
auxiliary subunit of AMPA receptor. I;, was measured using the two-electrode voltage clamp technique. In
oocytes injected with cRNAs coding AMPA receptor (GluR1) and stargazin, quercetin inhibited I, in a re-
versible and concentration-dependent manner. The ICy, was 84.9+15.0 um. Quercetin action on I, was attenu-
ated by increasing glutamate concentration, and was membrane holding potential-dependent. These results show
a possibility that quercetin interacts with AMPA receptor, which was heterologously expressed in Xenopus
oocytes and that quercetin action on /I, of AMPA receptor could be one of contributions of quercetin-mediated

neuroprotections.
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Glutamate is one of the major excitatory neurotransmitters
in the central nervous system.” Glutamate binds to various
cation-gated glutamate receptors, which include o-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-
methyl-p-aspartate (NMDA) and kainate receptors.'” Bind-
ing of glutamate to AMPA receptors mediates fast synaptic
transmissions to induce postsynaptic depolarization and neu-
ronal firing.” Thus, the activation of AMPA receptors are in-
volved in various physiological functions of the nervous sys-
tem such as learning and memory. In abnormal conditions,
activation of AMPA receptors also induces excitotoxicity in
the nervous system.*> AMPA receptors consist of pore-
forming tetramer subunits GluR1—4, and each subunit can
be alternatively spliced into either a flip or flop form.>®
GluR1—4 are three homologous transmembrane proteins
that bind extracellular glutamate, which forms the receptor’s
cation channel. On the other hand, mammalian AMPA recep-
tors require TARP (transmembrane AMPA receptor regula-
tory proteins) auxiliary subunits.” The prototypical TARP,
stargazin, is mutated in stargazer mice that suffer from ab-
sence epilepsy and cerebellar ataxia.® Stargazin is a four
transmembrane protein and plays a important role in AMPA
receptor trafficking and channel gating.>'?

Flavonoids are representative secondary metabolites and
substances of low molecular weight found widely in fruits
and vegetables.'" They support various effects in the nervous
system including analgesia, motility and sleep, anticonvul-
sant, sedative and anxiolytic effects.'”> ¥ A line of evidence
supports that flavonoids including quercetin exhibit in vitro
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and in vivo neuroprotective effects.'>'® Related with ligand-
gated ion channel regulations, recent reports have demon-
strated that quercetin regulates the Cys-loop family of li-
gand-gated anion and cation channels such as y-aminobu-
tyric acid A (GABA,) and GABA_, glycine, and 5-HT;, re-
ceptors expressed in Xenopus laevis oocytes.'” 2% Although
AMPA receptor is not a Cys-loop family receptor, it does
play an important role in the nervous system physiologically
or pathologically as one of the ligand-gated ion channels."?
However, it is not clear whether AMPA receptor is involved
in quercetin action and relatively little is known regarding
how quercetin promotes its effect on AMPA receptor channel
activity.

In this study, we investigated the effects of quercetin on
the AMPA channel activity regulation expressed in Xenopus
oocytes. For this study, we first expressed human AMPA re-
ceptor by co-injection of cRNAs of GluR1 and auxiliary sub-
unit, stargazin in Xenopus oocytes and examined the effect of
quercetin on glutamate-induced inward current (/). We
used this system because: (1) Xenopus laevis oocytes have
been widely used as a tool to express the membrane proteins
encoded by exogenously administered cDNAs or cRNAs in-
cluding receptors, ion channels, and transporters*"; and (2)
AMPA receptor channels expressed in Xenopus oocytes by
the co-injection of AMPA and stargazin cRNAs subunits are
well studied and well characterised.'®?” We found that co-ap-
plication of quercetin with glutamate inhibited /;,, with con-
centration-dependent and reversible manners. The inhibitory
effects of quercetin on [, were attenuated by high concen-
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trations of glutamate and were voltage-dependent. Thus, we
demonstrated that quercetin is a novel agent that regulates
AMPA receptor channel activity.

MATERIALS AND METHODS

Materials Human AMPA receptor and stargazin cDNAs
were kindly provided by Dr. Susumu Tomita (Yale University
School of Medicine, CT, U.S.A.). Quercetin (Fig. 1) and all
other reagents were purchased from Sigma-Aldrich (St.
Louis, MO, U.S.A.).

Preparation of Xenopus laevis Oocytes and Microinjec-
tion X laevis frogs were purchased from Xenopus I (Ann
Arbor, M1, U.S.A.). Animal care and handling were in accor-
dance with the highest standards of Konkuk university guide-
lines. To isolate oocytes, frogs were anesthetised with an aer-
ated solution of 3-amino benzoic acid ethyl ester, and the
ovarian follicles were removed. The oocytes were separated
with collagenase followed by agitation for 2h in a Ca**-free
OR2 medium containing 82.5mwm NaCl, 2mm KCI, 1 mm
MgCl,, 5 mm N-(2-hydroxyethyl)piperazine-N'-(2-ethanesul-
fonic acid) (HEPES), 2.5 mm sodium pyruvate, 100 units/ml
penicillin, and 100 pg/ml streptomycin. Stage V—VI oocytes
were collected and stored in a ND96 medium (96 mm NacCl,
2mm KCI, 1mm MgCl,, 1.8 mm CaCl,, and 5mm HEPES,
pH 7.5) supplemented with 50 tg/ml gentamicin. The solu-
tion containing the oocytes was maintained at 18 °C with
continuous gentle shaking and was replaced daily. Electro-
physiological experiments were performed 3 to 5d after
oocyte isolation. For AMPA receptor experiments, AMPA re-
ceptor (GIluR1)- and stargazin-encoding cRNAs (40 nl) were
injected into the animal or vegetal pole of each oocyte 1d
after isolation using a 10-ul microdispenser (VWR Scien-
tific, West Chester, PA, U.S.A.) fitted with a tapered glass
pipette tip (15—20 um in diameter).'®

Data Recording A custom-made Plexiglas net chamber
was used for two-electrode voltage-clamp recordings, as pre-
viously reported.'® A single oocyte was constantly super-
fused with a recording solution (90 mm NaCl, 1 mm KCI,
1.5mwm CaCl,, and 10 mm HEPES, pH 7.4) in the absence or
presence of glutamate or quercetin during recording. The mi-
croelectrodes were filled with 3m KCl and had a resistance
of 0.2—0.7MQ. Two-electrode voltage-clamp recordings
were obtained at room temperature using an Oocyte Clamp
(OC-725C, Warner Instrument) and were digitised using
Digidata 1200A (Molecular Devices, Sunnyvale, CA,
U.S.A.). Stimulation and data acquisition were controlled
using pClamp 8§ software (Molecular Devices). For most
electrophysiological data, the oocytes were clamped at a
holding potential of —70 mV. For current and voltage (I—V)
relationship, voltage ramps were applied from —100 to
+50mV for 300-ms. In the different membrane-holding po-
tential experiments, the oocytes were clamped at the indi-

Fig. 1. Chemical Structure of Quercetin
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cated holding potentials. Linear leak and capacitance cur-
rents were corrected by means of the leak subtraction proce-
dure.

Data Analysis To obtain the concentration—response
curve for the effect of quercetin on the inward peak /g, me-
diated by the AMPA receptor, the /, peak was plotted at dif-
ferent concentrations of quercetin. Origin software (Origin-
Lab Corp., Northampton, MA, U.S.A.) was used to fit the
plot to the Hill equation: //1_, =1/[1+(ICs/[A])™], where

max
1.« was maximal current obtained from each EDy, value of
glutamate in wild-type receptors, ICy, was the concentration
of quercetin required to decrease the response by 50%, [A]
was the concentration of quercetin, and nH was the Hill coef-
ficient. All values were presented as mean*S.E.M. The dif-
ferences between the means of control and treatment data
were determined using the unpaired Student’s z-test. A value

of p<<0.05 was considered to be statistically significant.
RESULTS AND DISCUSSION

Effect of Quercetin on I, in Oocytes Expressing
AMPA Receptor and the Auxiliary Subunit Stargazin In
the present study, we examined the effect of quercetin on
AMPA receptor channel activity. For this, we co-expressed
AMPA receptor (GluR1) and the auxiliary subunit stargazin
for the following reasons. The expression of AMPA receptor
alone in Xenopus oocytes usually elicits small /;,, and rapid
desensitisation,” whereas co-expression of AMPA receptor
with stargazin produces large /;,, currents, reduces desensiti-
sation and slows deactivation.” As shown in Fig. 2A, the ad-
dition of glutamate (Glu) to the bathing solution induced a
large inward current (/j,) in oocytes injected with human
AMPA receptor and stargazin cRNAs (Fig. 2). In H,O-in-
jected control oocytes, the application of glutamate did not
induce any inward currents (data not shown). Quercetin itself
also had no effect in oocytes expressing AMPA receptor and
stargazin at a holding potential of —70 mV (data not shown).
However, the co-application of quercetin (200 um) with glu-
tamate (10 um) for 40's inhibited I, in oocytes expressing
AMPA receptor (Fig. 2, n=5—6 from three different frogs).
In concentration-dependent experiments with quercetin, co-
application with quercetin for 40 s decreased /;, in a concen-
tration-dependent manner in oocytes expressing AMPA re-
ceptor (Fig. 2). Thus, co-application of quercetin decreased
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Fig. 2. Effect of Quercetin on /j, in Oocytes Expressing AMPA Recep-
tors

(A) Glutamate (Glu; 10um) was applied first, followed by co-application of
quercetin (Que) and Glu. Co-application of the indicated concentrations of quercetin
with glutamate inhibited /. Traces represent six separate oocytes from three different
batches of frogs. (B) Concentration-dependent effects of quercetin co-application on
I5;,- Quercetin inhibited /;;, with concentration-dependent manner.
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Effects of Quercetin on /
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(A) The representative Traces on the indicated concentrations of glutamate represent
seven separate oocytes from three different batches of frogs. (B) Concentration—
response relationships for glutamate in AMPA receptor treated with glutamate (0.1—
100 um) alone or with glutamate plus 200 um quercetin in oocytes expressing AMPA
receptor. The normalized I, of oocytes expressing AMPA receptor was measured
using the indicated concentration of glutamate in the absence (LJ) or presence (O) of
200 um quercetin (Que). Oocytes were exposed to glutamate alone or to glutamate with
quercetin for 1 min before application. Oocytes were voltage-clamped at a holding po-
tential of —70mV.

Ig, by 3.4*1.7, 6.4x2.7, 11.5%0.5, 30.1x3.4, 39.4%4.9,
and 41.8+4.4% at 3, 10, 30, 100, 200, and 300 um in oocytes
expressing AMPA receptors, respectively. The ICs, of Iy,
was 84.9+15.0 um for quercetin co-application with gluta-
mate in oocytes expressing the AMPA receptor (Fig. 2B,
n=10—11, with samples taken from three different frogs for
each point).

Concentration-Dependent Effects of Glutamate in the
Inhibitory Effect of Quercetin on I, To further study
the mechanism by which the co-application of quercetin
inhibits /g, in oocytes expressing AMPA receptor, we
analysed the effect of quercetin on /j,, evoked by different
glutamate concentrations (Fig. 3). Co-application of quer-
cetin for 40 s with different concentrations of glutamate sig-
nificantly shifted the concentration—response curve of gluta-
mate to the right (ECs, values changed from 2.0*2.5 to
9.2+2.7 um, *p<0.05), while the Hill coefficient was not
significantly changed from 1.24+0.16 to 0.84+0.12, indicat-
ing that the number of quercetin molecule interacting with
AMPA receptor was not changed. Thus, the inhibitory effects
of quercetin on /;, were affected by increasing concentra-
tions of glutamate in the range of 0.1 to 100 um glutamate
(Fig. 3A), suggesting that quercetin inhibition on I, could
be competitive to the glutamate binding site.

Current and Voltage Relationship in the Inhibitory Ef-
fect of Quercetin on I, In experiments examining the
current—voltage relationship, the membrane potential was
held at —70 mV, and a voltage ramp was applied from —100
to +50mV for 300 ms. In the absence of glutamate, the in-
ward current at —100mV was less than 0.2 yA, and the out-
ward current at +50 mV was near 0.05 A (data not shown).
The addition of glutamate to the bathing medium induced a
mainly inward current at negative voltages and an outward
current at positive voltages.”?* Co-application of quercetin
with glutamate increased both inward currents. The reversal
potential was near —17mV for both glutamate alone and for
glutamate with quercetin.”*?* Also, the co-application of
quercetin with glutamate further decreased currents but did
not affect the AMPA receptor channel property because
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Fig. 4. Current—Voltage Relationships of [, Inhibition by Quercetin in
AMPA Receptor

Representative current—voltage relationships were obtained using voltage ramps of
—100 to +50mV for 300 ms at a holding potential of —80 mV. Voltage steps were ap-
plied before and after application of 10 ym glutamate in the absence or presence of
200 um quercetin (Que). The reversal potential for the receptor was —17.6+1.3 mV and
—18.4+1.5mV in the absence or presence of quercetin, respectively.
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Fig. 5. Voltage-Dependent Inhibition of /g, in AMPA Receptor by
Quercetin

(A—C) The representative traces were obtained from the receptors in the absence or
presence of quercetin (Que) at the indicated membrane holding potentials. (D) The
summary of the percent inhibition induced by quercetin at the indicated membrane
holding potentials in oocytes expressing the wild-type receptor. Each point represents
the mean*S.E.M. (n=6—38/group).

quercetin did not change the reversal potential of AMPA
receptor (Fig. 4). Interestingly, the inhibitory effect of
quercetin on [, was dependent on the membrane holding
potential (Fig. 5). Quercetin decreased Ij,, by 35.6%9.3,
40.2*7.7, 32.6*=7.4, 19.4*=4.38, 159*5.6, and 7.8x4.2%
at membrane holding potentials of —110, —90, —70, —50,
—30, and —10mV in oocytes expressing AMPA receptor, re-
spectively (n=5—7, from three different frogs). However, we
could observe that the reversal potential membrane was not
changed in different membrane holding potentials (data not
shown).

In vitro or in vivo over-stimulation of ionotropic glutamate
receptors including AMPA receptor could be coupled to neu-
rotoxicity.*>1%%=2" Agents that regulate ionotropic gluta-
mate receptor channel currents are studied for the develop-
ment of neuroprotective agents through natural sources or
synthesis. As a natural source, quercetin is one of several
flavonoids and is a well-known anti-oxidant.'” Recent studies
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have shown that the application of quercetin protects central
nervous systems against oxidative effects and decreases
learning and memory damage as well as ischemic brain dam-
age.?® However, the beneficial roles of quercetin as one of
the natural compounds in the nervous system are poorly un-
derstood, except for its anti-oxidant effects. Furthermore, lit-
tle is known about the effects of quercetin on AMPA receptor
channel activity, although AMPA receptor is widely ex-
pressed throughout the central nervous systems, including in
the hippocampus.

We investigated the effects of quercetin on human AMPA
receptor and stargazin heterologously expressed in Xenopus
oocytes. We found that: (1) co-application of quercetin with
glutamate induced an inhibition of 7, in a reversible and
concentration-dependent manner; (2) [, inhibition by
quercetin co-application with glutamate was dependent on
the concentration of glutamate. In other words, the high con-
centration of glutamate significantly attenuated quercetin ac-
tion. Finally, (3) quercetin inhibition on /;, was membrane
holding potential-dependent, since quercetin action on /g,
was greatly decreased by more depolarising membrane po-
tentials. These results revealed the possibility that quercetin
interacts with AMPA receptor to exert its effect on /.

In previous reports we discovered that the application of
quercetin inhibits 5-HT- and glycine-induced peak inward
currents (/s and /g,,) of mouse 5-HT;, and human glycine
a receptor channels expressed in Xenopus laevis oocytes. In-
hibition of /5 ,;; by quercetin was both competitive and volt-
age-independent, whereas inhibition of 7, by quercetin was
non-competitive and voltage-dependent.'®!” In the current
study, we also investigated how quercetin regulates AMPA
receptor channel activities by measuring the effect of
quercetin on different concentrations of glutamate for AMPA
receptors. Interestingly, the IC,, value on AMPA receptor
channel activity regulation was a little higher than those of
Cys-loop family of ligand-gated ion channels examined
above but was lower than those of K" channel.?>*? Thus, the
different ICs,, values of quercetin might be derived from dif-
ferent quercetin affinity between ion channels and receptors.

In the presence of quercetin, a significant rightward shift
in the glutamate concentration—response curve was obtained,
and current inhibition was relieved at high glutamate concen-
trations. Thus, the inhibitory effect of quercetin on [, in
AMPA receptors was almost abolished at 100 um glutamate.
These results show that a competition of quercetin with glu-
tamate might be involved in quercetin regulation of AMPA
receptor channel activity regulation. Moreover, we found that
quercetin inhibited I, via a membrane holding potential-
dependent manner in oocytes expressing AMPA receptor.
In other words, quercetin action on /j;,, was greatly attenuated
at more depolarizing potentials (Fig. 5). These results show
a possibility in nervous systems that although quercetin could
exerts its inhibitory effects on I, after AMPA receptor acti-
vation at near resting membrane, quercetin action on /g,
might be decreased or lost after further depolarization. In ad-
dition, these results also raise a possibility that quercetin may
act as an open channel blocker of AMPA receptor, despite
lacking a charged group. Open channel blockers such as
local anesthetics or hexamethonium are strongly voltage-de-
pendent due to the charge that they carry in the transmem-
brane electrical field.>'* Similarly, in our previous report,
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ginsenoside Rg,, an active ingredient of Panax ginseng, in-
hibits acetylcholine-mediated ion currents with membrane
potential-dependent manner in oocytes expressing mutant
L247T o7 nicotinic acetylcholine receptor channel cur-
rents.*¥ We also demonstrated that ginsenoside Rg, inhibits
inward cation currents through the open state of the V291A
5-HT;, receptor, which exhibits constitutively active ion cur-
rents. These results suggest that quercetin acts as a non-
charged open channel blocker of cation ligand-gated ion
channels. Taken together, although quercetin regulates
AMPA receptor channel activity with glutamate-concentra-
tion dependent and membrane holding potential dependent
manners, further studies might be required for elucidation of
the detailed mechanism of quercetin action on AMPA recep-
tor channel activity.

It might be questionable whether flavonoids containing
quercetin inhibiting /;,,, influence on action potential of neu-
ron. Until now there is no direct evidence that flavonoids in-
cluding quercetin affect on action potential of neurons. How-
ever, previous reports show the possibility that flavonoids in-
cluding quercetin might negatively influence on neuronal ex-
citability, since flavonoids including quercetin inhibit ion
channels closely related with action potential induction. For
example, Jia et al*® and Yao et al.*” showed that quercetin
and genistein inhibited voltage-dependent Na™ channes in
hippocampal and superior cervical ganglion neurons, respec-
tively. In addition, Wu et al.*® showed that quercetin also in-
hibited voltage-dependent Ca®* channel in neuronal NG108-
15 cells.

The activation of AMPA receptor in the nervous system is
closely related with neurotoxicity, neurodegenerative disease,
and ischemia.*>** 27 Quercetin attenuates in vitro and in
vivo excitotoxin-mediated insults.'*'*34% The present find-
ings on the inhibitory effects of quercetin on AMPA receptor
channel activity with voltage-dependent manner might be
one of the main contributors to neuroprotection against
AMPA receptor-related neurotoxicity.”¥ However, it appears
that the measured concentrations of flavonoids including
qurecetin in rat brain and plasma after oral administration of
standardized Gingko bilboa (EGb 761), which is rich in
flavonoids, was in the range of nm.*" The concentration is
much less than those of flavonoids including quercetin ex-
hibiting various in vitro neuropharmacological actions in-
cluding the present study.'*'® Therefore, we must be careful
to explain the beneficial effects of flavonoids including
quercetin in nervous systems.

In conclusion, we found that the flavonoid quercetin inhib-
ited /, in a glutamate concentration- and membrane holding
potential-dependent manner in Xenopus oocytes expressing
AMPA receptor. Our results indicate that quercetin is a novel
agent interacting with AMPA receptor and that the inhibitory
effects of quercetin on /;;, of AMPA receptor could provide a
molecular basis for the pharmacological actions of flavonoids
in the nervous systems.
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