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Phytochemical quercetin alleviates
hyperexcitability of trigeminal nociceptive
neurons associated with inflammatory
hyperalgesia comparable to NSAIDs

Haruka Itou, Ryou Toyota, and Mamoru Takeda

Abstract
Quercetin is a flavonoid that is widely found in fruits and vegetables. Quercetin inhibits cyclooxygenase-2 and modulates
voltage-gated ion channels, however, its effect on nociceptive neuron-associated inflammatory hyperalgesia remains unknown.
The present study investigated under in vivo conditions whether systemic administration of quercetin attenuates the
inflammation-induced hyperexcitability of trigeminal spinal nucleus caudalis (SpVc) neurons associated with mechanical hy-
peralgesia and compared its effect to the non-steroidal anti-inflammatory drug, diclofenac. Complete Freund’s adjuvant was
injected into the whisker pads of rats to induce inflammation, and then mechanical stimulation was applied to the orofacial area
to assess the threshold of escape. The mechanical threshold was significantly lower in inflamed rats compared to uninjected
naı̈ve rats, and this lowered threshold returned to control levels 2 days after administration of quercetin or diclofenac. The
mean discharge frequency of SpVc wide-dynamic range (WDR) neurons to both non-noxious and noxious mechanical stimuli in
inflamed rats was significantly decreased after quercetin or diclofenac administration under combination of three anesthetic
agents (medetomidine, midazolam and butorphanol). In addition, the increased mean spontaneous discharge of SpVc WDR
neurons in inflamed rats significantly decreased after quercetin or diclofenac administration. Similarly, quercetin or diclofenac
restored the expanded mean receptive field size in inflamed rats to control levels. In this study, the combination of three
anesthetic agents did not result in any obvious “noxious pinch-evoked after discharges” in CFA inflamed day 2 rat as described
previously in pentobarbital-anesthetized rats. Together, these results suggest that administration of quercetin attenuates
inflammatory hyperalgesia associated with hyperexcitability of nociceptive SpVc WDR neurons via inhibition of the peripheral
cyclooxygenase-2 signaling cascade and voltage-gated ion channels. These findings support the proposed potential of quercetin
as a therapeutic agent in complementary alternative medicine strategies for preventing trigeminal inflammatory mechanical
hyperalgesia.
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Introduction

For orofacial sensory processing, the spinal trigeminal nu-
cleus caudalis (SpVc) is an important relay station for neural
trigeminal nociceptive inputs following inflammation and
tissue injury.1,2 SpVc nociceptive neurons are classified as
nociceptive-specific or wide-dynamic range (WDR) based on
their sensitivity to mechanical stimulation applied to orofacial
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areas, such as facial skin, with WDR neurons responsive to
both noxious and non-noxious stimulation.2 Since graded
noxious stimuli applied to receptive fields results in increased
firing frequency of SpVc WDR neurons in proportion to
stimulus intensity, it can be assumed that WDR neurons are
important for encoding stimulus intensity. Chronic patho-
logical conditions, such as tissue inflammation can change
the properties of somatic sensory pathways, leading to hy-
peralgesia.3 Specifically, inflammation and tissue injury
change the excitability of primary afferent neurons (periph-
eral sensitization), which alters information processing in the
trigeminal spinal nucleus or higher centers (central sensiti-
zation).4 Complete Freund’s adjuvant (CFA) models of in-
flammation in the orofacial region have been developed in
rats to study the trigeminal neural signaling pathways un-
derlying pathological pain,5–8 with CFA inflammation-
induced hyperexcitability of SpVc WDR neurons linked to
mechanical stimuli.5,7 SpVc neurons have also been impli-
cated in the mechanism of hyperalgesia and/or referred pain
associated with dental pain.2,7–8

Recent reports have described the use of complementary
and alternative medicines (CAMs), such as herbal medicines
and acupuncture, for the treatment of persistent clinical
chronic pain,9 supporting the potential of CAMs in pre-
venting trigeminal inflammatory hyperalgesia. Chronic ad-
ministration of dietary constituents, including polyphenols,
polyunsaturated fatty acids, and carotenoids, has been shown
to attenuate inflammation-induced mechanical hyperalgesia,
primarily by suppressing SpVc WDR neuronal hyperexcit-
ability via both peripheral and central cyclooxygenase (Cox)-
2 cascade signaling pathways.10–13 Quercetin is one of the
most common flavonoids, a plant metabolite found in dietary
phytochemicals present in the daily diet of humans.14 These
phytochemicals have a variety of biological functions, with
antioxidant, anti-inflammatory and cardioprotective
effects.15–17 A modulatory role has been reported for quer-
cetin on voltage-gated Na (Nav), K (Kv) and Ca2+ (Cav)
channels in cardiac muscle.18,19 In addition, quercetin can
also decrease the production of prostaglandin E2 (PGE2) by
inhibiting Cox-2 cascades.20–22 The known toxic side effects
associated with the most commonly prescribed analgesic
drugs, such as non-steroidal anti-inflammatory drugs
(NSAIDs) and Cox-2 inhibitors, has increased the interest in
CAMs for the treatment of persistent chronic pain.23,24 Di-
clofenac is a proven, commonly prescribed NSAID that has
analgesic, anti-inflammatory, and antipyretic properties, and
has been shown to be effective in treating a variety of acute
and chronic pain and inflammatory conditions.25 Together,
these observations strongly suggest that quercetin adminis-
tration attenuates inflammation-induced hyperexcitability of
the SpVc WDR neurons associated with trigeminal hyper-
algesia, and could represent a potential therapeutic agent for
preventing inflammatory hyperalgesia. To our knowledge, no
studies have investigated this proposal. Therefore, using
behavioral and electrophysiological techniques, the present

study investigated whether quercetin administration under in
vivo conditions attenuates inflammation-induced hyperex-
citability of the SpVc neurons associated with hyperalgesia in
rats. In addition, we also examined and compared the potency
of suppression of hyperalgesia-associated, inflammation-
induced SpVc neuronal excitability with quercetin and
NSAIDs, such as diclofenac.

Materials and methods

All experiments reported herein were approved by the An-
imal Use and Care Committee of Azabu University and were
performed in accordance with the ethical guidelines of the
International Association for the Study of Pain.26 Every effort
was made to minimize the number of animals used and their
suffering.

Induction of inflammation and administration of
quercetin and NSAIDs

The experiments were performed on adult male Wistar rats
(body weight 210–260 g, n = 24). Rats were divided into four
groups, as follows; naı̈ve (n = 6), inflamed (n = 6), inflamed
rats with quercetin (50 mg/kg, i.p.; Sigma-Aldrich, Milano,
Italy) treatment (n = 6) and inflamed rats with diclofenac
(50 mg/kg, i.p.; Sigma-Aldrich, Milano, Italy) treatment (n =
6). Previous studies indicated these doses of quercetin and
diclofenac treatment significantly suppress Cox-2 activity in
vitro.20–22,27,28 Each animal was anesthetized with 3% iso-
flurane, and then CFA (0.05 mL 1:1 oil/saline suspension)
was injected into the left side of the facial skin, as described
previously.10–13 For naı̈ve rats, vehicle only (0.9% NaCl) was
injected into the left side of the facial skin. Quercetin and
diclofenac were dissolved in dimethyl sulfoxide (DMSO) and
administered chronically to the rats over 2 days. Behavioral
experiments were conducted immediately prior to daily ad-
ministration. Based on the behavioral analysis for escape
threshold, electrophysiological experiments were conducted
only on day 2 in the inflamed group. In some experiments, we
also tested systemic administration of vehicle (DMSO) on
day 2 in the inflamed group.

Mechanical threshold for escape behavior

Mechanical threshold for escape behavior was conducted as
described previously.10 In brief, from one to 3 days after CFA
or vehicle injection into the facial skin, the ipsilateral and
contralateral skin regions were tested to assess mechanical
hyperalgesia using a set of von Frey hairs (Semmes-
Weinstein Monofilaments, North Coast Medical, CA). To
evaluate the rat’s escape threshold, the von Frey mechanical
stimuli were applied to the whisker pad in an ascending series
of trials. Each von Frey stimulation was applied three times in
each series of trials. Escape threshold intensity was
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determined when rats moved their heads away from at least
one of the three stimuli.

Extracellular single-unit recording of SpVc WDR
neuronal activity

Electrophysiological recordings were conducted 2 days after
CFA or vehicle injection as described previously.7 Electro-
physiological recordings were made in 24 adult male Wistar
rats. Each rat was anesthetized with 3% isoflurane and
maintained with additional doses of a combination of an-
esthetic (0.3 mg/kg of medetomidine, 4.0 mg/kg of mid-
azolam and 5.0 mg/kg of butorphanol) at 2–3 mg/kg/h as
required, through a cannula into the jugular vein. Single-
neuron activity was recorded through a glass micropipette
filled with 2% pontamine sky blue and 0.5 M sodium acetate
and/or tungsten microelectrodes (impedance 3MV), and re-
cording location was determined by stereotaxic coordinates.
Neuronal activity was amplified (WPI, DAM 80), filtered
(0.3–10 KHz), and monitored with an oscilloscope (Iwatsu,
SS-7672, Tokyo) for off-line analysis by Power Lab and
Chart 5 software (ADInstruments, Oxford, UK).

Experimental protocols

The analyses of extracellular single-unit SpVc WDR ac-
tivity responding to mechanical stimulation of the whisker
pad were conducted as follows. To avoid sensitization of
peripheral mechanoreceptors, a paint brush was quickly
used as a search stimulus to identify the approximate area of
receptive field in the left side of the whisker pad. Next, the
left side of the whisker pad was searched for single units that
responded to a set of von Frey hairs with non-noxious (0.2,
0.6, 2, 6, 10 g) and noxious (15, 26, 60 g) mechanical
stimulation for 5 s at intervals of 5 s (Takeda et al., 2012).
We identified the criterion for WDR neurons as graded non-
noxious and noxious mechanical stimulation applied to the
receptive field produces increased firing frequency in pro-
portion to stimulus intensity. After identification of noci-
ceptive SpVc WDR neurons responding to the whisker pad,
we determined the threshold for mechanical stimulation, and
the size of the receptive field. The mechanical receptive field
of neurons was mapped by probing the facial skin with von
Frey hairs, and then outlined on a life–sized drawing of the
rat on tracing paper.7,29 WDR neuronal discharges induced
by mechanical stimulation were quantified by subtracting
the background activity from the evoked activity. Sponta-
neous discharge frequencies were determined over 2–5 min.
Since previous studies have demonstrated that WDR neu-
rons in the SpVc region have an important role in the
mechanism underlying hyperalgesia and referred pain as-
sociated with orofacial pain,7 the focus of the present study
was on the effects of quercetin on nociceptive SpVc WDR
neuronal activity, but we did not examine nociceptive-
specific neurons. Peristimulus histograms (bin = 100 ms)

were generated in response to each stimulus. After-
discharges were recorded for 10 s after pinching the re-
ceptive field. Mean spontaneous and mechanical
stimulation-evoked discharge frequencies, afterdischarge
frequencies, and mean mechanical thresholds of SpVcWDR
neurons were compared among the four animal groups
(naı̈ve, CFA, CFA rat with quercetin treatment and CFA rat
with diclofenac treatment).

Identification of recording site

At the end of recording sessions, anodal DC currents (30 μA,
3 min) were passed through a recording micropipette before
the animals were transcardially perfused with saline and 10%
formalin. Frozen coronal sections were cut into 30-μm sec-
tions and stained with hematoxylin-eosin. Recording sites
were identified as blue spots and electrode tracks were
constructed by combining with micromanipulator readings,
as described previously.7

Data analysis

Values are expressed as means ± SEM. Statistical analysis
was performed using one-way repeated measure analysis of
variances followed by Tukey-Kramer tests (post hoc test) for
behavioral and electrophysiological data. A p value <0.05
was considered statistically significant.

Results

Inflammation-induced hyperalgesia

In this study, after CFA injection into the whisker pad, the rats
were tested for hyperalgesia by probing the injected site and/
or the orofacial skin with von Frey filaments. As shown in
Figure 1 in inflamed rats, CFA significantly reduced the
threshold for escape from mechanical stimulation applied to
the whisker pad area from 54.3 ± 5.7 g in naı̈ve rats to 2.5 ±
1.2 g at day 2 after the injection (n = 6, p < 0.05; Figure 1). No
significant changes in the contralateral threshold in the
whisker pad area were observed between the two groups
(naı̈ve vs. inflamed; 68.1 ± 3.8 g vs. 59.3 ± 4.2 g, n = 8, not
significant [NS]).

Chronic administration of quercetin or diclofenac
for hyperalgesia

Following daily quercetin administration, the reduced escape
threshold frommechanical stimulation in day 1 inflamed rats was
partially returned to control levels, but still at a significantly lower
level compared with naı̈ve rats (Figure 1). As shown in Figure 1,
the reduced escape threshold from mechanical stimulation in
inflamed rats returned to control levels following administration
of quercetin at day 2 after inflammation (naive vs. day 2 inflamed
with quercetin; 53.5 ± 12.3 g vs. 41.2 ± 8.6 g, n=6,NS).Also, the
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Figure 1. Comparison of changes in the escape threshold among naı̈ve, inflamed, and inflamed with quercetin or diclofenac rats. Mechanical
stimulation using von Frey hairs was applied to the ipsilateral whisker pad of naı̈ve (saline; n = 6), complete Freund’s adjuvant (CFA)-inflamed
(n = 6), and CFA-inflamed with quercetin (50 mg/kg, i.p.; n = 6) or diclofenac (50 mg/kg, i.p.; n = 6) rats to assess hyperalgesia. Data are mean ±
SEM;＃represents p < 0.05 when comparing inflamed day 0 vs. inflamed day 1, day 2. * represents p<0.05 comparing naive vs. inflamed rats and
inflamed vs. inflamed with quercetin or diclofenac.

Figure 2. General characteristics of spinal trigeminal nucleus caudalis (SpVc) wide-dynamic range (WDR) neuronal activity in orofacial skin.
(A) Receptive field of whisker pad in the facial skin. (B) Distribution of SpVc WDR neurons responding to non-noxious and noxious
mechanical stimulation of facial skin (n = 24). (C) Example of non-noxious and noxious mechanical stimulation-induced firing of SpVc WDR
neurons.
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reduced escape threshold from mechanical stimulation in in-
flamed rats returned to control levels following administration of
diclofenac at day 2 after inflammation (naive vs. day 2 inflamed
with quercetin; 53.5 ± 12.3 g vs. 40.3 ± 9.1 g, n = 6, NS). There
was no significant difference between inflamed rats administered
with quercetin or diclofenac at day 2.

Changes in excitability of SpVc WDR neurons
following inflammation

A total of 24 SpVcWDR neurons responded to mechanical
stimulation of the whisker pad in rats across the naı̈ve,
inflamed, inflamed + quercetin and inflamed + diclofenac
groups. As shown in Figure 2(a), SpVc neurons re-
sponding to non-noxious and noxious mechanical stim-
ulation exhibited a somatic receptive field in the whisker
pad area. The recording sites (layers I-II, n = 5, 21%;
layers III-V, n = 19, 79%) were typically distributed in the
maxillary branch (Figure 2(b)) with no obvious differ-
ences across recording sites among the three groups. In
every analyzed SpVc neuron, graded mechanical stimu-
lation applied to the most sensitive area of the receptive
field showed increased firing frequency proportional to

stimulus intensity. Therefore, every neuron analyzed be-
longed to the category of WDR neurons (Figure 2(c)), as
described in our previous study.10

We first confirmed that CFA induced hyperexcitability of
SpVc WDR neurons, as described in our previous
studies.10–13 In naı̈ve rats, spontaneous discharges were
observed in 17% (1/6) of SpVc neurons (Figure 3(a) and
Figure 4(c)) while most neurons fired at a low frequency with
a mean firing frequency of 0.1 ± 0.2 Hz (n = 6). In contrast, all
WDR neurons (6/6; 1.9 ± 0.6 Hz) were spontaneously active
in inflamed rats (Figure 3(b) and Figure 4(c)). SpVc WDR
neurons in inflamed rats showed significantly stronger re-
sponses to non-noxious mechanical stimulation compared
with naı̈ve rats (Figure 3(b) and Figure 4(a)), as described
previously (Sekiguchi et al., 2016). The mean firing fre-
quencies of SpVc WDR neurons in response to mechanical
stimuli (0.4, 2, 15, 60 g, pinch) were also significantly greater
in inflamed rats than in control rats (n = 6; Figure 4(a)), and
the mean mechanical threshold in inflamed rats was signif-
icantly decreased to 0.4 ± 0.1 g compared with 2.5 ± 0.5 g in
naı̈ve rats (n = 6; Figure 4(b)). The mean spontaneous dis-
charge frequency of inflamed rats was significantly increased
compared to that of naı̈ve rats (Figure 4(c)). The mean

Figure 3. Chronic quercetin or diclofenac administration reverses the hyperexcitability of SpVc WDR neuronal activity after orofacial CFA
inflammation. Example of non-noxious and noxious mechanical stimulation-induced discharge of SpVc WDR neurons in naı̈ve (n = 6),
inflamed (n = 6), and inflamed with quercetin (50 mg/kg, i.p. for 2 days; n = 6) or diclofenac (50 mg/kg, i.p. for 2 days; n = 6) rats. Note the
decreased mechanical stimulation threshold required to evoke neuronal firing, increased spontaneous discharges and increased receptive field
size in inflamed rats returned to control levels following quercetin or diclofenac administration for 2 days.
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receptive size in the inflamed rats was significantly increased
to 41.0 ± 2.2 mm2 compared to 21.2 ± 2.7 mm2 (n = 7, p <
0.05; Figure 4(d)).

In this study, the combination of three anesthetic agents
(medetomidine, midazolam and butorphanol), did not result
in any obvious “noxious pinch-evoked after discharges” in
CFA inflamed day 2 rat (0/6, 0%) as described previously in
pentobarbital-anesthetized rats.10-13

Chronic administration of quercetin inhibits
hyperexcitability of SpVc WDR neurons in
inflamed rats

Using a behavioral analysis for escape threshold, we tested
the effect of chronic administration of quercetin on the
hyperexcitability of SpVc WDR neurons in inflamed day 2
rats. Representative examples of discharge rates for SpVc
WDR neurons responding to non-noxious (0.6–10 g) and
noxious mechanical (15–60 g, pinch) stimulation following
quercetin administration in inflamed rats are shown in
Figure 3(c). After daily administration of quercetin for

2 days in inflamed rats, the discharge frequency of SpVc
WDR neurons to both non-noxious and noxious mechanical
stimulation decreased to control levels (Figure 3(c)). The
lowered mechanical threshold, and augmented spontaneous
and noxious and non-noxious firing frequencies in inflamed
rats returned to that observed in naı̈ve rats. As shown in
Figure 4(a), the mean discharge frequency of SpVc WDR
neurons in inflamed rats significantly decreased after
quercetin administration with both non-noxious and noxious
mechanical stimuli (p < 0.05). The mean mechanical
stimulation threshold in inflamed rats after quercetin was
also significantly reversed to control levels (Figure 4(b)).
Spontaneous discharge of SpVc WDR neurons in inflamed
rats also significantly decreased after quercetin adminis-
tration (Figure 4(c), p < 0.05). The mean receptive field size
in inflamed rats significantly decreased to control levels
(Figure 4(d)). Chronic vehicle (DMSO) administration had
no significant effect on spontaneous and non-noxious,
noxious mechanical or pinch stimulation-evoked hyperex-
citability of SpVc WDR neurons in inflamed rats (data not
shown).

Figure 4. Summary of chronic quercetin or diclofenac administration reverses the hyperactivity of SpVc WDR neuronal activity after
orofacial CFA inflammation. (A) Comparison of mean discharge frequency of SpVc WDR neurons evoked by mechanical stimulation (non-
noxious and noxious) of orofacial skin among the four rat groups. *represents p <0 .05 comparing naive vs. inflamed rats and inflamed vs.
inflamed with quercetin or diclofenac. (B) Comparison of mean mechanical threshold of SpVc WDR neurons among the four rat groups.
* represents p <0 .05 comparing naive vs. inflamed rats and inflamed vs. inflamed with quercetin or diclofenac (C) Spontaneous discharge of
SpVc WDR neurons among the four rat groups. *represents p < 0.05 comparing naive vs. inflamed rats and inflamed vs. inflamed with
quercetin or diclofenac. (D) Comparison of mean receptive field size of SpVc WDR neurons among the four rat groups. *represents p < .05
comparing naive vs. inflamed rats and inflamed vs. inflamed with quercetin or diclofenac.
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Chronic administration of diclofenac inhibits
hyperexcitability of SpVc WDR neurons in
inflamed rats

We then tested the effect of chronic administration of diclo-
fenac on the hyperexcitability of SpVc WDR neurons in in-
flamed day 2 rats. Representative examples of discharge rates
for SpVcWDR neurons responding to non-noxious (0.6–10 g)
and noxious mechanical (15–60 g, pinch) stimulation fol-
lowing diclofenac administration in inflamed rats are shown in
Figure 3(d). After daily administration of diclofenac over
2 days in inflamed rats, the discharge frequency of SpVcWDR
neurons to both non-noxious and noxious mechanical stim-
ulation decreased to control levels (Figure 3(d)). The lowered
mechanical threshold, and augmented spontaneous and nox-
ious and non-noxious firing frequencies in inflamed rats re-
turned to that observed in naı̈ve rats.

As shown in Figure 4(a), the mean discharge frequency of
SpVc WDR neurons in inflamed rats significantly decreased
after diclofenac administration for both non-noxious and
noxious mechanical stimuli (p < 0.05). The mean mechanical
stimulation threshold in inflamed rats after diclofenac also
significantly reversed to control levels (Figure 4(b)). Sponta-
neous discharge of SpVc WDR neurons in inflamed rats also
significantly decreased after diclofenac administration (Figure
4(c), p < 0.05). The mean receptive field size in inflamed rats
was significantly decreased to control levels (Figure 4(d)).

Discussion

Administration of quercetin attenuates trigeminal
inflammatory hyperalgesia

Previous studies have indicated that quercetin administration
attenuates nociceptive behavior in the neuropathic pain
model.30,31 CFA-inflamedmodels are generally well-established
for trigeminal chronic pain investigations.1,5,6 In the present
behavioral study, we found the following: (i) a significantly
lower threshold of escape from mechanical stimulation applied
orofacially in CFA-inflamed rats compared to naı̈ve rats, as
reported previously10; (ii) a reversal of the reduced mechanical
threshold to control levels in inflamed rats on day 2 of chronic
quercetin administration; and (iii) vehicle administration had no
significant effect on the escape threshold in day 2 inflamed rats.
A previous study indicated intraperitoneal administration of
50 mg/kg quercetin inhibits Cox-2 expression in the renal inner
medulla in response to ureteral obstruction and is associatedwith
inflammation in the renal parenchyma.21 As such, in this study
we examined whether systemic application of 50 mg/kg
quercetin could attenuate inflammatory hyperalgesia. Applica-
tion of this dose of quercetin significantly attenuated hyper-
algesia after only 2 days of inflammation. This agrees with
previous findings of a significantly decreased CFA
inflammation-induced mechanical hyperalgesia in a rat in-
flammatory pain model, after application of a dietary

constituent, such as polyphenol and carotinoid.10–13 Although
the precise mechanism underlying the effects of quercetin on
inflammation-induced hyperalgesia remains unknown, several
possibilities exist. Quercetin decreases the production of PGE2
by inhibiting Cox-2 cascades.20–22 Together, these observations
suggest daily quercetin use reduces inflammation-induced hy-
peralgesia in whisker pads via Cox-2 suppression resulting in
inhibition of PGE2 production possibly via previously described
mechanisms12

Quercetin suppresses the hyperexcitability of SpVc
WDR neuronal activity associated with hyper algesia
following inflammation

The generally accepted mechanism of nociceptive sensory
signaling depends on the following four general processes:
first, transduction from peripheral terminals that transduce
external stimuli; second, generation of action potentials;
third, propagation of action potentials along axons; and
fourth, transmission to central terminals, which form the
presynaptic elements of the first synapses of the central
nervous system sensory pathways1,32 In this study, systemic
administration of quercetin reversed the decreased mean
mechanical stimulation threshold in inflamed rats, with both
the non-noxious and noxious mechanical stimuli-evoked
mean discharge frequency of SpVc WDR neurons return-
ing to control levels in inflamed rats after quercetin treatment.
The proinflammatory mediator, PGE2 binds to G protein-
coupled prostanoid EP receptors and can activate protein
kinase A in nociceptive peripheral terminals following pe-
ripheral inflammation.33 Protein kinase A then leads to
phosphorylation of mechanosensitive transient receptor po-
tential ankyrin 1 channels and Nav and Kv channels. As a
result, the activation threshold for transient receptor potential
ankyrin 1 transducer channels is decreased and membrane
excitability increases in peripheral terminals. These events
result in a higher frequency of nerve impulses being con-
ducted to presynaptic central terminals of the SpVc. There-
fore, our findings indicate that systemic quercetin may
modulate inflammation-induced peripheral sensitization and
SpVc WDR neuronal hypersensitivity in peripheral nerve
terminals, as suggested by previous in vitro findings in
neuronal activities via modulation of Nav and Kv
channels.18,19 Moreover, the present study showed that
quercetin reversed the increased mean spontaneous discharge
frequency of SpVc WDR neurons following inflammation.

Burstein et al.34 reported that the ongoing activities ob-
served in the SpVc are responsible for ongoing headache
(spontaneous pain). The origin of ongoing activity in the
central neurons that relay sensory information is of consid-
erable clinical interest because it has been suggested as a
determinant of the level of post-traumatic injury and chronic
pain.35 Amore recent study demonstrated that ongoing activity
of WDR neurons in the SpVc is driven from the periphery,
because microinjection of lidocaine into the trigeminal ganglia
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causes a significant decrease in ongoing activity.36 Together
with the present results, this suggests quercetin attenuates the
increased spontaneous discharge activity of SpVc WDR
neurons innervating the whisker pad resulting from peripheral
and/or trigeminal ganglion sensitization.

We previously reported that a local GABAergic mecha-
nism could control nociceptive transmission in SpVc neu-
rons, thus impacting the overall properties of mechanical
receptive fields.29 In the present study, the expanded receptive
field size in inflamed rats returned to control levels after
quercetin administration, although the mechanisms under-
lying this effect remain unclear. A previous study showed that
quercetin produces dose-dependent antinociception in several
models of chemical pain via mechanisms involving the
GABAergic system.37 Thus, it is possible that quercetin
modulates local GABAergic tonic control of nociceptive
mechanoreceptive transmission and inhibits central mecha-
nisms through excitatory synaptic transmission. In the present
study, the mean receptive field size in the inflamed rats was
relatively larger than that of previous study.10 Previously, we
reported that the changes in mechanical receptive field size
was local iontophoretic application of GABAA receptor
agonist and antagonist.29 Although the mechanisms under-
lying this difference remain unclear, it can be assumed that
mean receptive field size of inflamed SpVc neurons under
pentobarbital anesthesia (potentiates the GABAergic inhi-
bition) was relatively smaller than that of under the combi-
nation of three anesthetic agents. However, further studies
needed to confirm this possibility.

Lack of evidence for noxious pinch-evoked
afterdischarges of SpVc neurons
following inflammation

Previous studies reported “noxious pinch-evoked after-
discharge” in SpVc WDR neurons undergoing noxious me-
chanical stimulation in a chronic inflammation neuropathic
model under pentobarbital anesthesia. The study associated
these changes with neuronal sensitization during persistent
pain,10–13,38 suggesting noxious pinch-evoked afterdischarge
is an important phenomenon of hyperexcitability of noxious
neurons in pathological pain. In this study however, no obvious
noxious pinch-evoked afterdischarges were observed in CFA-
inflamed rats under a mixture of three anesthetic agents,
compare with the previous pentobarbital-anesthetized rats.
While the precise mechanism remains unclear, the most
probable explanation for this difference is likely due to the
different anesthetic agents used. Although it is generally
known that pentobarbital anesthesia modulates GABAA

receptor-mediated chloride channel gating, pentobarbital
anesthesia potentiates the inhibitory GABAergic interneu-
ron in the SpVc.39 The mechanisms underlying the com-
bination mixture of three anesthetic agents are as follows; i)
medetomidine is a potent and selective α2-adrenoceptor

agonist; ii) midazolam is a benzodiazepine that enhances the
inhibitory action of GABAergic interneurons; iii) butor-
phanol exhibits agonist activity at the μ-and κ-opioid opioid
receptors in opioidergic inhibitory interneurons.40,41

In relation to the mechanism underlying “noxious pinch-
evoked afterdischarge” in inflamed conditions, Radhakrishnan
et al.42 showed that administration of a substance P (SP)
neurokinin-1 (NK1) receptor antagonist inhibits pinch-evoked
afterdischarges in WDR neurons of the spinal cord. Therefore,
from the results of the current study, the following two
speculations could be made. Firstly, that noxious pinch-
stimulation of an inflamed sensitized receptive field gener-
ates a large number of action potentials in peripheral terminals,
that then propagate to the central terminal of trigeminal
ganglion neurons, open CaV channels and release large
amounts of glutamate in the synaptic cleft, which binds to
postsynaptic glutamate receptors and thereby augments the
discharge frequency of SpVc WDR neurons in inflamed rats.
Secondly, the large number of action potentials also propagates
to other branches of the central terminal of trigeminal ganglion
neurons, activating excitatory SP-containing interneurons that
then release SP into the synaptic cleft, which binds to post-
synaptic NK1 receptors in SpVc WDR neurons in inflamed
rats and triggers noxious pinch-evoked afterdischarges.

In a previous study, we demonstrated that using multi-barrel
electrodes, iontophoretic application of glutamate evoked
cervical dorsal horn neuronal activity responding to noxious
stimulation of the trigeminal area. This glutamate-evoked
neuronal activity was also current-dependently inhibited by
iontophoretic application of the α2-adrenoceptor agonist,
clonidine.43 Since then, single-cell reverse-transcription po-
lymerase chain reaction analysis has shown smalldiameter
noxious trigeminal ganglion neurons express α2-adrenoceptor
mRNA.44 In the current study, one of the anesthetic agents
used in the mixture is medetomidine, a selective α2-adrenor-
eceptor agonist that presynaptically inhibits SP release from
the central nerve terminal of excitatory interneurons via the α2-
adrenoreceptor. Therefore, its effect may be confounding the
effects on noxious pinch-evoked afterdischarges in inflamed
SpVc WDR neurons under the three anesthetic agents com-
pared with pentobarbital anesthesia in inflamed rats. However,
further studies are needed to confirm this possibility.

Functional significance of the suppressive effect of
quercetin on the hyperexcitability of SpVc neurons
associated with hyperalgesia

It is well known that acidic antipyretic analgesic NSAIDs are
potent and efficient inhibitors of Cox-2 for analgesic drugs.45

Current options for the pharmacological treatment of pain
include NSAIDs and opioids, which unfortunately causes
several side effects including an increased risk of stomach
ulcers and heart attacks.45 NSAIDs are of increased interest as
CAMs for the treatment of persistent chronic pain.23,24 We
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have previously examined whether systemic administration
of dietary constituents, including polyphenols, polyunsatu-
rated fatty acids, and carotenoids, attenuates inflammation-
induced mechanical hyperalgesia, primarily by suppressing
SpVc WDR neuronal hyperexcitability via both peripheral
and central Cox-2 cascade signaling pathways.10-13 However,
we did not compare the inhibitory effect of hyperalgesia
associated with hyperexcitability of nociceptive neurons
between dietary constituents and NSAIDs.

The present behavioral study showed the following: (i)
reversal of the reduced mechanical threshold to control levels
in inflamed rats on day 2 of chronic diclofenac administra-
tion; (ii) the mean discharge frequency of SpVc WDR
neurons to both non-noxious and noxious mechanical stimuli
in inflamed rats significantly decreased after diclofenac ad-
ministration; (iii) the increased mean spontaneous discharge
of SpVc WDR in inflamed rats significantly decreased after
diclofenac administration; and (iv) diclofenac restored the
expanded mean receptive field size in inflamed rats to control
levels. In this study, the magnitude of quercetin-mediated
inhibition on the hyperexcitability of SpVc neurons associ-
ated with hyperalgesia was almost equal to that of diclofenac
(50 mg/kg, i.p.), suggesting quercetin is comparable to di-
clofenac, and is a potential therapeutic agent for CAM
strategies for preventing trigeminal inflammatory mechanical
hyperalgesia.

It is clinically generally known that most patients un-
dergoing orthodontic treatment complain of pain, including
referred pain, and NSAIDs are often administered for the
relief of pain symptoms. Tooth movement is achieved
through mechanical forces provided by orthodontic appli-
ances. During orthodontic treatment, periodontal inflamma-
tion processes and bone absorption on the tension side are
observed.46 Since PGE2 has an important contribution to the
function of osteoclast-related bone remodeling, NSAIDs
produce negative effects in orthodontic patients, such as
reduction of tooth displacement.47,48 Recently, we have
shown that chronic administration of the polyphenol, re-
sveratrol, attenuates experimental tooth movement-induced,
mechanical, ectopic hyperalgesia that is associated with
hyperexcitability of SpVc WDR neurons in anesthetized rats.
These results suggest that this dietary constituent is a po-
tential therapeutic analgesic agent for ectopic pain, such as
the pain of orthodontic patients.49 These findings suggest that
administration of quercetin may also attenuate orthodontic
treatment-induced ectopic hyperalgesia without any side
effects.

Together, this is first study that compares the suppressive
potency of quercetin and the NSAID diclofenac in
inflammation-induced SpVc neuronal excitability associated
with hyperalgesia. Therefore, these results contribute to the
development of analgesic drugs for the treatment and pre-
vention of trigeminal inflammatory pathological pain, in-
cluding clinical orofacial pain, with fewer side effects.

Conclusion

These results suggest that quercetin administration atten-
uates inflammatory hyperalgesia associated with hyper-
excitability of nociceptive SpVc WDR neurons via
inhibition of the peripheral Cox-2 signaling cascade and
voltage-gated ion channels. These findings support the
proposed potential of quercetin as a therapeutic agent in
CAM strategies for preventing trigeminal inflammatory
mechanical hyperalgesia.

Author contributions

HI performed all experiments, analyzed data, and prepared figures.
RY helped with behavioral and electrophysiological experiments.
MT participated in the design of the experiments and wrote the
manuscript. All the authors have read and approved the paper.

Declaration of Conflicting Interests

The author(s) declare no potential conflicts of interest, with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, au-
thorship, and/or publication of this article.

ORCID iD

Mamoru Takeda  https://orcid.org/0000-0001-6890-0943

References

1. Takeda M, Matsumoto S, Sessle BJ, Shinoda M, Iwata K.
Peripheral and central mechanisms of trigeminal neuropathic
and inflammatory pain. J Oral Biosci 2011; 53: 318–329.

2. Iwata K, Takeda M, Oh S, Shinoda M. In: Farah CS (ed).
Neurophysiology of Orofacial Pain, Contemporary Oral
Medicine. New York: Springer International Publishing, 2017.

3. Scholz J, Woolf CJ. Can we conquer pain? Nat Neurosci 2002;
5(Suppl 5): 1062–1067.

4. Millan MJ. The induction of pain: an integrative review. Prog
Neurobiol 1999; 57: 1–164.

5. Iwata K, Tashiro A, Tsuboi Y, Imai T, Sumino R, Morimoto T,
Dubner R, Ren K. Medullary dorsal horn neuronal activity in
rats with persistent temporomandibular joint and perioral in-
flammation. J Neurophysiol 1999; 82: 1244–1253.

6. Imbe H, Iwata K, Zhou Q-Q, Zou S, Dubner R, Ren K. Or-
ofacial deep and cutaneous tissue inflammation and trigeminal
neuronal activation. Cells Tissues Organs 2001; 169: 238–247.

7. Takeda M, Takahashi M, Matsumoto S. Suppression of neurokinin-
1 receptor in trigeminal ganglia attenuates central sensitization
following inflammation. J Peripher Nerv Syst 2012; 117: 169–181.

8. Takeda M, Takahashi M, Kitagawa J, Kanazawa T, Nasu M,
Mastumoto S. Brain-derived neurotrophic factor enhances the ex-
citability of small-diameter trigeminal ganglion neurons projecting

Itou et al. 9

https://orcid.org/0000-0001-6890-0943
https://orcid.org/0000-0001-6890-0943


to the trigeminal nucleus interpolaris/caudalis transition zone fol-
lowing masetter muscle inflammation. Mol Pain 2013; 9: 49.

9. Konvicka JJ, Meyer TA, McDavid AJ, Roberson CR.
Complementary/alternative medicine use among chronic pain
clinic patients. J Periaesth Nurs 2008; 23: 17–23.

10. Sekiguchi K, Takehana S, Shibuya E, Matsuzawa N, Hidaka S,
Kanai Y, Inoue M, Kubota Y, Shimazu Y, Takeda M. Re-
sveratrol attenuates inflammation-induced hyperexcitability of
trigeminal spinal nucleus caudalis neurons associated with
hyperalgesia in rats. Mol Pain 2016; 12: 1744806916643082.

11. Nakazaki S, Tadokoro K, Takehana S, Syoji Y, Shimazu Y,
Takeda M. Docosahexaenoic acid attenuates inflammation-
induced hyperexcitability of trigeminal spinal nucleus cauda-
lis neurons associated with hyperalgesia in rats. Eur J Oral Sci
2018; 126: 458–465.

12. Syoji Y, Kobayashi R, Miyamura N, Hirohara T, Kubota Y,
Uotsu N, Yui K, Shimazu Y, Takeda M. Suppression of hy-
perexcitability of trigeminal nociceptive neurons associated
with inflammatory hyperalgesia following systemic adminis-
tration of lutein via inhibition of cyclooxygenase-2 cascade
signaling. J Inflamm 2018; 15: 24.

13. Arakawa S, Inoue M, Kinouchi R, Morizumi S, Yamaguchi M,
Shimazu Y, TakedaM. Dietary constituent genistein inhibits the
hyperexcitability of trigeminal nociceptive neurons associated
with mechanical hyperalgesia following orofacial inflamma-
tion. J. Oral Biosci 2019; 61: 215–220.

14. Erlund I, Freese R, Marniemi J, Halkala P, Alfthan G. Bio-
availability of quercetin from berries and diet. Nutr Cancer
2006; 4: 13–17.

15. De Whalley CV, Rankin SM, Hoult JR, Jessup W, Leake DS.
Flavonoids inhibits the oxidative modification of low density
lipoproteins by macrophages. Biochem Pharmacol 1990; 39:
1743–1745.

16. Perez-Vizcaino F, Duarte J. Flavonols and cardiovascular
diseases. Mol Aspects Med 2010; 31: 478–594.

17. Jin HB, Yang Y-B, Song Y-L, Zhang Y-C, Li Y-R.
Protective roles of quercetin in acute myocardial ischemia
and perfusion injury in rats. Mol Biol Rep 2012; 39:
11005–11009.

18. Hou X, Yu L, Longgang N, Lijuan C, Mingsheng Z. En-
hancement of voltage-gated K+ channels and depression of
voltage-gated Ca2+ channels are involved in quercetin-induced
vasorelaxation in rat coronary artery. Planta Med 2014; 80:
465–472.

19. Wallace I, Baczko L, JonesM, Fercho P E, Light P. Inhibition of
cardiac voltage-gated sodium channels by grape polyphenols.
Br J Pharmacol 2006; 149: 657–665.

20. Xiao X, Shi D, Liu L, Wang J, Xie X, Kang T, Deng W.
Quercetin suppresses cyclooxygenase-2 expression and an-
giogenesis through inactivation of P300 signaling. PLoS One
2011; 6: e22934.

21. Carlsen I, Frokiaer J, Norregaard R. Quercetin attenuates
cyclooxygenase-2 expression in response to acute ureteral
obstruction. Am J Physiol Renal Physiol 2015; 308:
F1297–1305.

22. Toth S, Jonecova Z, Curgali K, Maretta M, Soltes J, Svana M,
Kalpadikis T, Caprnda M, Adamek M, Rodrigo L and Kruzliak
P Quercetin attenuates the ischemia reperfusion induced COX-
2 and MPO expression in the small intestine mucosa. Biomed
Phamacother 2017; 95: 346–354.

23. Kessler RC, Davis RB, Foster DF, Van Rompay MI, Walters
EE, Wilkey SA, Kaptchuk TJ, Eisenberg DM. Long-term
trends in the use of complementary and alternative medical
therapies in the United States. Ann Intern Med 2001; 135:
262–268.

24. Rosenberg EI, Genao I, Chen I, Mechaber AJ,Wood JA, Faselis
CJ, Kruz J, Menon M, O’Rorke J, Panda M, Pasanen M, Staton
L, CallesonD, Cykjert S. Complementary and alternative
medicine use by primary care patients with chronic pain. Pain
Med 2008; 9: 1065–1072.

25. Gan TJ. Diclofenac: an update on its mechanism of action and
safety profile. Curr Med Res Opin 2010; 26: 1715–1731.

26. Zimmermann M. Ethical guidelines for investigations of ex-
perimental pain in conscious animals. Pain 1983; 16: 109–110.

27. Ayoub SS, Colvile-Nasn PR, Willoughby DA, Botting RM.
The involvement of a cyclooxygenase 1 gene-derived protein in
antinociceptive action of paracetamol in mice. Eur J Pharmacol
2006; 538: 57–65.

28. Amidi N, Izadidastenae Z, Araghchian M, Ahmadimoghddan
D. A behavioral study of Promethazine interaction with an-
algesic effect of diclofenac: pain combination therapy. J.
Pharmacopunc 2020; 23: 18–24.

29. Takeda M, Tanimoto T, Matsumoto S. Change in mechanical
receptive field properties induced by GABAA receptor acti-
vation in the trigeminal spinal nucleus caudalis neurons in rats.
Exp Brain Res 2000; 134: 409–416.

30. Muto N, Matsuoka Y, Arakwawa K, Kurita M, Omiya H,
Taniguchi A, Kaku R, Morimatsu H. Quercetin attenuates
neuropathic pain in rats with Spared nerve injury. Acta Med
Okayama 2018; 72: 457–465.

31. Ye G, Lin C, Zhang Y, Ma Z, Chen Y, Kong L, Yuan L, Ma T.
Quercetin alleviates neuropathic pain in the rat CCI model by
mediating AMPK/MAPK Pathway. J Pain Res 2021; 14:
1289–1301.

32. Harriot AM, Gold MS. Contribution of primary afferent
channels to neuropathic pain. Curr Pain Headache Rep 2009;
13: 197–207.

33. Takeda M, Takehana S, Shimazu Y. Modulatory mechanism of
nociceptive neuronal activity by dietary constituents resvera-
trol. Int J Mol Sci 2016; 17: 1702.

34. Burstein R, Cutrer MF, Yarnitsky D. The development of
cutaneous allodynia during a migraine attack: clinical evidence
for the sequential recruitment of spinal and supraspinal noci-
ceptive neurons in migraine. Brain 2009; 123: 1703–1709.

35. Sorkin LS, Wallace MS. Acute pain mechanisms. Surg Clin
North Am 1999; 79: 213–229.

36. Roch M, Messlinger K, Kulchitsky V, Tichonovich O, Azev O,
Koulchitsky S. Ongoing activity in trigeminal wide-dynamic
range neurons is driven from the periphery.Neuroscience 2007;
150: 681–691.

10 Molecular Pain



37. Filho AW, Filho VC, Olinger L, De Souza MM. Quercetin:
further investigation of its antinociceptive properties and
mechanisms of action. Arch Pharm Res 2008; 31: 713–721.

38. Nakagawa K, Takeda M, Tsuboi Y, Kondo M, Kitagawa J,
Matsumoto S, Kobayasahi A, Sessle BJ, Shinoda M, Iwata K.
Alteration of primary afferent activity following inferior al-
veolar nerve transection in rats. Mol Pain 2010; 6: 9.

39. Serafini R, Bracamontes J, Steinbach JH. Structural domains of
the human GABAA receptor 3 subunit involved in the action of
pentobarbital. J Physiol 2000; 524: 649–676.

40. Meyer RE, Fish RE. Pharmacology of injectable anesthetics,
sedatives and tranquilizers. In: FishRE, BrownNJ, Damneman PJ,
Karas AZ (eds). Anesthesia and analgesia in laboratory animals.
2nd edition. New York, NY: Academic Press, 2008, pp. 28–83.

41. Kawai S, Takagai Y, Kaneko S, Kurosawa T. Effect of three
types of mixed anesthetic agents alternate to ketamine in mice.
Exp Anim 2011; 60: 481–487.

42. Radhakrishnan V, Henry J L. Antagonism of nociceptive re-
sponses of cat spinal dorsal horn neurons in vivo by the NK-1
receptor antagonists CP-96, 345 and CP-99, 994, but not by CP-
96, 344. Neuroscience 1995; 64: 943–958.

43. Takeda M, Tanimoto T, Takahashi M, Kadoi J, Nasu M,
Matsumoto S. Activation of α2-adrenoreceptors suppresses the
excitability of C1 spinal neurons having convergent inputs from

tooth pulp and sagittal sinus in rats. Exp Brain Res 2006; 174:
210–220.

44. Takeda M, Ikeda M, Tanimoto T, Lipski J, Matsumoto S.
Changes of excitability of rat trigeminal ganglion neurons by
α2-adrenoreceptors. Neuroscience 2002; 115: 731–741.

45. Brune K, Zeilhofer H. Antipyretic analgesics: Basic as-
pects. Textbook of pain. Amsterdam: Elsevier, 2006, pp.
459–469.

46. Garlet TP, Coelho U, Silva JS, Garlet GP. Cytokine expression
pattern in compression and tension sides of periodontal liga-
ment during orthodontic tooth movement in humans. Eur. Oral
Sci 2017; 115: 355–362.

47. Karthi M, Anbuslevan GJ, Senthilkumar KP, Tamizharsi S,
Raja S, Prabhakrr K. NSAIDs in orthodontic tooth movement. J
Pharm Biol Sci 2012; 4(Suppl. 2): S304–S306.

48. Shetty N, Patil AK, Ganeshkar SV, Hegde S. Comparison of the
effects of ibuprofen and acetaminofen on PGE2 levels in the
GCF during orthodontic tooth movement: a human study. Prog
Orthodont 2013; 14: 6.

49. Okubo N, Ishikawa H, Sano R, Shimazu Y, Takeda M. Effect
of resveratrol on the hyperexcitability of nociceptive neu-
rons associated with ectopic hyperalgesia induced by ex-
perimental tooth movement. Eur J Oral Biosci 2020; 128:
275–283.

Itou et al. 11


	Phytochemical quercetin alleviates hyperexcitability of trigeminal nociceptive neurons associated with inflammatory hyperal ...
	Introduction
	Materials and methods
	Induction of inflammation and administration of quercetin and NSAIDs
	Mechanical threshold for escape behavior
	Extracellular single-unit recording of SpVc WDR neuronal activity
	Experimental protocols
	Identification of recording site
	Data analysis

	Results
	Inflammation-induced hyperalgesia
	Chronic administration of quercetin or diclofenac for hyperalgesia
	Changes in excitability of SpVc WDR neurons following inflammation
	Chronic administration of quercetin inhibits hyperexcitability of SpVc WDR neurons in inflamed rats
	Chronic administration of diclofenac inhibits hyperexcitability of SpVc WDR neurons in inflamed rats

	Discussion
	Administration of quercetin attenuates trigeminal inflammatory hyperalgesia
	Quercetin suppresses the hyperexcitability of SpVc WDR neuronal activity associated with hyper algesia following inflammation
	Lack of evidence for noxious pinch-evoked afterdischarges of SpVc neurons following inflammation
	Functional significance of the suppressive effect of quercetin on the hyperexcitability of SpVc neurons associated with hyp ...

	Conclusion
	Author contributions
	Declaration of Conflicting Interests
	Funding
	ORCID iD
	References


