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a b s t r a c t

Transient receptor potential (TRP) channels in the spinal dorsal horn lamina II (substantia gelatinosa;
SG), which are involved in the modulation of nociceptive transmission, have not yet been fully examined
in property. Activation of the TRP channels by various plant-derived chemicals results in an increase in
the spontaneous release of L-glutamate onto the SG neurons. We examined the effects of a monoterpene
ketone (�)-carvone (contained in spearmint) and its stereoisomer (þ)-carvone (in caraway) on gluta-
matergic spontaneous excitatory transmission in SG neurons of adult rat spinal cord slices by using the
whole-cell patch-clamp technique. (�)-Carvone and (þ)-carvone increased the frequency of spontaneous
excitatory postsynaptic current (sEPSC) in a reversible and concentration-dependent manner with a
small increase in its amplitude. Half-maximal effective concentrations of (�)-carvone and (þ)-carvone in
increasing sEPSC frequency were 0.70 mM and 0.72 mM, respectively. The (�)-carvone but not
(þ)-carvone activity was inhibited by a TRPV1 antagonist capsazepine. On the other hand, the (þ)-car-
vone but not (�)-carvone activity was inhibited by a TRPA1 antagonist HC-030031. These results indicate
that (�)-carvone and (þ)-carvone activate TRPV1 and TRPA1 channels, respectively, resulting in an in-
crease in spontaneous L-glutamate release onto SG neurons, with almost the same efficacy. Such a dif-
ference in TRP activation between the stereoisomers may serve to know the properties of TRP channels in
the SG.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Transient receptor potential (TRP) channels expressed in the
peripheral and central terminals of primary-afferent neuron are
involved in the reception of sensory stimuli and the modulation of
nociceptive transmission, respectively [1,2]. Activation of the pe-
ripheral terminal TRP channels depolarizes membrane, resulting in
the production of action potentials (APs). On the other hand, acti-
vating the central terminal TRP channels leads to an increase in the
spontaneous release of L-glutamate onto medullary and spinal cord
lamina II (substantia gelatinosa, SG) neurons. There are plant-
derived chemicals among activators of the TRP channels. For
instance, TRP vanilloid-1 (TRPV1) channels are activated by
capsaicin, resiniferatoxin and piperine [3e7], and TRP ankyrin-1
amoto).
(TRPA1) channels by allyl isothiocyanate (AITC), cinnamaldehyde,
eugenol, zingerone and carvacrol ([8e13]; for review see Ref. [14]).

Many of the properties of the TRP channels have been examined
in heterologous cells expressing the channels and also in the cell
body of primary-afferent neuron.We have suggested that theremay
be a difference in property between TRP channels in the central
terminal and cell body of primary-afferent neuron. For instance,
eugenol, zingerone and olvanil (the synthetic oleic acid homologue
of capsaicin) activated TRPV1 channels in its cell body [15e17] but
not the spinal cord SG [7,8,13]. Gonçalves et al. [18] have recently
reported that a monoterpene ketone (�)-carvone contained in
spearmint increases intracellular Ca2þ concentration in rat primary-
afferent neurons in a manner sensitive to a TRPV1 antagonist cap-
sazepine, indicating an involvement of TRPV1 channels. Considering
a possible difference in property between the central terminal and
peripheral TRP channels, (�)-carvone may activate other types of
TRP channel but not TRPV1 channels in the SG.

(�)-Carvone has various pharmacological actions including
antinociception which has been attributed to an inhibition of the
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conduction of AP in the peripheral nerve [19]. A stereoisomer of
(�)-carvone, (þ)-carvone, contained in caraway is reported to
exhibit actions different from those of (�)-carvone in human
autonomic nervous system function [20], mouse locomotive [21],
anticonvulsive [22] and guinea-pig ileum relaxation activities [23].

It is likely that at least a part of the carvone actions is due to an
action on the nervous system. Although carvone is known to inhibit
APs [19,24], to our knowledge, it has not been examined yet how
carvone affects synaptic transmission. Considering that (�)-car-
vone and (þ)-carvone have actions distinct from each other, it is
possible that they activate different types of TRP channel. In order
to address these issues, we examined the effects of (�)-carvone and
(þ)-carvone on glutamatergic spontaneous excitatory transmission
with a focus on the involvement of TRP channels by applying the
whole-cell patch-clamp technique to SG neurons of adult rat spinal
cord slices.

2. Materials and methods

All animal experiments were approved by the Animal Care and
Use Committee of Saga University. Slice preparations from the adult
rat spinal cord were prepared as described elsewhere [4,10,13].
Briefly, male SpragueeDawley rats (6e8 weeks old) were anes-
thetized with urethane (1.2 g/kg, i.p.), and then a lumbosacral
segment (L1-S3) of the spinal cord was extracted and placed in cold
pre-oxygenated Krebs solution (2e4 �C) pre-equilibrated with 95%
O2 and 5% CO2. After cutting all ventral and dorsal roots, the pia-
arachnoid membrane was removed. The spinal cord was mounted
on a microslicer, and then a 650 mm-thick transverse slice was cut.
The slice was transferred to a recording chamber, and completely
submerged and superfused at a rate of 12e15 ml/min with Krebs
solution saturated with 95% O2 and 5% CO2 at 36 ± 1 �C. The
composition of Krebs solution used was (in mM): NaCl, 117; KCl,
3.6; CaCl2, 2.5; MgCl2, 1.2; NaH2PO4, 1.2; NaHCO3, 25; and glucose,
11 (pH ¼ 7.4 when saturated with the gas).

Blind whole-cell voltage-clamp recordings from SG neurons
were made at a holding potential (VH) of �70 mV with a patch-
pipette, as done previously [4,10,13]. The patch-pipette solution
used (in mM) was composed of K-gluconate, 135; CaCl2, 0.5; MgCl2,
2; KCl, 5; EGTA, 5; HEPES, 5; and Mg-ATP, 5 (pH¼ 7.2). Signals were
acquired using an Axopatch 200B amplifier (Molecular Devices,
Sunnyvale, CA, USA). Data were low-pass filtered at 5 kHz, and
digitized at 333 kHz with an A/D converter. The data were recorded
and stored with a personal computer using pCLAMP 8.1 software
(Molecular Devices). Spontaneous excitatory postsynaptic currents
(sEPSCs) were detected and analyzed using Mini Analysis Program
ver. 6.0.3 (Synaptosoft, Decatur, GA, USA). Numerical data are given
as the mean ± SEM. Statistical significance was determined as
P < 0.05 using the paired or unpaired Student's t test. In all cases, n
refers to the number of neurons studied.

The drugs usedwere (�)-carvone, (þ)-carvone, capsazepine and
HC-030031 (SigmaeAldrich, St Louis, MO, USA). The drugs were
first dissolved in dimethyl sulfoxide (DMSO) at 1000 (>100 for
carvone) and then diluted to the final concentration in Krebs so-
lution immediately before use. DMSO at 1% did not affect sEPSC
frequency and amplitude. Drugs were applied by superfusing a
solution containing drugs without altering the perfusion rate or
temperature.

3. Results

Whole-cell patch-clamp recordings were made from a total of
176 SG neurons. All SG neurons tested had resting membrane po-
tentials lower than �60 mV (when measured in the current-clamp
mode).
3.1. The effects of (�)-carvone and (þ)-carvone on spontaneous
excitatory transmission in SG neurons

(�)-Carvone (1 mM; the left of Fig. 1A) superfused for 2 min
enhanced spontaneous excitatory transmission in a SG neuron
(Fig. 1Ba). Its stereoisomer (þ)-carvone (1 mM; the right of Fig. 1A)
also exhibited a similar facilitatory effect (Fig. 1Bb). Fig. 1Ca and b
demonstrate the time courses of changes in sEPSC frequency and
amplitude following (�)-carvone or (þ)-carvone superfusion,
relative to those before its superfusion. The sEPSC frequency
increased gradually over time, peaking around 3 min after carvone
addition; this facilitationwas accompanied by a small increase in its
amplitude. This increase in sEPSC frequency subsided within
10 min after carvone washout. sEPSC frequency increases produced
by (�)-carvone and (þ)-carvone averaged to be, respectively,
299 ± 32% [P < 0.05; from 8.7 ± 1.2 Hz to 21.0 ± 2.2 Hz (n¼ 41)] and
284 ± 28% [P < 0.05; from 6.2 ± 0.6 Hz to 15.5 ± 1.8 Hz (n ¼ 45)]
around 3 min after its addition. sEPSC amplitudes before and
around 3 min after (�)-carvone superfusion were, respectively,
9.5 ± 0.4 pA and 11.6 ± 0.7 pA (n ¼ 41); they before and after
(þ)-carvone superfusion were, respectively, 9.7 ± 0.4 pA and
11.6 ± 0.6 pA (n ¼ 45). In each case, the latter was significantly
larger than the former (P < 0.05). Some (about 40%) of the neurons
examined produced a small inward current following (�)-carvone
or (þ)-carvone superfusion. Their peak amplitudes were
14.3 ± 2.3 pA (n ¼ 16) and 10.9 ± 1.1 pA (n ¼ 18), respectively.

The sEPSC frequency increase produced by (�)-carvone or
(þ)-carvone (each 1 mM) was repeated at a time interval of 20 min,
as seen in Fig. 2A and B. The initial (�)-carvone treatment increased
sEPSC frequency from 9.5 ± 2.1 Hz to 23.2 ± 4.7 Hz (n ¼ 4) around
3 min after its treatment. A second application was similar; sEPSC
frequency increased from 10.9 ± 2.4 Hz to 26.2 ± 8.0 Hz (n ¼ 4).
sEPSC frequency increases by the initial and second applications
were not significantly different from each other (Fig. 2Ca). On the
other hand, sEPSC amplitude was minimally increased by (�)-car-
vone. sEPSC amplitudes before and after the initial treatment were,
respectively, 8.2 ± 0.3 pA and 8.8 ± 0.5 pA (n ¼ 4); those before and
after the second treatment were, respectively, 8.2 ± 0.6 pA and
10.3 ± 2.0 pA (n ¼ 4). sEPSC frequency increase produced by
(þ)-carvone was also repeated at a time interval of 20 min, as seen
in Fig. 2B. The initial (þ)-carvone treatment increased sEPSC fre-
quency from 5.3 ± 1.0 Hz to 31.7 ± 4.3 Hz (n¼ 4) around 3min after
its treatment. A second application was similar; sEPSC frequency
increased from 4.0 ± 0.7 Hz to 24.8 ± 4.2 Hz (n ¼ 4). sEPSC fre-
quency increases produced by the initial and second applications
were not significantly different from each other (Fig. 2Cb). On the
other hand, sEPSC amplitudewas slightly increased by (þ)-carvone.
sEPSC amplitudes before and after the initial treatment were,
respectively, 8.4 ± 0.5 pA and 12.3 ± 1.7 pA (n¼ 4); those before and
after the second treatment were, respectively, 8.0 ± 0.5 pA and
10.7 ± 0.8 pA (n ¼ 4).

3.2. Concentration dependencies for sEPSC frequency and
amplitude changes produced by (�)-carvone and (þ)-carvone

We next examined concentration dependencies for the facili-
tatory actions of (�)-carvone and (þ)-carvone on spontaneous
excitatory transmission. The (�)-carvone activity was
concentration-dependent in a range of 0.1e1 mM. As seen from
Fig. 3Aa, (�)-carvone at 1 mM exhibited a facilitation larger than
that at 0.5 mM, when examined in the same neuron. Fig. 3Ba
demonstrates concentration-response relationships for changes in
sEPSC frequency and amplitude, produced by (�)-carvone. sEPSC
frequency increased with an increase in concentration with a small
increase in its amplitude. Analysis based on the Hill equation



Fig. 1. (�)-Carvone and (þ)-carvone reversibly increase the frequency of spontaneous
excitatory postsynaptic current (sEPSC) with a small increase in its amplitude in rat
substantia gelatinosa (SG) neurons. (A) The chemical structures of (�)-carvone and
(þ)-carvone. (Ba, b) Recordings of sEPSCs in the absence and presence of (�)-carvone
(Ba) or (þ)-carvone (Bb). In this and subsequent figures, duration of drug superfusion
is shown by a horizontal bar above chart recording; four consecutive traces of sEPSCs
for a period indicated by a short bar below the chart recording are shown in an
expanded scale in time. Note that (�)-carvone and (þ)-carvone produce a small inward
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showed that the half-maximal effective concentration (EC50) of
(�)-carvone in increasing sEPSC frequency is 0.70 mM.

The sEPSC frequency increase produced by (þ)-carvonewas also
concentration-dependent; when tested in the same neuron,
(þ)-carvone at 1 mM increased sEPSC frequency more greatly than
(þ)-carvone at 0.5mM (Fig. 3Ab). As seen in the (�)-carvone action,
sEPSC frequency increase produced by (þ)-carvone was
concentration-dependent in a range of 0.1e1 mM, while its
amplitude was slightly increased (Fig. 3Bb). Analysis based on the
Hill equation showed that the EC50 value of (þ)-carvone for sEPSC
frequency increase is 0.72 mM.

3.3. The excitatory transmission enhancements produced by
(�)-carvone and (þ)-carvone are mediated by TRPV1 and TRPA1
channels, respectively

The excitatory transmission enhancements produced by
(�)-carvone and (þ)-carvone were similar to those by various
plant-derived chemicals which activated TRPV1 and TRPA1 chan-
nels in the adult rat SG [4,6e11,13]. We, therefore, examined
whether the facilitatory actions of (�)-carvone and (þ)-carvone
(each 1 mM) are mediated by TRPV1 or TRPA1 channels. The ex-
periments were performed in single neurons, because the carvone
activities were repeated.

As seen in Fig. 4Aa and b, pretreatment with a TRPV1 antagonist
capsazepine (10 mM) for 4 min inhibited the facilitatory effect of
(�)-carvone but not (þ)-carvone on excitatory transmission. In the
presence of capsazepine, (�)-carvone changed sEPSC frequency
from 9.1 ± 1.9 Hz to 16.8 ± 3.6 Hz (n ¼ 8) around 3 min after its
treatment. Percentage change in sEPSC frequency was significantly
smaller than that without capsazepine [change: 6.9 ± 1.1 Hz to
23.6 ± 3.8 Hz (n ¼ 8); Fig. 4C]. Here, sEPSC amplitudes in the
absence and presence of (�)-carvone in Krebs solution containing
capsazepine were 10.7 ± 1.2 pA and 11.1 ± 1.1 pA (n ¼ 8), respec-
tively. On the other hand, in the presence of capsazepine, (þ)-car-
vone increased sEPSC frequency from 6.7 ± 2.5 Hz to 18.9 ± 4.6 Hz
(n¼ 6) around 3min after its treatment. Increased sEPSC frequency
percentage was not significantly different from that in the absence
of capsazepine when examined in the same neuron [change:
7.9 ± 2.2 Hz to 22.4 ± 5.6 Hz (n ¼ 6); Fig. 4D]. sEPSC amplitudes in
the absence and presence of (þ)-carvone in Krebs solution con-
taining capsazepine were 9.6 ± 2.3 pA and 12.0 ± 2.5 pA (n ¼ 6),
respectively. Capsazepine itself did not affect sEPSC frequency and
amplitude, as reported previously (for example, see Ref. [13]).

Unlike the TRPV1 antagonist, a TRPA1 antagonist HC-030031
(50 mM) inhibited the facilitatory effect of (þ)-carvone but not
(�)-carvone on excitatory transmission (Fig. 4Ba and b). Under the
pretreatment with HC-030031 for 4 min, (�)-carvone changed
sEPSC frequency from 7.2 ± 1.6 Hz to 23.4 ± 3.4 Hz (n ¼ 9) around
3 min after its application. Increased sEPSC frequency percentage
was not significantly different from than that in the absence of HC-
030031 when examined in the same neuron [change: 9.0 ± 1.3 Hz
to 27.9 ± 3.3 Hz (n ¼ 9); Fig. 4C]. sEPSC amplitudes in the absence
and presence of (�)-carvone in Krebs solution containing HC-
030031 were 9.6 ± 1.2 pA and 10.9 ± 1.4 pA (n ¼ 9), respectively.
On the other hand, in neurons where (þ)-carvone increased sEPSC
frequency from 8.2 ± 1.5 Hz to 24.2 ± 3.9 Hz (n ¼ 7) around 3 min
after its treatment, this drug altered sEPSC frequency from
8.7 ± 1.5 Hz to 12.5 ± 2.9 Hz (n ¼ 7) under the pretreatment with
current. (Ca, b) Time courses of changes in sEPSC frequency and amplitude during the
action of (�)-carvone (Ca) or (þ)-carvone (Cb), relative to those before its superfusion
(control). In this and subsequent figures, control level (100%) is indicated by horizontal
dotted line. Holding potential (VH) ¼ �70 mV.



Fig. 2. The presynaptic enhancements of excitatory transmission by (�)-carvone and (þ)-carvone are repeated at a time interval of 20 min. (A, B) Recordings of sEPSCs under the
first application (left) of (�)-carvone (A) or (þ)-carvone (B) and 20 min after its washout under the second application (right) of (�)-carvone (A) or (þ)-carvone (B) in the same
neuron. (Ca, b) The frequency and amplitude of sEPSC under the action of (�)-carvone (Ca) or (þ)-carvone (Cb), relative to those just before its superfusion, in the first (1st) and
second applications (2nd). In this and subsequent figures, values in parentheses denote the numbers of neurons examined; n.s.: not significant. VH ¼ �70 mV.
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HC-030031 for 4 min. Percentage change in the latter was signifi-
cantly smaller than one in the former (Fig. 4D). sEPSC amplitudes in
the absence and presence of (þ)-carvone in Krebs solution con-
taining HC-030031 were 9.0 ± 0.6 pA and 11.1 ± 1.4 pA (n ¼ 7),
respectively. HC-030031 itself did not affect sEPSC frequency and
amplitude, as reported previously (for example, see Ref. [13]).
4. Discussion

The present study demonstrated that (�)-carvone and (þ)-car-
vone (each 1 mM) increase the frequency of sEPSC with a small
increase in its amplitude in all of the SG neurons tested. In about a
half of the neurons, this sEPSC frequency increase was accompa-
nied by a small inward current, as seen in the actions of many plant-
derived chemicals such as capsaicin, AITC and zingerone (for
example, see Refs. [6,9,13]). The inward currents produced by
(�)-carvone and (þ)-carvone were not so different in peak ampli-
tude from each other. Owing to their small amplitudes, their
properties were not examined in the present study. The sEPSC
amplitude increase would be due to an excess of the spontaneous
release of L-glutamate from nerve terminals, as suggested in the
presynaptic action of AITC in the SG [9].

The EC50 values of (�)-carvone and (þ)-carvone for sEPSC
frequency increase were 0.70 mM and 0.72 mM, respectively. The
former value was similar to that (1.3 mM) of (�)-carvone in
increasing intracellular Ca2þ concentration in HEK293 cells
expressing human TRPV1 channels [18]. Moreover, their values
were not so different from half-maximal inhibitory concentration
values of (�)-carvone and (þ)-carvone (1.4 mM and 2.0 mM,
respectively) in reducing the peak amplitude of compound AP
recorded from the frog sciatic nerve [24]. Thus, there was not so
difference in the efficacies of sEPSC frequency increase and nerve
conduction inhibition between (�)-carvone and (þ)-carvone,
observations different from those in human autonomic nervous
system function [20], mouse locomotion [21], anticonvulsion
[22] and guinea-pig ileum relaxation [23], where there was a
difference in extent between (�)-carvone and (þ)-carvone
activities.

On the other hand, (�)-carvone and (þ)-carvone activated
different types of TRP channel from each other. The effect of
(�)-carvone but not (þ)-carvone was inhibited by the TRPV1
antagonist capsazepine. On the contrary, the effect of (þ)-carvone
but not (�)-carvone was inhibited by the TRPA1 antagonist HC-
030031. These results indicate that (�)-carvone and (þ)-carvone
activate TRPV1 and TRPA1 channels, respectively, in the SG. The
TRPV1 activation by (�)-carvone is consistent with the observation
that (�)-carvone increases intracellular Ca2þ concentration in rat
primary-afferent neurons and also in HEK293 cells expressing hu-
man TRPV1 channels in a manner sensitive to capsazepine [18].
With respect to TRP activation by carvone, there seem to be no
reports other than those showing the activation by (�)-carvone of
TRPV1 and also TRPV3 channels [18,25]. We found out that
(þ)-carvone has an ability to activate TRPA1 channels. The EC50
value (0.72 mM) for this activation was similar to that of carvacrol
(0.69 mM; [10]) while being somewhat smaller than those of
eugenol and zingerone (3.8 mM and 1.3 mM, respectively; [8,13]). It
is well-known that there is a difference in actions on voltage-gated
ion channels and neurotransmitter receptors among stereoisomers
(see Refs. [26,27] for review), and there is a difference in the efficacy
of TRP activation between stereoisomers such as (þ)-menthol and
(�)-menthol [28]. To our knowledge, the present study revealed for
the first time that stereoisomers such as (�)-carvone and (þ)-car-
vone activate different types of TRP channel.

There are TRPV1 and TRPA1 channels among proteins involved
in the modulation of nociceptive transmission in the central ter-
minal of primary-afferent neuron (see Ref. [2] for review). Although
the antinociceptive activity of intraperitoneally-administrated
(�)-carvone has been attributed to a peripheral nerve AP



Fig. 3. The sEPSC frequency increases produced by (�)-carvone and (þ)-carvone are
concentration-dependent. (Aa, b) Recordings of sEPSCs in the absence and presence of
(�)-carvone (Aa) or (þ)-carvone (Ab) at 0.5 and 1 mM. In each of (Aa) and (Ab), upper
and lower recordings were obtained from the same neuron. (Ba, b) The frequency and
amplitude of sEPSC under the action of (�)-carvone or (þ)-carvone, relative to those
before its superfusion, which were plotted against the logarithm of its concentration.
This (�)-carvone or (þ)-carvone effect was measured around 3 min after the beginning
of its superfusion. Each point with vertical bars represents the mean and SEM. If the
SEM of the values was less than the size of symbol, the vertical bar was not shown. The
concentration-response curve for sEPSC frequency was drawn according to the Hill
equation [Ba, b: EC50 (Hill coefficient) is 0.70 mM (2.2) and 0.72 mM (2.4), respec-
tively]. VH ¼ �70 mV.

Fig. 4. The (�)-carvone and (þ)-carvone activities are mediated by TRPV1 and
TRPA1 channels, respectively. A TRPV1 antagonist capsazepine (Capz) inhibits the
sEPSC frequency increase produced by (�)-carvone but not (þ)-carvone, while a
TRPA1 antagonist HC-030031 (HC) inhibits the sEPSC frequency increase produced
by (þ)-carvone but not (�)-carvone. (A, B) Chart recordings showing a change in
sEPSCs under the action of (�)-carvone (a) or (þ)-carvone (b) in the absence (left)
and presence (right) of Capz (A) or HC (B). (C, D) sEPSC frequency and amplitude
under the action of (�)-carvone (C) or (þ)-carvone (D), relative to those before its
superfusion, in the absence (�) and presence (þ) of Capz or HC; *: P < 0.05.
VH ¼ �70 mV.
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conduction inhibition [19,24], TRPV1 activation produced by
(�)-carvone in the SG may contribute to at least a part of the
modulation of nociceptive transmission. Since TRPV1 and TRPA1
channels are expressed in not only primary-afferent neurons but
also the central nervous system (see Refs. [29,30] for review), at
least a part of the pharmacological actions of carvone on the ner-
vous system may be mediated by the activation of the channels.
Such a difference in TRP activation between (�)-carvone and
(þ)-carvone may serve to know the properties of the TRP channels.
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