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ABSTRACT
The effects of alcohol monoterpene menthol, a major active in-
gredient of the peppermint plant, were tested on the function of
human 5-hydroxytryptamine type 3 (5-HT3) receptors expressed in
Xenopus laevis oocytes. 5-HT (1 mM)-evoked currents recorded by
two-electrode voltage-clamp technique were reversibly inhibited
bymenthol in a concentration-dependent (IC505 163mM)manner.
The effects of menthol developed gradually, reaching a steady-
state level within 10–15 minutes and did not involve G-proteins,
since GTPgS activity remained unaltered and the effect of menthol
was not sensitive to pertussis toxin pretreatment. The actions of
menthol were not stereoselective as (2), (1), and racemic menthol
inhibited 5-HT3 receptor–mediated currents to the same extent.

Menthol inhibition was not altered by intracellular 1,2-bis(o-
aminophenoxy)ethane-N,N,N9,N9-tetraacetic acid injections and
transmembrane potential changes. The maximum inhibition ob-
served for menthol was not reversed by increasing concentra-
tions of 5-HT. Furthermore, specific binding of the 5-HT3 antagonist
[3H]GR65630 was not altered in the presence of menthol (up to 1
mM), indicating that menthol acts as a noncompetitive antag-
onist of the 5-HT3 receptor. Finally, 5-HT3 receptor–mediated
currents in acutely dissociated nodose ganglion neurons were
also inhibited by menthol (100 mM). These data demonstrate
that menthol, at pharmacologically relevant concentrations, is an
allosteric inhibitor of 5-HT3 receptors.

Introduction
Menthol is among theworld’smost important flavoring agents

and is used in a variety of commercial products such as
toothpaste, mouthwash, foods, cigarettes, and oral pharmaceu-
tical preparations (Eccles, 1994; Patel et al., 2007). Menthol is
a monocyclic terpene alcohol that occurs naturally in more than
100 essential oils, including spearmint and peppermint. The
discovery of menthol activation of transient receptor potential
melastatin subfamily channel 8 (TRPM8) was a major break-
through in understanding the molecular mechanisms underly-
ing menthol’s cooling action (Jordt et al., 2003). Besides its
importance in cool sensation, menthol is the major active
ingredient of various herbal medicines. Since antiquity, pep-
permint (a major constituent of which is menthol) has been
used widely for various medicinal purposes ranging from

management of musculoskeletal pain and the common cold to
the treatment of gastrointestinal disorders such as nausea, vom-
iting, and irritable bowel syndrome (for reviews, see Grigoleit
and Grigoleit, 2005; Cappello et al., 2007; Patel et al., 2007; and
Haniadka et al., 2012). However, the cellular and molecular
targets mediating the beneficial effects of peppermint and other
menthol-containing products on gastrointestinal disorders are
currently unknown (De Araújo et al., 2011).
The 5-hydroxytryptamine type 3 (5-HT3) receptor, a member

of the Cys-loop family of ligand-gated ion channels, mediates
fast depolarizing actions of 5-HT in the central and peripheral
nervous system (Yakel and Jackson, 1988). 5-HT3 receptors are
also expressed by enteric sensory neurons in the mucosal layer
and in the nerve cell body of interneurons and motor neurons in
the enteric nervous system (Galligan, 2002). The peristaltic
reflex can be initiated by release of 5-HT following stimulation
of enterochromaffin cells by pressure or other intraluminal
stimulus and subsequent stimulation through 5-HT3 receptors
of ganglionic and synaptic transmission in themyenteric plexus.
Involvement of 5-HT3 receptors in nausea, vomiting, and ir-
ritable bowel syndrome has been well established (for reviews,
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see Riering et al., 2004; and Faerber et al., 2007). In fact,
antagonists of the 5-HT3 receptor are currently among the most
effective therapeutic agents in treatment of chemotherapy-
induced nausea, vomiting, and irritable bowel syndrome (for
a review, see Thompson and Lummis, 2007). Interestingly, there
is considerable overlap between the gastrointestinal actions of
menthol and 5-HT3 receptor antagonists. Therefore, it is likely
that some of the actions of menthol involve modulation of 5-HT3

receptor function.
In this study, using electrophysiological and biochemical

methods, we have investigated the effect of menthol on the
functional properties of human 5-HT3 receptors expressed in
Xenopus laevis oocytes and 5-HT3 receptors of rat nodose
ganglion neurons.

Materials and Methods
Mature female X. laevis frogs were purchased from Xenopus Express

(Haute-Loire, France) and were housed in dechlorinated tap water at
18°C and fed with dry frog pellets at least twice a week. Clusters of
oocytes were removed surgically under benzocaine (Sigma-Aldrich, St.
Louis, MO) anesthesia [0.03% (w/v)]. Individual oocytes were manually
dissected away in a solution containing 88mMNaCl, 1mMKCl, 2.4mM
NaHCO3, 0.8 mM MgSO4, and 10 mM HEPES (pH 7.5), and stored for
2–7 days in modified Barth’s solution containing 88 mM NaCl, 1 mM
KCl, 2.4 mM NaHCO3, 2 mM CaCl2, 0.8 mM MgSO4. 10 mM HEPES
(pH 7.5), supplemented with 2 mM sodium pyruvate, 10,000 IU/l
penicillin, 10 mg/l streptomycin, 50 mg/l gentamicin, and 0.5 mM
theophylline. Oocytes were placed in a 0.2-ml recording chamber and
superfused at a constant rate of 3–5 ml/min. The bathing solution
consisted of 95 mMNaCl, 2 mM KCl, 2 mM CaCl2, and 5 mMHEPES
(pH 7.5). 5-HT3A receptor cRNA (3 ng) was injected into each oocyte.
After 2 days, cells were impaled with two standard glassmicroelectrodes
filled with a 3 M KCl (1–3 MV). The oocytes were routinely voltage-
clamped at a holding potential of 270 mV using GeneClamp-500B
amplifier (Axon Instruments Inc., Burlingame, CA). Current responses
were digitized by A/D converter and analyzed using pClamp 8 (Axon
Instruments Inc.) or Origin (Originlab Corp., Northampton, MA), run on
an IBM PC. Current-voltage curves were generated by 2-second voltage
ramps between 2120 and 120 mV. Oocyte capacitance was measured
by a paired-ramp method described earlier (Oz et al., 2004a). Briefly,
voltage ramps were employed to elicit constant capacitive current
(Icap), and the charge associated with this current was calculated by the
integration of Icap. Ramps had slopes of 2 V/s and durations of 20
milliseconds and started at a holding potential of290mV. A series of 10
paired ramps was delivered at 1-second intervals and averaged traces
were used for charge calculations. In each oocyte, the averages of 5–6
measurements were used to obtain values for membrane capacitance
(Cm). Currents for Icap recordings were filtered at 20 kHz and sampled at
50 kHz. Current density was calculated by normalizing the average of
three consecutive control currents to the oocyte capacitance.

Compoundswere applied by addition to the superfusate. All chemicals
used in preparing the solutions were from Sigma-Aldrich. 1,2-Bis(o-
aminophenoxy)ethane-N,N,N9,N9-tetraacetic acid (BAPTA), 5-HT, and
tropanyl 3,5-dichlorobenzoate (MDL72222) were purchased from Tocris-
Cookson (St. Louis, MO). Procedures for the injections of BAPTA (50 nl,
100 mM) were performed as described previously (Oz et al., 1998).
Injections were performed 10 minutes prior to recordings using oil-
driven ultra microsyringe pumps (Micro4; WPI, Inc., Sarasota, FL).
Stock solutions of menthol were prepared in ethanol. Vehicle (ethanol)
alone did not affect 5-HT3 receptor function when added at concen-
trations as high as 0.3% (v/v), a concentration twice as great as the most
concentrated application of the agents used. Electrophysiological record-
ings from oocytes were conducted 2 days after cRNA injections.

Synthesis of cRNA. The cDNA clones of the human 5-HT3A and
5-HT3B subunits were provided by OriGen Inc. (Rockville, MD).

cRNAs were synthesized in vitro using a mMessage mMachine RNA
transcription kit (Ambion Inc., Austin, TX). The quality and sizes of
synthesized cRNAs were confirmed by denatured RNA agarose gels.

Radioligand Binding Studies. Oocytes were injected with 10 ng
of human 5-HT3 cRNA, and functional expression of the receptors was
assessed by electrophysiology on day 3. Isolation of oocyte membranes
was carried out by modification of a method described earlier (Oz et al.,
2004b). Briefly, oocytes were suspended (20 ml/oocyte) in a homogeniza-
tion buffer containing 10 mM HEPES, 1 mM EDTA, 0.02% NaN3,
50 mg/ml bacitracin, and 0.1 mM phenylmethylsulfonyl fluoride (PMSF)
(pH 7.4) at 4°C on ice and homogenized using a motorized Teflon homo-
genizer (six strokes, 15 seconds each at high speed). The homogenate was
centrifuged for 10 minutes at 800g. The supernatant was collected and
the pellet was resuspended in homogenization buffer and recentrifuged at
800g for 10 minutes. Supernatants were then combined and centrifuged
for 1 hour at 36,000g. The membrane pellet was resuspended in homo-
genization buffer at the final protein concentration of 0.5–0.7 mg/ml and
used for the binding studies.

Binding assays were performed in 500 ml of 10 mMHEPES (pH 7.4)
containing 50 ml of oocyte preparation and 1 nM [3H]3-(5-methyl-1H-
imidazol-4-yl)-1-(1-methylindol-3-yl)propan-1-one ([3H]GR65630)
(58.7 Ci/mmol; PerkinElmer Life and Analytical Sciences, Inc., Waltham,
MA). Nonspecific binding was determined using 100 mM MDL72222.
Oocyte membranes were incubated with [3H]GR65630 in the absence
and presence of menthol at 4°C for 1 hour before bound radioligand
was separated by rapid filtration onto GF/B filters presoaked in 0.3%
polyethylenimine. Filters were then washed with two 5-ml washes of
ice-cold HEPES buffer and left in 3 ml of scintillation fluid for at least
4 hours before scintillation counting was conducted to determine
amounts of membrane-bound radioligand.

[35S]GTPgS Binding. Oocyte membranes for [35S]GTPgS binding
experiments were prepared as described earlier (Lipinsky and Oron,
1996). One hundred fifty oocytes were gently homogenized at 4°C by
passing through a 27-gauge needle in 4 ml of homogenization medium
[5 mM NaCl, 5 mM Na-HEPES, 0.6 mM PMSF, 4 pM leupeptin
(pH 7.5)]. The homogenate was centrifuged for 5 seconds in a conical
centrifuge tube at 8000g. The supernatant was decanted from the
precipitated cellular organelles and the procedure repeated. Follow-
ing the aspiration of the lipid layer at the surface of the supernatant,
it was centrifuged for 20 minutes at 8000g. The particulate pellet was
resuspended by rehomogenization in 1.8 ml of binding medium
[80mMKC1, 20mMNa-HEPES, 1mMMgC1, 1.7mMPMSF, 0.013mM
leupeptin (pH 7.5)]. Each vial contained (in 25-ml volume) membrane
preparation equivalent to one oocyte and the following additions:
45 mMKCl. 11 mMNa-HEPES, 0.5 mMMgCl, 1.0 mM PMSF, 7.3 pM
leupeptin (pH 7.5), and 0.5 nM–10 pM [35S]GTPgS. [35S]GTPgS
(1000–1500 Ci/mmol) was from New England Nuclear (Boston, MA).
Nonspecific binding was assayed by adding 0.5 mM nonradioactive
GTPgS and 50 mM ATP. The mixture was incubated at room tem-
perature (22°C) for 30 minutes and filtered rapidly throughWhatman
(Clifton, NJ) GFIC 25-mm filters and washed with 5 ml of ice-cold
wash solution [80 mMKC1, 20 mMNa-HEPES, 1 mMMgC1 (pH 7.5)].
The filters, once washed, were subjected to scintillation counting.

Whole-Cell Patch-Clamp Recording. Nodose ganglion neurons
were acutely isolated from adult male Sprague-Dawley rats (200–300 g)
as described earlier (Yang et al., 2010a). Briefly, nodose ganglia were
rapidly dissected, minced, and dissociated by incubation in type III
trypsin (0.75 mg/ml; Sigma-Aldrich), type IA collagenase (1.25 mg/ml;
Sigma-Aldrich), and DNase IV (0.125 mg/ml; Sigma-Aldrich) in
Dulbecco’s modified Eagle’s medium (pH 7.4) at 35°C for 25 minutes.
Type I-S soybean trypsin inhibitor (1.25 mg/ml; Sigma-Aldrich) was
added to stop enzymatic digestion.

The whole-cell patch-clamp technique was was with an Axopatch-1C
amplifier and pCLAMP8 software (Axon Instruments Inc.). Neurons
were held at 260-mV holding potential and superfused at room
temperature (22–24°C) with extracellular solution containing 150 mM
NaCl, 5 mMKCl, 2.5 mMCaC12, 1 mMMgCl2, 10 mMHEPES, 10mM
glucose. Patch electrodes (2–5MV) were filled with an internal solution

Menthol on 5-HT3 Receptor 399

 at A
SPE

T
 Journals on M

ay 9, 2016
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


containing 140 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 11 mM EGTA,
10 mM HEPES, 2 mM ATP (pH 7.4). Serotonin-containing solutions
(with or without drug) were delivered by gravity flow from a linear
barrel array consisting of fused silica tubes (i.d.5 200 mm) connected to
independent reservoirs; rapid solution exchanges (,50 milliseconds)
were achieved by shifting the pipette horizontally using a micromanip-
ulator. The neuron under studywas placedwithin 50mmof the opening
of these tubes and exposed to the desired solution. Culture dishes
containing neurons were continuously perfused at 1–2 ml/min with
normal external solution. Menthol was diluted in external solution and
applied through a gravity-driven perfusion system.

Obtaining a Structural Model of 5-HTR3A. We used the
iterative threading assembly refinement (I-TASSER) server (Zhang,
2008) to generate a structural model for 5-HTR3A. To use the server,
protocols outlined by Roy et al. (2010) were closely followed. Chain A of
the nicotinic acetylcholine receptor (nAChR), under PDB code 2BG9
(Miyazawa et al., 2003), was chosen as themodeling template for a Cys-
loop receptor (Thompson et al., 2010). A confidence score (C-Score) was
associated by I-TASSER (Roy et al., 2010). The top-scoring model (with
C-Score of 22.08) was chosen as a good model for chain A. The top-
scoring structure for chain A was aligned with TM-Align (Zhang and
Skolnick, 2005) with each of the separate nAChR chains to obtain the
same pentameric symmetry in nAChR. The result was a modeled
structure for each of the chains, or the complete pentameric structure in
5-HTR3A. Only the transmembrane domain of the modeled structure
was employed for docking, as described below.

Docking of L-Menthol on the 5-HTR3A Structural Model.
AutoDock 4.2 (Morris et al., 2009) was used to perform rigid docking
simulations alongwithMolecularGraphics LaboratoryTools (MGLTools)
Vr. 1.5.4 rev. 30 (Sanner, 1999; Sanner et al., 2002; Morris et al., 2009).
Both ligand and receptor files were prepared using recommended
procedures described in the MGLTools software documentation (http://
mgltools.scripps.edu/documentation). Two torsion angles were specified
as parameters for the ligand, while the receptor was modeled as a rigid
structure. A grid box area was specified for AutoDock to bind the ligand
on relevant regions of the receptor’s molecular surface. Choice of the
specified grid box area took into account similar binding characteristics
believed to be shared by propofol and menthol (Hall et al., 2011) and the
close homology of the g-aminobutyric acid a receptor (GABAAR) to
5-HTR3A (Thompson et al., 2010). Accordingly, the grid box was set to
include key residue positions evaluated by Williams and Akabas (2002)
for testing propofol binding to the GABAAR-a1 segment. These positions
were mapped onto the 5-HTR3A sequence through a multiple sequence
alignment using ClustalW 2.1 (Larkin et al., 2007). Once the grid box
area was set to include these residues, docking simulations were
performed in AutoDock using the Lamarckian Genetic Algorithm under
default parameters. To obtain convergence, the “maximum number of
evaluations” was increased to “long.”MGLTools was used for analysis of
the generated docked configurations for the ligand.

Data Analysis. For the nonlinear curve fitting and regression fits
of the radioligand binding data, the computer software Origin was
used. In functional assays, average values were calculated as mean 6
S.E.M. Statistical significance was analyzed using analysis of variance
(ANOVA) or Student’s t test, and post hoc Bonferroni test was used
following ANOVA. Concentration-response curves were obtained by
fitting the data to the logistic equation,

y5 fðEmax 2EminÞ=ð11 ½x=EC50�nÞg1Emin

where x and y are concentration and response, respectively; Emax is
the maximal response; Emin is the minimal response; EC50 is the half-
maximal concentration; and n is the slope factor.

Results
Bath application of the specific 5-HT3 receptor agonist 2-

methyl-5-HT (10 mM) caused activation of fast inward cur-
rents only in oocytes injected with cRNA transcribed from

cloned cDNA encoding human 5-HT3 receptors (data not
shown; n 5 12). Currents activated by 1 mM 5-HT were com-
pletely inhibited by 0.1 mMLY278584 [1-methyl-N-(8-methyl-
8-azabicyclo[3.2.1]-oct-3-yl)-1H-indazole-3-carboxamide],
a specific antagonist of the 5-HT3 receptor, further indicating
that the 5-HT-induced current responses were mediated by
the 5-HT3 receptor–ion channel complex (n 5 7).
In our initial studies, (2)-menthol, the most widely

occurring isomer in natural sources (Eccles, 1994), was tested.
Continuous bath application of (2)-menthol (300 mM) for 15
minutes did not affect membrane resistance (Rm), membrane
capacitance (Cm), or resting membrane potential (Vm) in
oocytes expressing human 5-HT3 receptor. A summary of
results is presented in Table 1.
Figure 1A presents recordings of 5-HT (1 mM)-induced

currents in control conditions (on the left), after 15-minute
application of (2)-menthol (100 mM) (in the middle), and after
a 20-minute washout period (on the right). Time course of the
effects of (2)-menthol application on the maximal amplitudes
of 5-HT-induced currents from 5 to 7 oocytes are presented in
Fig. 1B. In the presence of vehicle [0.3% (v/v) ethanol], the
maximal amplitudes of 5-HT-induced currents remained
unaltered during the experiments lasting 45–60 minutes
(controls). However, in the presence of 100 mM (2)-menthol,
the maximal current amplitudes decreased gradually, reach-
ing steady-state levels within 10–15 minutes. Recovery from
menthol effect was slow and usually incomplete during the
15-minute washout period (Fig. 1B).
In the next series of experiments, we examined the

concentration-response relationship of the menthol effect on
5-HT3 receptors (Fig. 1C). The threshold concentration for
inhibition by menthol was 30 mM and maximal inhibition was
achieved in concentrations ranging between 1 and 3 mM. The
inhibition of 5-HT (1 mM)-induced current by 15-minute men-
thol application was concentration-dependent, with an IC50 of
163 6 14 mM and a slope value of 1.2 (Fig. 1C). Some of the
biologic actions of menthol have been shown to be stereo-
specific (Eccles, 1994). For this reason, we compared the ef-
fects of 100 mM of (2), (1), and racemic (6) menthol on human
5-HT3 receptor. Results indicated that they all similarly
inhibited the 5-HT3 receptors and there were no statistically
significant differences in the inhibition caused by these com-
pounds (Fig. 1D; ANOVA, n5 6–8, P. 0.05). In the remaining
experiments, unless stated otherwise, racemic (6) menthol was
used.
In earlier studies, participation of G-protein-coupled re-

ceptors (Galeotti et al., 2002) and direct involvement of
G-proteins (Klasen et al., 2012; Zhang et al., 2012) in menthol-
induced cellular and behavioral responses have been re-
ported. Thus, we tested the effect of menthol in control
(distilled water–injected) and pertussis toxin (PTX)-injected
oocytes expressing 5-HT3 receptors. There was no significant

TABLE 1
The effects of menthol (1 mM) on the passive membrane properties of the
X. laevis oocytes expressing 5-HT3 receptors

Group Rm Cm Vm

MV nF mV

Control (n = 14) 1.6 6 0.3 223 6 27 242.7 6 3.6
20-min menthol (n = 16) 1.8 6 0.4 218 6 15 239.8 6 4.1
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difference in menthol inhibition of 5-HT responses between
controls and PTX-injected cells (Fig. 2A; ANOVA, n5 5–7, P.
0.05 for the significance of menthol inhibition between controls
and PTX group). We also conducted experiments to investigate
the effect of menthol (300 mM) on the specific binding of
[35S]GTPgS in oocyte membranes. Equilibrium curves for the
binding of [35S]GTPgS in the presence and absence of menthol
are presented in Fig. 2B (n 5 8–9). Menthol did not sig-
nificantly change the specific binding of [35S]GTPgS. Maxi-
mum binding activities (Bmax) of [

35S]GTPgS were 6.4 6 0.4
and 6.9 6 0.6 pmol/oocyte (means 6 S.E.M.) for controls and
menthol, respectively. The apparent affinity (KD) of the
receptor for [35S]GTPgS was 0.91 6 0.2 and 1.0 6 0.2 mM for
controls and menthol, respectively. There was no statistically
significant difference between control and menthol-treated
groups with respect to both KD (ANOVA, n 5 8–9, P . 0.05)
and the Bmax values (ANOVA, n 5 8–9, P . 0.05).
In the concentration range used in this investigation,

menthol has been shown to increase intracellular Ca21 levels
in a wide range of cells in a TRPM8 receptor–independent
manner, including skeletal muscle sarcoplasmic reticulum
(EC505 938 mM–1mM) (Palade, 1987; Neumann and Copello,
2011), tracheal epithelial cells (100 mM–1 mM) (Takeuchi
et al., 1994), human leukemia cells (25–100 mM) (Lu et al.,
2006), and dorsal horn neurons (100 mM–1 mM) (Tsuzuki
et al., 2004). Therefore, we investigated the effect of the Ca21

chelator BAPTA on menthol inhibition of 5-HT responses. In
oocytes injected with BAPTA, the inhibition of 5-HT re-
sponses by 15-minute menthol (300 mM) application was not
significantly different from controls (Fig. 2C; ANOVA, n 5
5–6, P . 0.05 for the significance of menthol effect between
distilled water–injected and BAPTA- injected group).
The mechanisms of menthol actions were further investi-

gated using different application modes of 5-HT and menthol.
If menthol acts as an open-channel blocker, it must be present
during the channel opening to access its binding site(s). In

other words, the extent of menthol inhibition would be in-
dependent of its preincubation time. However, the extent of
inhibition by menthol was significantly enhanced with pro-
longation of its preincubation time (Fig. 3A). During these
experiments, coapplication of 5-HT and menthol without men-
thol preincubation was considered as zero point and the men-
thol inhibition was plotted as a function of preincubation time.
Close examination of the time course of menthol actions in-
dicated that the inhibition occurs at fast and slow phases with
the respective time constants of t1/2fast 5 4.2 seconds and
t1/2slow5 3.4 minutes. Presentation of menthol during constant
5-HT application also induced a rapidly developing inhibition
that is consistent with the fast component of menthol inhibition
(Fig. 3B). The time course of the recovery from menthol in-
hibition was considerably slower, within the solution exchange
time of the recording system. Interestingly, menthol (300 mM)
preincubation alone, without its coapplication with 5-HT, also
caused a significant inhibition of the 5-HT-induced currents
(Fig. 3C). Menthol preincubation alone did not cause a signif-
icant change in desensitization, measured from the linearly
decaying portion of 5-HT-induced currents presented in Fig.
3C. Half desensitization time (td) was 10.2 6 1.4 seconds and
9.7 6 0.8 seconds in the absence and presence of menthol
(paired t test, n 5 5, P , 0.05).
Withoutmenthol preincubation, coapplication of 5-HT (1mM)

and menthol (300 mM) also inhibited the maximal amplitudes
of currents. In the presence of menthol, there was a significant
increase in desensitization of 5-HT-induced current (Fig. 3D). A
small tail current was also noticeable after the cessation of
menthol 1 5-HT coapplication.
Recent electrophysiological studies reported that menthol

inhibits the functions of Na1 (Gaudioso et al., 2012; Pan et al.,
2012) andCa21 channels (Pan et al., 2012) in a voltage-dependent
manner. The effect of changing the membrane potential relation-
ship between 5-HT-activated current and membrane potential
before and after 10-minute menthol (300 mM) application is

Fig. 1. The effect of menthol on 5-HT3 receptor–mediated ion
currents. (A) Records of currents activated by 1 mM 5-HT in
control (left), coapplication of 100 mM (2)-menthol and 5-HT
after 15-minute (2)-menthol application (middle), and 20-
minute washout (right). (B) Time course of the effect of menthol
on the currents induced by 1 mM 5-HT at 5-minute intervals.
The maximal amplitudes of currents were normalized to first
agonist application (at time 0) for each experiment. Solid bar
represents application time for vehicle (ethanol, 0.3%) and
menthol (100 mM). Data points represent means 6 S.E.M. of
7–8 cells. (C) Concentration-response curve for menthol in-
hibition of 5-HT3 receptor–mediated ion currents. For all
concentrations used, menthol was applied for 15 minutes. Data
points are the mean 6 S.E.M. (n = 5–7); error bars not visible
are smaller than the size of the symbols. The curve is the best
fit of the data to the logistic equation described in Materials
andMethods. (D) Comparison of the extent of inhibition caused
by 300 mM (+), (2), and racemic forms of menthol application
for 15 minutes. Bars represent the means 6 S.E.M. from 5 to 7
cells.
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shown in Fig. 4A. Examination of the voltage dependence of
the menthol actions indicated that the degree of the inhibition
of the 5-HT (1 mM)-induced currents tended to increase with
depolarizing membrane potentials (Fig. 4B). Compared with
2120 mV, the difference in the extent of menthol inhibition
reached statistically significant levels at 0 and 120 mV
(paired t test, n 5 6–7, P , 0.05). The small tail current
observed after the cessation of menthol 1 5-HT coapplication
(Fig. 3D), together with a relatively weak voltage dependence
of menthol inhibition, is in agreement with open-channel
blockade. However, because of possible variations in solution-
exchange time and drug application speeds among different
oocyte recordings and difficulties inherent to the oocyte ex-
pression system, we were not able to record and analyze these
tail currents consistently.

Considering the time courses of menthol actions (Fig. 3A),
we hypothesized that two binding sites with fast and slow
kinetics may differentially contribute to voltage dependency
of menthol inhibition. For this purpose, we have compared the
extent of voltage-dependent inhibition at two time points,
without preincubation (during coapplication of 5-HT 1 men-
thol) and after 10-minute menthol preincubation. Without
preincubation, the extent of menthol inhibition at depolarized
membrane potentials was significantly elevated. For exam-
ple, compared with 2120 mV, menthol inhibition at 120 mV
was 18 6 2% higher (n 5 4–5). However, following 10-minute
preincubation, this difference was reduced significantly to 36
1% (paired t test, n 5 4–5, P , 0.05).
Menthol may alter 5-HT3 receptor function via competitive

inhibition of 5-HT binding to the receptor. To examine this
possibility, the concentration-response curve of 5-HT was
examined in the absence and presence of 300 mM menthol.
The EC50 values in the absence and presence of menthol were
1.26 0.2 and 3.26 0.3 mM (means6 S.E.M.), respectively (n5
5–7). As shown in Fig. 5A, menthol did not significantly alter
EC50 values and inhibited the maximal 5-HT responses to the
same percentage of control values, suggesting that menthol is
a noncompetitive inhibitor of 5-HT3 receptors. In radioligand
binding experiments, 5-HT concentration-dependently inhib-
ited the specific binding of 1 nM [3H]GR65630 (Fig. 5B). The
concentration-dependent inhibition of [3H]GR65630 binding
by 5-HTwas not altered by 300 mMmenthol (Fig. 5B). The IC50

values in the absence and presence of menthol were 5616 169
and 6396 177 nM, respectively (ANOVA, n5 8–11, P. 0.05).
Similarly, increasing menthol concentrations did not reduce
specific [3H]GR65630 binding to membranes of oocytes expres-
sing 5-HT3 receptor cDNA (Fig. 5C).
Menthol does not appear to alter agonist displacement of

5-HT3 antagonist binding, suggesting no change in agonist
affinity. Interpretation of radioligand studies is compli-
cated by the fact that radioligand binding is performed
under conditions in which receptors are predominantly in the
desensitized/high-affinity state (for a discussion, see Lovinger
and Zhou, 1993). However, agonist binding is not indepen-
dent of channel state since open and desensitized receptors
are necessarily agonist-bound, and thus any effect that
stabilizes these states may alter apparent agonist affinity.
Electrophysiological studies in various types of mammalian
cells (Lovinger and Zhou, 1993) and an oocyte expression
system (Oz et al., 2003) indicate that in contrast to 5-HT,
dopamine (DA) gates 5-HT3 receptors with low efficacy be-
cause peak currents evoked by receptor-saturating concen-
trations of DA are significantly smaller than those evoked by
5-HT. Therefore, in this study, we used the inefficacious
5-HT3 agonist DA (1 mM) to resolve the effects of menthol on
5-HT3 receptor agonist binding affinity and channel gating
efficacy. We compared the effect of menthol between 5-HT
and DA responses. The inhibition of DA-induced currents by
15-minute menthol (300 mM) application was not signifi-
cantly different from controls (Fig. 5D; ANOVA, n5 5–6, P,
0.05 for the significance of menthol effect between DA and
5-HT-activated currents).
Monoterpenes such as menthol and thymol display close

structural similarities to propofol (Watt et al., 2008). Further-
more, menthol and propofol share general anesthetic activity
and common interaction sites for activation of GABAARs (Watt
et al., 2008; Zhang et al., 2008). In fact, recent studies indicated

Fig. 2. Effects of menthol on 5-HT3 receptor–mediated currents in PTX-
injected oocytes and on [35S]GTPgS binding of oocyte membranes. (A) The
effect of 100 mM menthol application (15 minutes) on the maximal
amplitudes of 5-HT-induced currents in oocytes injected with 50 nl
distilled water, controls (n = 6), or 50 nl PTX (50 mg/ml; n = 7). Bars
represent the means 6 S.E.M. (B) The effect of 300 mM menthol on
[35S]GTPgS binding to oocyte membrane preparation. Membranes were
incubated with different concentrations of [35S]GTPgS for 30 minutes at
room temperature, and the results analyzed as described inMethods. Data
points for controls and menthol are indicated by filled and open circles,
respectively (n = 7–8). (C) Bar presentation of the effects of 1 mM menthol
application (20 minutes) on the maximal amplitudes of 5-HT-induced
currents in oocytes injected with 50 nl distilled water [controls (n = 5)] or
50 nl of BAPTA (200 mM; n = 7). Bars represent the means 6 S.E.M.
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that the mutations causing decreased propofol actions on
GABAARs also affect menthol potentiation of these receptors
(Watt et al., 2008). In an attempt to identify chemical moieties
that modulate the inhibitory effect of menthol, we divided the
compounds into two subgroups, namely the unsubstituted
congeners cyclohexane and eucalyptol and the OH-substituted
derivatives menthol and propofol. Within the unsubstituted
derivatives, cyclohexane was the least active one, showing an
inhibition potency of,5% at 100 mMapplication. Likewise, the
ether derivative eucalyptol, with increased lipophilic character,
appeared to exhibit a detectable increase in its potency when
compared with cyclohexane, suggesting that the presence of
hydrogen-accepting oxygenmight contribute inmodulating the
inhibitory affinity of eucalyptol with the 5HT3A receptor pro-
tein (Fig. 6A). In contrast, introduction of an aliphatic hydroxyl
group as present in menthol or even an aromatic one in pro-
pofol potently enhanced their inhibitory effect on 5-HT3A re-
ceptor, thus significantly increasing the inhibition observed for
menthol as well as propofol in the current study (Fig. 6A).
Inhibition by these compounds increased in the order of
cyclohexane . eucalyptol . menthol . propofol (Fig. 6A).
We next investigated whether cyclohexane, eucalyptol, men-

thol, and propofol interact functionally on the 5-HT3 receptor
(Fig. 6B). In this set of experiments, the effects of the com-
pounds were tested within the same cell to minimize the
variations between cells. Bath application of 100 mM cyclo-
hexane alone (for 15 minutes) did not affect the maximal
amplitudes of 5-HT-induced current. However, the inhibi-
tory effect of menthol was enhanced significantly in the
copresence of cyclohexane and menthol (Fig. 6B; ANOVA, n
5 6, P , 0.05). In agreement with earlier findings (Rusch
et al., 2007), propofol inhibited 5-HT3 receptors. However,
there was no statistically significant difference between the
extent of inhibition caused by coapplication of menthol and

propofol or the sum of the inhibitory actions of menthol alone
and propofol alone (Fig. 6B). Similarly, only additive action
(neither occlusive nor synergistic actions) was observed for
menthol and eucalyptol coapplications (Fig. 6B), suggesting
that other than cyclohexanol, there is no functional in-
teraction among the binding sites of propofol, eucalyptol, and
menthol.
Subunit composition of 5-HT3 receptors has been shown to

influence modulation of the receptor function by various drugs
(Thompson and Lummis, 2007; Barnes et al., 2009). Therefore,
we tested whether the coexpression of A and B subtypes would
alter the extent of menthol inhibition. Results indicated that
the difference in the extent of menthol inhibition was not
statistically significant between 5-HT3A and 5-HT3AB receptor
subtypes (Fig. 7A; ANOVA, n 5 5–7, P . 0.05).
In the next set of experiments, we investigated whether

menthol acts on 5-HT3 receptors expressed natively in neu-
ronal structures. For this purpose, we tested the effect of
100 mM menthol on 5-HT3 receptor–mediated currents re-
corded in acutely dissociated adult rat nodose ganglion neu-
rons. Figure 7 illustrates a decrease in the amplitude of 5-HT
(10 mM)-induced currents by 15-minute bath application of 100
mM menthol. In seven neurons tested, the average inhibition
by 100 mMmenthol application was 616 7% (Fig. 7B). Menthol
in 100 mM and higher concentrations caused a slowly de-
veloping (within aminute) inward current in∼40% (5/12) of the
nodose ganglion neurons tested, and these neurons were not
included in the present study. Responses to menthol applica-
tions have been described in earlier studies in these neurons
and suggested to be due to activations of TRPM8 and TRPA1
receptors (Fajardo et al., 2008).
A bioinformatics procedure to evaluate L-menthol (1R,2S,5R)

binding to the 5-HT3 receptor was used. A structure for the
L-menthol ligand (ZINC ID: 01482164) was obtained from the

Fig. 3. The effect of increasing menthol preincubation time
and different menthol application modes on the 5-HT3
receptor–mediated currents. (A) Time course of menthol
inhibition as a function of menthol preincubation time. The
solid curve shows a best fit for the data points; an ex-
ponential decay with two time constants, tfast and tslow, is
shown in the figure. Each data point represents themeans6
S.E.M. from 7 to 8 oocytes. (B) The effect of introducing
300 mMmenthol after activation of currents by 5-HT (1 mM).
The solid gray bar on the top of the current trace represents
the 5-HT application time. The duration of menthol ap-
plication, indicated with solid black bar, is presented below
current trace. The small transient current fluctuation be-
fore the menthol application is due to change between two
5-HT application tubes to test the contribution of a possible
mechanical artifact during solution exchange in the cham-
ber. Calibration bars are indicated in the panel. (C) The
effect of menthol application before and after 5-HT ap-
plication. Menthol (300 mM) application time is indicated
with solid gray bars. Menthol was present in the bath only
before and after, but not during, 5-HT application. (D) The
effect of menthol and 5-HT coapplication, without menthol
preincubation, on the 5-HT3 receptor–mediated currents.
Menthol was applied only in the presence of 5-HT.
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ZINC Vr. 12 Database (Irwin et al., 2012). In choosing the
5-HTR3A sequences, a longer 516-amino-acid human isoform
(Uniprot AC: P46098-5) was considered to include several
splice variants. A docking method was used to test for L-menthol
direct binding to the predicted 5-HT3 receptor structure.
Figure 8A shows key residues for the association of the
L-menthol ligand, identified through a multiple sequence
alignment of the 5-HT3 receptor (see Materials and Methods).
These key residues, which were used to define the area of

interest for docking through the grid specification mechanism,
are annotated by the red triangle at THR361 in Fig. 8A.
Position THR361 appears directly involved in the interaction
between menthol and nAChR (used to model the Cys-loop
receptor as described in Materials and Methods). Since our
modeling procedure to obtain a structure for the 5-HT3 receptor
uses the existing a7 nAChR crystal structure as a template, it
is to be expected that structural similarity may result in
similar binding sites for menthol between the 5-HT3 receptor
and the nAChR. Indeed, our docking simulations for L-menthol
on 5-HTRA resulted in a number of low-energy configura-
tions for L-menthol that were stabilized by interactions with
THR361. This particular docked configuration of the ligand is
shown circled in black, in two different viewing angles in Fig.
8B, panel 1 (top-down view) and panel 2 (side view). Figure 8B
(panels 3 and 4) demonstrates that an h-bond betweenmenthol
and THR361 (at a distance of 1.81 Å) stabilizes the ligand onto
the predicted receptor structure. MGLTools analysis reports
a binding energy of 26.35 kcal/mol for this ligand configura-
tion, suggesting that residue THR361 plays a central role in
L-menthol binding to 5-HT3 receptors. A number of docking
simulations also resulted in low-energy configurations that
placed the ligand in contact with residue ASP266 (data not
shown). The two predicted residues, THR361 and ASP266,
might thus constitute a naturally occurring binding site for
menthol on 5-HT3 receptors.

Discussion
The results indicate that menthol reversibly inhibits the

function of human 5-HT3 receptors expressed in X. laevis
oocytes in a concentration-dependent manner, with an IC50

value of 163 mM. The results of both electrophysiological and
radioligand binding studies indicated that menthol does not
compete with the 5-HT binding site on the receptor.
In earlier studies, participation of G-protein-coupled recep-

tors such as k-opioid receptors (Galeotti et al., 2002) and direct
involvement of G-proteins (Klasen et al., 2012; Zhang et al.,
2012) in menthol-induced cellular and behavioral responses
have been reported. However, the results indicate that ac-
tivity of G-proteins remained unchanged in the presence of
menthol. Menthol has been shown to increase intracellular
Ca21 levels and activate various Ca21-sensitive kinases (Farco
and Grundmann, 2013). In an oocyte expression system, alter-
ations in intracellular Ca21 levels can be examined indirectly by
monitoring the holding current under voltage-clamp conditions
since Ca21-activated Cl2 channels in oocytes are highly sen-
sitive to Ca21 (for a review, see Dascal, 1987). However, menthol
application alone (up to 1 mM at room temperature of 21–23°C)
did not induce changes in holding currents, suggesting that
menthol did not alter intracellular Ca21 levels in X. laevis
oocytes. Furthermore, menthol continued to inhibit 5-HT3 re-
ceptors to a similar extent in BAPTA-injected oocytes, further
suggesting that changes in intracellular Ca21 levels are not
involved in menthol inhibition of 5-HT3 receptors.
Menthol, as a result of its lipophilic character, preferentially

partitions from an aqueous phase into membrane structures
(Trombetta et al., 2005; Turina et al., 2006). Partitioning of
these lipophilic substances has been suggested to result in
increased membrane fluidity, permeability, and disturbance of
membrane integrity. However, passive membrane properties
such as membrane capacitance, resting membrane potential,

Fig. 4. The effect of membrane potential changes on menthol inhibition of
5-HT3 receptor–mediated ion currents. (A) Current-voltage relationship of
5-HT-activated current in the absence (black trace) and presence (gray
trace) of 300 mM menthol. Currents were activated by 1 mM 5-HT in the
same oocyte. (B) Percentage inhibition of 5-HT-activated current by
300 mM menthol at different membrane potentials; there are no sig-
nificant differences among these values at different membrane potentials
(ANOVA, n = 5, P . 0.05). (C) Time-dependent alterations in the voltage
dependency of menthol inhibition. Current traces in response to voltage
ramps were recorded within 1 minute of coapplication of 5-HT and men-
thol and compared with those recorded after 10 minutes of menthol
application (ANOVA; n = 6, P , 0.05).
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and oocyte input resistancewere not significantly influenced by
menthol (Table 1), suggesting that in the concentrations used
in this study, menthol did not disrupt the integrity of the lipid
membrane.
Our results provide the first demonstration that menthol

directly inhibits the function of human 5-HT3 receptors in
clinically relevant concentrations. In a recent study (Heimes
et al., 2011), 5-HT-induced [14C]guanidinium influx mediated
by natively expressed voltage-sensitive Na1 channels and
5-HT3 receptors in NIE-115 cells (Barann et al., 1999) was
significantly inhibited by menthol (estimated IC50 value is in
the range of 100–300 mM), further suggesting thatmenthol can
modulate the function of 5-HT3 receptors. Similarly, in rat
ileum smooth muscle (Heimes et al., 2011), 5-HT-induced
muscle contractures thought to bemediated by 5-HT3 receptors
were also suppressed bymenthol (with an estimated IC50 value
of 200–600 mM). In agreement with these findings in rodents,
our patch-clamp studies in rat nodose ganglion neurons also
indicate that menthol inhibits 5-HT3 receptor–mediated
currents. Although actions of several drugs have been reported
to be modulated by subunit combinations (for reviews, see
Thompson and Lummis, 2007 and Barnes et al., 2009), there
was no statistically significant difference in menthol inhibition
between 5-HT3A and 5-HT3AB receptors in our study.
In earlier studies, menthol in the concentration ranges used

in this study has been shown to act directly on GABAA (EC505
1.1 mM) (Pan et al., 2012), glycine (100–300 mM) (Hall et al.,
2004), and ryanodine receptors (1 mM) (Palade, 1987;
Neumann and Copello, 2011). Both ligand-gated and voltage-
gated channels are inhibited by menthol (IC50 5 297 mM for
Na1 channels and IC50 5 125 mM for Ca21 channels in dorsal
horn neurons) (Pan et al., 2012). Moreover, the effective
concentrations observed in the current study were found to
be comparable with menthol concentrations sufficient to ac-
tivate TRPM8 channels, with EC50 values ranging between

67 and 196 mM (Sherkheli et al., 2010) in X. laevis oocytes.
However, menthol also nonselectively activates TRPV3
(EC50 5 20 mM) and inhibits mouse TRPA1 (IC50 5 68 mM)
(Macpherson et al., 2006). In our study, the concentration of
menthol effective on 5-HT3 receptors ranged from 30 mM to
1 mM (IC50 5 163 mM). These concentrations approximate
those used in human psychophysical studies and are consid-
erably lower than those used in over-the-counter products
(�500 mM) (Yosipovitch et al., 1996; Namer et al., 2005).
Menthol taken orally is effectively absorbed in gastrointestinal
mucosa and can easily reach the range of menthol concen-
trations used in this study. Menthol undergoes extensive
enterohepatic recirculation, and it is rapidly but incompletely
(∼50%) metabolized to menthol glucuronide, which is excreted
both in the bile and in the urine (Gelal et al., 1999). In a recent
study, a high concentration of menthol (54 mg/g) was detected
in brain tissue 5 minutes after 100-mg/kg intraperitoneal
injection (Pan et al., 2012), indicating that menthol is rapidly
absorbed into the brain. Therefore, functional modulation of 5-
HT3 receptors demonstrated in this study can mediate some of
the pharmacological actions of menthol.
Menthol is known to act stereoselectively in some, but not

all, in vivo and in vitro assay systems (for reviews, see Eccles,
1994 and Farco and Grundmann, 2013). In an earlier study,
Hall et al. (2004) showed that the effect of menthol on GABAA

currents were stereoselective, with (1)-menthol being more
potent than (2)-menthol, while menthol modulation of glycine
receptors did not display stereospecificity. In our study, we
could not detect a stereoselectivity of menthol actions on
5-HT3 receptors (Fig. 1).
Allosteric modulators alter the functional properties of

ligand-gated ion channels by interacting with site(s) that are
topographically distinct from the ligand binding sites (for
a review, see Onaran and Costa, 2009). In electrophysiological
studies, although the potency of 5-HT, a natural ligand

Fig. 5. The effect of menthol on 5-HT concentration-
response curves and the specific binding of [3H]GR65630
on X. laevis oocytes expressing 5-HT3 receptors. (A)
Concentration-response curves for 5-HT-activated cur-
rent in the absence (filled circles) and presence (open
circles) of 300 mMmenthol. Currents were activated by
5-HT concentrations ranging from 0.1 to 100 mM.
Menthol was applied for 20 minutes, and 5-HT and
menthol were then coapplied for 10–15 seconds. Data
points are the mean 6 S.E.M. (n = 5–6). The curve is
the best fit of the data to the logistic equation described
in Materials and Methods. The control concentration-
response curve is normalized to the maximal response.
The concentration-response curve in the presence of
menthol is the percentage of the maximal control. (B)
Inhibition of specific [3H]GR65630 binding by non-
labeled 5-HT in membranes after 1-hour preincubation
with 300mMmenthol. The concentration of [3H]GR65630
was 1 nM. The inhibition curve shows pooled data from
8 to 11 measurements from three experiments. (C)
Effects of increasing concentration of menthol on the
specific binding of [3H]GR65630. Experiments were
conducted in the presence of 1 nM [3H]GR65630. The
results present data from 8 to 11 measurements. Data
points indicate mean 6 S.E.M. (D) Comparison of the
effect of 15-minute application of 300 mM menthol on
the maximal amplitudes of currents induced by 5-HT
(1 mM) and DA (1 mM). There was no statistically
significant difference among the bars (ANOVA, n =
7–8, P . 0.05).
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(agonist) for this receptor, was not altered, its efficacy was
significantly inhibited by menthol, indicating that menthol
does not compete with the 5-HT binding site on the receptor.
In agreement with these findings, radioligand binding studies
indicated that displacement of [3H]GR65630 (competitive
antagonist of 5-HT3 receptors) by 5-HT was not significantly
affected by menthol, further suggesting that menthol does not
interact with the 5-HT binding site on the human 5-HT3

receptor. In an earlier report on NG101 cell lines (Heimes
et al., 2011), menthol did not affect the radioligand binding
site on the 5-HT3 receptor. Similarly, 5-HT (up to 0.1 mM
tested in this study) did not affect specific binding of
[32H]menthol to membranes from guinea pig lung (Wright
et al., 1998). In an earlier study, binding of [32H]flunitrazepam
to GABAARs in primary cultures of mouse cortical neurons was
not affected by concentrations of up to 1 mM menthol (Garcia
et al., 2006). The results of functional studies together with
radioligand binding experiments suggest that menthol does
not compete with the 5-HT binding site, but it acts as an
allosteric inhibitor of the 5-HT3 receptor.
In recent studies, menthol in the concentration range used

in this study has been reported to be an allosteric modulator of
GABAA (Hall et al., 2004) and a4b2 nicotinic receptors (Hans
et al., 2012); i.e., menthol binds to site(s) topographically
distinct from the agonist sites on these receptor. Under phy-
siologic conditions, the noncompetitive property of the al-
losteric menthol inhibition may be advantageous since the
increases in concentration of endogenous agonist (5-HT) in the

synaptic cleft to millimolar concentrations cannot alter the
efficacy of menthol on the receptor. DA competes with the 5-HT
binding site, but activates these receptors with lower efficacy
and causes considerably less desensitization. Since a saturating
concentration of DA was used in the present study, menthol
inhibition could not have resulted from fewer channels in
a desensitized state or from a decrease in agonist affinity.
Based on the kinetics of menthol’s effect (the fast and slow

components of inhibition in Fig. 3A), it is likely that multiple
allosteric binding sites are involved in the interaction of this
molecule with the 5-HT3 receptor. In agreement with this
hypothesis, coapplication of 5-HT and menthol (Fig. 3, A and
C), without preincubation, also induces fast inhibition of
5-HT-induced currents by blocking the channel pore or pro-
moting the desensitization of the receptor (Dopico and Lovinger,
2009).
Open-channel blockade is a widely used model to describe

the inhibition of functions of various ion channels. Tail
currents seen after the cessation of menthol application and,
although weak, the voltage sensitivity of its action is in favor
of open-channel inhibition. However, an open-channel model
cannot account for all of the findings of the present study.
First, for open-channel blockers, the presence of the agonist is
required to let the blocker enter the channel after the receptor
was opened by the agonist. However, preincubation of
menthol caused significant further inhibition (Figs. 1A and
3A), indicating that the compound can also interact with the
closed state of the 5-HT3 receptor. Second, the proportion of

Fig. 6. Comparison of the effects of some compounds structurally related
to menthol on the 5-HT3 receptors. (A) Comparison of the effects of
equimolar concentrations (100 mM) of cyclohexane, eucalyptol, propofol,
and menthol on 5-HT3 receptors. Bars represent the means 6 S.E.M. (n =
5–8). Chemical structures of the compounds are presented at the top of
each bar. (B) Comparison of the interaction between menthol and other
structurally similar compounds on the currents activated by 5-HT in the
same oocytes. Bars represent the means 6 S.E.M. (n = 5–6).

Fig. 7. The effect of menthol on A and AB subunit combination of human
5-HT3 receptors expressed in X. laevis oocytes and 5-HT-induced currents
recorded in acutely dissociated nodose ganglion neurons. (A) Comparison
of the effect of 100 mM menthol on the human 5-HT3A and 5-HT3AB
receptors expressed in oocytes. Bar graph shows average inhibition
(mean 6 S.E.M.) of 5-HT (1 mM)-induced currents by 15-minute menthol
application in 5–7 oocytes. (B) Records are sequential (from left to right)
current traces obtained from a single nodose ganglion neuron voltage-
clamped at 260 mV. Currents activated by 3 mM 5-HT before (left) and
after 10-minute application of 100 mM menthol (middle), and recovery of
5-HT-induced current after 15-minute washout period (right).

406 Ashoor et al.

 at A
SPE

T
 Journals on M

ay 9, 2016
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


somewhat weak voltage sensitivity of menthol inhibition ob-
served at the early phase of the menthol application di-
minished significantly after 10-minute menthol incubation.
Menthol, a highly lipophilic agent, first dissolves into the

lipid membrane (Turina et al., 2006) and then diffuses into
a nonannular lipid space to inhibit the ion channel–receptor
complex (Sanghvi et al., 2009). Consistent with this idea, the
effect of menthol on 5-HT3 receptors reached a maximal level
within 10–15 minutes of application. Similarly, actions of
several hydrophobic allostericmodulators (McCool and Lovinger,

1995; Oz et al., 2002a,b) on 5-HT3 receptors require several
minutes (5–20 minutes) of application time to reach their
maxima (for a review, see Oz, 2006), suggesting that the
binding site(s) for these allosteric modulators are located
inside the lipid membrane and that drug exposure time rather
than channel opening is essential for menthol inhibition of the
receptor. Thus, it appears that menthol can interact with
5-HT3 receptors during the closed state. Overall, it is likely that
at least two binding sites mediate menthol’s actions on 5-HT3

receptors. One of the sites is either causing open-channel

Fig. 8. (A) A multiple sequence alignment obtained with ClustalW 2.1 between the human GABAAR-a1 subunit (UniProt AC: P14867), the a7 nAChR
chain A (Miyazawa et al., 2003; PDB code 2BG9), and the human 5-HT3 receptor (UniProt AC: P46098-5). Boxed and shaded regions indicate key residue
positions from the M3 segment of GABAAR-a1 evaluated by Williams and Akabas (2002) for propofol binding. Docking simulations show L-menthol
binding at the position indicated by the red triangle. (B) Panels 1 and 2: A bioinformatics model of the pentameric structure for the 5-HT3 receptor (top-
down view in panel 1 and side view in panel 2), with nAChR drawn in translucent gray for reference. All 5-HT3 receptor chains are of the same primary
sequence; chain letters refer to the nAChR chains with which the modeled chain for 5-HTR3A was aligned to obtain the pentameric symmetry for
5-HTR3A. Chain A is colored in orange, B in cyan, C in green, D in violet, and E in red. The binding site for the ligand is circled in black. Panels 3 and 4: A
representative lowest-energy (26.35 kcal/mol) configuration for the L-menthol ligand in two different views. The h-bond that stabilizes the ligand onto
the 5-HTR3A structure is formed with residue THR361 at a distance of 1.81 Å.
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blockade or promoting desensitization of the receptor (Dopico
and Lovinger, 2009) and is weakly sensitive to transmembrane
electric field. Another binding site located in the bilayer lipid
membrane (Trombetta et al., 2005; Turina et al., 2006) has
access to the closed state of the channel-receptor complex and
diminishes the percent contribution of the voltage-sensitive
binding site to the total amount of inhibition.
It is plausible that menthol reduces current amplitude by

lowering the energy barrier for receptors to enter a desensi-
tized and/or closed state. This mechanism has already been
proposed for nicotinic receptors (Spivak et al., 2007). Clearly,
further investigations in which receptor kinetics can be
studied in a more detailed and precise manner are required
to delineate the mechanisms of menthol actions on 5-HT3

receptor function.
Evaluation of the data in Fig. 6 provided evidence that

combining menthol with either eucalyptol or propofol en-
hanced its inhibitory effect on 5HT-induced currents, suggest-
ing that these compounds have additive effects on 5-HT3

receptors (Fig. 6B). On the other hand, cyclohexane (100 mM)
alone displayed undetectable efficacy at inhibiting 5-HT3A

receptors, but increased significantly the potency of menthol,
suggesting that cyclohexane may facilitate the interaction of
menthol with its binding site on the receptor (Fig. 6B). Our
results also indicate that the extent of 5HT3 receptor in-
hibition varied with the substitution pattern on the cyclohex-
ane skeleton and that an aromatic hydroxyl group as present
in propofol has the highest potency in inhibiting 5HT3A re-
ceptor. The results observed for the parent compound cyclo-
hexane and derivatives thereof may be useful in further
understanding the molecular mechanisms involved in phar-
macological effects of menthol as well as propofol.
Menthol is a monoterpenoid, and other monoterpenoids

such as borneo, thymol, menthone, camphor, and carvone
have been shown to potentiate GABAA and glycine receptors
(Priestley et al., 2003; Hall et al., 2004). In an earlier study,
camphorhas also been shown to inhibit nicotinic receptor–induced
norepinephrine secretion and Ca21 increases in bovine adrenal
chromaffin cells (Park et al., 2001).
In conclusion, our results indicate that menthol inhibits the

function of homomerically expressed human 5-HT3 receptor
by a noncompetitive mechanism. These data add to a growing
body of evidence (Farco and Grundmann, 2013) suggesting
that in addition to TRPM8 receptors, other target proteins
such as 5-HT3 receptors can also contribute to the pharma-
cological actions of menthol.
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