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Abstract It has been proposed that odorant suppression
of the cyclic nucleotide-gated (CNG) channel is responsi-
ble for olfactory masking. In this study, the effect of
odorant chain length and functional group on this sup-
pression was investigated. Because similar suppression has
been observed for voltage-gated channels also, we used
voltage-gated Na channels in the olfactory receptor cell as
a tool for substance screening. These features were then re-
examined using CNG channels. Interestingly, both CNG
and Na channels were suppressed in a similar manner—
carboxylic acids had little effect and suppression became
stronger when the chain length of the alcohol or ester was
increased. Degree of suppression was correlated with the
distribution coefficients (Log D), irrespective of the mol-
ecules used. Results obtained here may provide informa-
tion for the development of novel masking agents based on
molecular architecture.
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Introduction

In human history, olfaction has been continuously impor-
tant in increasing the quality of life. Odorant molecules
have been used not only to induce pleasant senses, but also
to suppress unpleasant smells. Such suppressive phenom-
ena in olfaction have been used for long period of time, and
are termed olfactory masking. Recently, it has been pro-
posed that olfactory masking is, at least in part, regulated
by direct blockage of olfactory transduction channels
(cyclic nucleotide-gated (CNG) channels) at the ciliary
membrane [1-3]. The suppression ratio in CNG channels
for a variety of odorants correlates positively with that
observed in human olfactory masking. Furthermore, it has
been shown that odorant molecules absorbed from the air have
the ability to suppress CNG channels beyond the air/water
boundary, indicating that such suppression occurs in the
human nose. There are possibilities that olfactory masking can
be investigated in further detail by examining the effects of a
variety of odorants on CNG channels. However, use of CNG
channels for compound screening is accompanied by large
difficulties; they are strongly localized to fine (sub-micron
diameter) cilia and are gated by cytoplasmic cAMP. Caged
compounds could be used to measure the transduction current
suppression directly. However, olfactory receptor cells
(ORC:s) are damaged by strong UV irradiation and by intro-
duction of caged compounds to the cell, and, therefore, the
lifetime of cells in such experiments becomes shorter than in
conventional patch-clamp experiments.

Interestingly, in parallel, such blockages by odorants are
observed also for several types of voltage-gated ion chan-
nels that are unrelated to olfactory signal transduction (K
channels: [4]; Na and Ca channels: [5]). Although com-
parison with CNG channel suppression has been performed
for a rather limited number of substances, the odorants that
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suppress voltage-gated channels overlap with odorants
effective on CNG channels. It is possible that the mecha-
nisms causing odorant blockage of voltage-gated channels
share the same step(s) as those for CNG channels.

This study was undertaken to investigate the functional
structure of odorants that suppress ion channels. At the
beginning of the work, we used voltage-gated Na channels
in the ORC as a tool for rapid screening. Compared with
CNG channels, they have several technical benefits for
electrophysiology—they are activated by voltage steps
only, show little rundown, and show rapid kinetics that
allow one to obtain large numbers of data during record-
ings. The highlighted features were then re-examined with
CNG channels. As for the structure of the odorant mole-
cules, we systematically changed the length of the hydro-
carbon chain and the functional group (alcohols, esters, and
carboxylic acids). We showed that suppression by alcohols
and esters became stronger when the chain length was
increased from 4 to 6 and then to 8, and there was a
positive correlation between the suppression and the oil/
water distribution coefficient (D). Furthermore, among
chemicals with carbon chains of similar length but different
functional groups, suppression by carboxylic acids was
weakest. It is notable that carboxylic acids are almost
100% ionized, dissolve stably in water, and have very
small Log D values. The molecular features of these
chemicals represent those inducing olfactory masking, and
results obtained here will provide information for the
development of novel masking agents on the basis of
molecular architecture.

Materials and methods
Preparation

ORCs were dissociated enzymatically from the olfactory
epithelium of the newt (Cynops pyrrhogaster). The experi-
ments were performed under the latest ethical guidelines for
animal experimentation at Osaka University, based on
international experimental regulations. The dissociation
procedures have been described previously [6]. Briefly,
before decapitation, the animal was kept at 4°C in a refrig-
erator for 30 min. The mucosae excised from the nasal cavity
were cut into 8 pieces in standard Ringer’s solution (for
composition, see below). After incubation of the epithelia for
5 min at 35°C in Ringer’s solution containing 0.1% colla-
genase with 0 Ca®" and 0 Mg " (see below), the tissue was
gently rinsed three times with normal Ringer’s solution.
Finally, the epithelia were mechanically triturated. Isolated
cells were plated on concanavalin A-coated glass-bottom
dishes (glass thickness 0.08-0.12 mm; Matsunami Glass).
Cells were maintained at 4°C, before use within the next
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2 days. Throughout the experiments, we selected ORCs
lacking cilia to eliminate the possibility of generating
responses induced by odorant stimulation.

Recording procedures

Membrane currents were obtained with the whole-cell
recording configuration [7]. Patch pipettes were made of
borosilicate tubing with a filament (outer diameter 1.2 mm;
World Precision Instruments) by using a two-stage vertical
patch electrode puller (PP-830; Narishige Scientific
Instruments). The pipette resistance was 10-20 MQ.

In the Na current suppression experiments, the liquid
junction potential at the pipette tip was 3.9 mV, and this
was subtracted from the data. An inverted microscope
(IX70; Olympus) equipped with phase-contrast optics was
used for observing and identifying ORCs. The recording
electrode was connected to a patch clamp amplifier (Axo-
patch1D; Molecular Devices). Data were sampled with
pClamp version 9.0 (Molecular Devices) at 10 kHz (16 bit,
Digidatal322A; Molecular Devices) after low-pass filtra-
tion at 1 kHz (4-pole Bessel). The current data were ana-
lyzed by an offline computer (Endeavor MT7800; Epson)
with Microcal Origin 7.5 software (OriginLab). We defined
the peak amplitude of the voltage-gated Na current during
the odorant stimuli to be the same timing of peak current
obtained in control solution, especially when the inward
component was abolished by the drug. Data that showed
90% recovery were used for analyses (Figs. 4, 5, 6). For
leak subtraction, in the experiments on the Na channel we
used either P/4 leak subtraction or subtraction of the leak
current that was obtained in the choline-substituted solu-
tion, depending on the purpose of each experiment. In
general, P/4 leak subtraction is convenient, but requires
much time for recordings, and, in addition, does not pro-
vide precise values when the membrane expresses a non-
linear current and voltage (I-V) relationship. Leakage
subtraction with choline-substitution requires solution
exchanges. But the recording of this procedure is much
faster than P/4 subtraction, especially with a fast solution-
exchange system. Essentially the I~V curve, activation
curve, and inactivation curve were obtained with P/4
subtraction. Suppression ratios were measured with cho-
line-substitution. The background noises and the current
fluctuations arising from the channel gatings were reduced
by data averaging (30 or 100 waveforms). Pulse to pulse
interval was fixed at 300 ms to avoid inactivation. In noise
analyses, data that met the criterion correlation coefficient
(R? > 0.8 from the least-squares fitting and 7> < 3.8 from
the chi-squared test in the variance—mean plot were used.

In the experiments on CNG channel suppression, the
recording pipette was connected to a patch clamp amplifier
(Axopatch 200B; Molecular Devices). The signal was



J Physiol Sci (2011) 61:231-245

233

low-pass filtered at 2 kHz and digitized by an A/D converter
(sampling frequency 5 kHz) connected to an MS-DOS
computer (PC9821, 80486CPU; NEC) or an MS Windows
computer (xw8600 workstation; HP) with pClamp 10.
Simultaneously, signals were monitored on an oscilloscope
and recorded on a chart recorder. Light and odor stimuli,
and data acquisition, were regulated by the same computer,
by use of original software. The results were analyzed by
use of an online workstation computer and plotted by using
Microcal Origin 7.5 software. For curve drawings, data
were smoothened by 25 Hz low-pass filtration. For odorant
stimuli, chemicals were dissolved in perfusion solution (for
composition see the section “Solutions”), and this stimulus
solution was puff-applied to the cell from a small glass
pipette having a tip diameter of 1 um and was applied by
use of a pressure ejection system [8]. The timing of the
pressure pulse and the light stimulation are shown above the
current traces in the figures as the downward deflection of
the traces. Before the experiments on cAMP-induced cur-
rent, we checked the presence of odor-induced current
response. In this study, we selected the ORC having more
than five cilia which did not respond to odorant stimula-
tion. Experiments were performed at room temperature
(24-25°C). Error bars in all figures indicate SD.

Photolysis of caged compounds

For experiments on the suppression of CNG channels, the ORC
was loaded with caged cAMP (adenosine 3'5-cyclic mono-
phosphate, P1-(2-nitrophenyl) ethyl ester, EMD). Caged
cAMP was initially dissolved in DMSO at 100 mM and stored
frozen at —20°C in complete darkness. The stock solution was
diluted with pipette solution to a final concentration of
1 mM before each experiment. UV light was applied to cover
the ciliary region of the solitary cell through an epifluorescent
system. Light stimuli were applied with >20 s intervals to
avoid adaptation of the cell. A 100-W xenon arc was used to
induce photolysis. The timing and duration of light illumination
were controlled by a magnetic shutter, and the light intensity
was specified by a wedge filter under computer control. The
light source was mechanically isolated from the inverted
microscope to avoid the transmission of vibrations [9].
Throughout the experiments, we paid particular attention to
avoiding current saturation. Especially for measurements of
odorant suppression, we fixed the light intensity to induce
responses 80—90% of the saturating level, mostly because of the
[cAMP];-dependence of the suppression ratio [3].

Solutions

Normal Ringer’s solution contained (mM): 110 NaCl, 4
KCl, 3 CaCl,, 1 MgCl,, 10 glucose, 1 pyruvate, 2 HEPES,
0.001% phenol red, pH 7.2-7.4 adjusted with NaOH for

the whole-cell configuration. For isolation of the voltage-
gated Na current, after establishment of the whole-cell
recording configuration, perfusion solution was switched
to (mM): 110 NaCl, 3 CoCl,, 10 HEPES, 35 TEA,
pH 7.2-7.4 adjusted with NaOH (TEA [4, 10], Co [11])
that was essentially designed to suppress currents through
K channels and Ca channels. Choline solution was used for
eliminating voltage-gated Na current (mM): 110 choline
Cl, 3 CoCl,, 10 HEPES, 35 TEA, pH 7.2-7.4 adjusted with
CsOH. Pipette solution contained (mM): 119 CsCI, 1
CaCl,, 5 EGTA, 10 HEPES, 0.001% phenol red (pH was
adjusted to 7.2-7.4 with CsOH) to suppress K channels
[12]. Collagenase, concanavalin A, EGTA, and phenol red
were purchased from Sigma, KCI from Katayama Chemi-
cal, and glucose from Wako Pure Chemical Industries.
Other reagents were purchased from Nacalai Tesque.

In the experiments on the CNG channel, Ca-free media
were used to abolish the Ca-activated Cl channel (CI(Ca)).
Perfusion solution contained (mM) 110 NaCl, 3.7 KCl, 4
MgCl,, 10 HEPES (pH 7.2-7.4 adjusted with NaOH) and
pipette solution (mM) 119 CsCl, 1 CaCl,, 5 EGTA,
10 HEPES, 1 caged cAMP, 0.001% phenol red (pH 7.2-7.4
adjusted with CsOH) were used.

As odorants, chemicals (alcohols: n-butanol (C4), n-hex-
anol (C6), n-octanol (C8); esters: ethyl acetate (C4), n-butyl
acetate (C6), n-hexyl acetate (C8); and n-carboxylic acids:
n-butyric acid (C4), n-hexanoic acid (C6), n-octanoic acid
(C8)) were purchased from Tokyo Chemical Industry, and C4-
ester from Wako Pure Chemical Industries. After mixing of all
odorant solutions with perfusion solution and vortex mixing
for approximately 30 s, pH was adjusted to 7.2-7.4 with
NaOH. In this work, we paid attention to the Na concentration
in solutions to observe voltage-gated Na current. Difference in
NaOH concentration by pH adjustment was standardized by
compensating NaCl concentration in the perfusion solution.

Throughout experiments on suppression of voltage-
gated Na current, odorants were applied with the U-tube
system [13—15]. Advantages of using this system were:

1 rapid superfusion; and
2 complete solution exchange surrounding the cell, in
comparison with a local and partial change by puffer

pipette (see Ref. [3]).

The reservoir of the solution was held approximately
25 cm above the recording chamber, and the solution fell into
the recording chamber through the tubing by gravity. The tip
diameter of the nozzle was approximately 100 pm and the tip
of the nozzle was situated approximately 100 pm from the
cell. To avoid changes in the capacitance of the recording
pipette, the total amount of solution in the dish was kept
constant by use of a microtube pump (MP-3N; Tokyo Rika
Kikai). In experiments on suppression of cAMP-induced
current, puffer application was used for odorant stimulation.
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Quantification of the solubility of odorants by gas
chromatography

Odorant concentration in the perfusion solution was
determined by gas chromatography (6890GC; Agilent
Technologies). After odorants were dissolved in the per-
fusion solution and the pH of the solution was adjusted.
The solution was filtered through a syringe-type filter (pore
size 0.45 pum) to remove insoluble odorants. Such filtration
treatment gave the same result as those obtained by cen-
trifugation or filtration with pore size 0.2 pm.

Samples were injected into the injection port (250°C)
which was connected to a DB-5 fused silica column
(0.53 mm x 30 m, film thickness 1.0 um). The column
temperature was increased depending on the substance
investigated; for example, the initial column temperature was

40°C for C4 alcohol and ester, 60°C for C6 alcohol and ester,
100°C for C8 alcohol and ester and C4-C6 carboxylic acids,
and 150°C for C8 carboxylic acid. Thus the initial oven
temperature was 40°C (hold 5 min)-150°C (hold 5 min),
increasing at 10°C/min to a final temperature of 250°C. The
helium pressure was 60 kPa. The flame-ionization detector
(FID) temperature was 250°C. The chromatogram corre-
sponding to the FID response is shown in Fig. 1.

Results

Stability and water solubility of odorant molecules

In this study we applied 9 species of odorant molecules
(3 x 3; 3 lengths for carbon chains and 3 different
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Fig. 1 Gas chromatography assay of odorants in the control solution.
Detection voltages were plotted against retention time. The chemical
structures of the odorants used are indicated in the figures. Arrows
indicate the peak of dissolved molecules. a Alcohol. C4;
10 mM (black), 1 mM (red), 0.1 mM (blue). C6; 10 mM (black),
1 mM (red), 0.1 mM (black). C8; 2.7 mM (black), 0.9 mM (red),
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0.07 mM (blue), 0.007 mM (green). b Ester. C4; 10 mM (black),
1 mM (red), 0.1 mM (blue). C6; 10 mM (black), 1 mM (red),
0.1 mM (blue). C8; 2.1 mM (black), 0.8 mM (red), 0.08 mM (blue).
¢ Carboxylic acid. C4; 10 mM (black), 1 mM (red), 0.1 mM (blue).
C6; 10 mM (black), 1 mM (red), 0.1 mM (blue). C8; 2.5 mM (black),
0.8 mM (red), 0.08 mM (blue)
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functional groups, Fig. 1) to the isolated ORC under
examination. When some of these odorants were put into
the perfusion solution, we observed oil films on the surface
even after hard shaking and vortex mixing. Because it was
important to obtain the practical chemical concentration
within the solution, we first measured by GC the amount of
odorant molecules in the precise volume of the solution.
Also by GC analysis we could check if the chemicals were
stable, without reacting to form different substances. In the
GC chart, solutions containing the alcohol, ester, or car-
boxylic acid furnished single peaks, indicating that they
caused no chemical reactions (Table 1; Fig. 1). Initially we
also examined aldehydes, which are frequently used in
flavor and fragrance research. By GC-MS analysis, how-
ever, it was confirmed that C4, C6, and C8 aldehydes were
partially oxidized, producing carboxylic acids (data not
shown), and no further experiments were performed with
aldehydes in this work.

When the carbon chain was shorter than C8 (i.e. C4 and
C6), the chemicals dissolved perfectly into the solution (up to
10 mM). For C8 substances, however, the maximum con-
centrations in the solution were lower than 3 mM (Table 1).
Because low-concentration solutions (nominal 1 mM, or
lower) were prepared by stepwise dilution of solutions of high
concentrations (see above), we corrected the concentrations in
all data plots to practical values obtained by GC.

When carboxylic acids were dissolved in the perfusion
solution, the pH of the solution was shifted to acidic.
Because the voltage-gated Na channel is sensitive to pH
(see, e.g., Ref. [16]), we adjusted the pH by titration with
NaOH. In this study, the titer of NaOH for the carboxylic
acid solution was almost identical with that expected for
the amount of carboxylic acid measured by GC. This result
suggests that carboxylic acids in the perfusion solution
were almost completely ionized, irrespective of the length
of the carbon chain. In contrast, other chemicals (the
alcohol and ester) did not cause pH change.

Transient inward current activated by voltage steps
in the isolated ORC

Under the voltage clamp condition of single ORC, appli-
cation of a depolarizing pulse to —10 mV from the holding

Table 1 Concentration of C8 odorant (mM)

3 mM 1 mM 0.1 mM 0.01 mM
C8 alcohol 2.7 0.9 0.07 0.007
C8 ester 2.1 0.8 0.08 NA
C8 carboxylic acid 2.5 0.8 0.08 NA

The concentration in the top row is the nominal concentration.
Numbers in the table show actual concentrations obtained by GC
measurements

voltage (V},) of —100 mV induced a transient inward cur-
rent (Fig. 2a). The inward current reached a peak in
2.0 + 0.6 ms (time to peak, n = 69) after the onset of the
voltage step. Following the peak, the inward current in turn
returned to the zero level immediately; the half decay time was
0.98 + 0.25 ms (n = 69) (Fig. 2a). Thus the voltage-depen-
dent transient inward current had the prerequisite features for
the voltage-dependent Na current. In fact, the inward current
responses completely disappeared when the external Na™ was
replaced with choline (Fig. 2a). To extract the voltage-gated
Na component, the leak component was subtracted from the
data (Fig. 2b, c¢). The peak amplitude of the inward current
(Iny) Was 229.8 £ 88.1 pA (n = 69).

Electrophysiological properties of voltage-gated Na
current

In this section, we further describe the electrical features of
the voltage-gated Na current in the newt ORC. In the
experiment of Fig. 3a, the depolarizing step was changed
from —150 to +90 mV (V, = —100 mV, duration 20 ms).
Transient inward currents were observed for depolarizing
voltage steps more positive than approximately —60 mV.
The I-V relationship had a monotonic U-shape (Fig. 3b).
The reversal potential was +56.5 £ 3.7 mV (n = 5) with
[Nat]; = 11 mM, [Na'], = 114.8 mM. This potential
agrees well with the theoretical value of the Nernst
potential for Nat (+60.0 mV at 24°C). The shape of
waveforms, the /-V relationship, and the reversal potential
were essentially the same as those obtained in previous
work on newt ORCs [17].

The activation curve of Iy, was well fitted by the single
Boltzmann function

Al — Ay
1+exp<v‘_,—zv')

where RC is the relative conductance, V the voltage pulse,
and Ay, A,, V| and V, are the constants obtained by fitting
to the data of Fig. 3c, d. The half-activation voltage was
—32.5 £ 45 mV (n = 5) (Fig. 3c), and the half-inactiva-
tion voltage was —61.9 & 1.2 mV (n = 4) (Fig. 3d). These
values are consistent with those described in previous
reports (half activation voltage —34 mV; half inactivation
voltage —53 mV [4]).

The transient voltage-gated Na current contained current
fluctuations. Because of this, the peak amplitude of the
inward current varied among trials, which produced errors
in the data analyses (Fig. 3e). To minimize the data error,
we averaged the waves recorded 30-100 times with
repeatedly applied steps. The possibility that such current
fluctuation was caused by the channel gating was verified
by observing the variance—mean plot (Fig. 3f) [18].

RC = + Ay (1)
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Fig. 2 Voltage-gated Na current. Upward deflection of bottom trace
indicates the timing and duration of the voltage pulse. a Current
waveform by depolarization to —10 mV (V,, = —100 mV). Black
trace shows the current in the perfusion solution. Red trace shows the
current in the choline solution. Averaged waves of the current
generated by the 30 times depolarization pulse. b Capacitive and leak
current subtraction. The current waveforms in a were subtracted to
show the voltage-gated Na current. ¢ The current measured with P/4

o* =il —I*/n (2)

where 62 is the variance, I the mean whole-cell current,
i the amplitude of single-channel current, and n is the
number of channels in the single ORC. The relationship
between ¢ and I could be fitted well by the parabola
(Eq. 2), consistent with the idea that the current fluctuation
was caused by the channel gatings. The total number of
voltage-gated Na channel was 1220 + 244, and the size of
single-channel current was 0.29 £ 0.09 pA (n = 7). This
value of the single-channel current is slightly smaller than
in previous reports for the voltage-gated Na channel of the
frog node of ranvier (0.35 pA at AV =44 mV [19];
0.38 pA, at AV =59 mV [20]), the cultured rat cardiac
cell (1.4 pA at AV =40 mV [21]), and the cultured rat
muscle cell (1.8 pA at AV = 100 mV [18]). There is a
possibility that voltage-gated Na channels in the ORC have
small unitary events, but this matter was not further ana-
lyzed in this work.
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subtraction. Membrane current evoked by depolarization to —10 mV
(V, = —100 mV). The P/4 subtraction function was supplied with
pClamp. Different cell from a and b. A downward large transient
shows a capacitive current. Corrected capacitive current was negative,
because the capacitive current in the original trace was over-
saturating the range of the A/D converter, whereas the four smaller
currents used for subtraction were within the range

Odorant suppression of voltage-gated Na current

It has been shown that the voltage-gated Na current is
suppressed by some odorant molecules [4]. The suppres-
sion effect seemed to be variable, depending on odorant
species. For instance, n-amyl acetate suppressed the volt-
age-gated Na current strongly [5] whereas limonene had
little effect (see also Refs. [1, 2]). To understand the
functional structure of effective odorants, we examined the
effects of 9 odorant molecules that were selected system-
atically from their structural features that focused on the
chain length and functional group. In this work, the sup-
pression ratio (SR, Fig. 4a) was defined by:

I
SR=1--" (3)
I
where SR is the suppression ratio, . is the peak amplitude
of I, in the control solution, and I, is the peak amplitude
of Iy, in the odorant solution.
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Fig. 3 Electrophysiology of voltage-gated Na channel. Extracellular
solution contained 114.8 mM Na. Pipette solution contained Cs.
Vi = —100 mV. Averaged traces from 3 recordings. Leak currents in
a—d were subtracted by use of the P/4 function supplied with pClamp.
Error bars indicate SD. a Currents induced by varied voltage steps.
Command voltages were increased in 10 mV steps from —150 to
+90 mV. The duration of depolarization pulses was 20 ms (step bar).
b I-V relationship for the voltage-gated Na current. Peak currents in a
were plotted against membrane potentials. Reversal potential was
56.0 mV. ¢ Activation curve. The activation curves of Iy, were well
fitted by the Boltzmann function (see text). Half-activation voltage
was —32.5 mV. d Inactivation curve. Relative conductances were
obtained from the current generated when the —10 mV (100 ms)

Alcohols reduced the amplitude of voltage-gated Na
current in a dose-dependent manner (Fig. 4b). The dose—
suppression relationship shifted to the left when the carbon
chain number was increased (Fig. 4c). It thus seems likely
that the current suppression becomes more obvious with

b
Current (pA)
100 =
] .T/“ .
150 2700 -0y O 5E’T 100
100{ &
Pulse (mV)
00
of
400
d
21.0- P
g o8
=
g 0.6
S 04
o
£ 0.21
s
& 0.0 mEgege
150 -100 50 0 50
Prepulse (mV)

0 -100 -200 -300 -400
Current (pA)

depolarization pulse was given just after a —150 to 50 mV (1 s)
prepulse. The curve was fitted by the same equation as for ¢. Half-
inactivation voltage was —61.9 mV. e Superimposition of current
traces evoked by 100 times depolarization pulse. The depolarization
pulse was —10 mV (V}, = —100 mV). Red line show the average of
the currents that was obtained from 100 times recordings. f Variance—
mean current plot. Data between 2.2 and 5.1 ms in e were plotted. Red
trace is a fit by 6® = il — I /n (¢*: variance, i: single-channel current,
I: mean current, n: number of channels in a cell), with n = 2346,
i = 0.22 pA. The data were R?> = 0.97 from the least-squares fitting
and z* = 1.57 from the chi-squared test

substances having longer carbon chain, which will be fur-
ther described in the next section by use of the raw data.
Suppression was observed with the ester (Fig. 4c; the data
will be explained later) but not with the carboxylic acid
(Fig. 4c).
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Recently, Horishita and Harris [22] showed that the volt-
age-gated Na channel expressed in Xenopus oocyte mem-
brane is suppressed by n-alcohols. They further showed
that the suppression becomes more obvious when the
number of carbon atoms is increased. This is exactly the
same as shown in Fig. 4c in this study. In this section, we
focus on the change in the suppression in relation to the
length of the main carbon chain for esters and carboxylic
acids also.

The voltage-gated Na currents were suppressed by C4,
C6, and C8 alcohols (Fig. 5a). Suppression ratios increased
when the length of the carbon chain was increased (C4-C8)
(Fig. 5b). There was statistical significance between C4
alcohol (n = 4) and C6 alcohol (n = 3) and between C6
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alcohol (n = 4) and C8 alcohol (n = 3) (¢ test, p < 0.005).
Similar chain dependence was observed for the experiment
with the ester (Fig. 5). It is notable that for any length of
carbon chain the suppression ratio was larger for the
alcohol than for the ester. No remarkable suppression of the
voltage-gated Na current was observed for carboxylic acids
under all the conditions used in this work (Figs. 4c, 5c, see
also later).

These results suggest that the suppression induced by
both the alcohol and the ester becomes stronger depending
on the length of main chain.

Functional groups

Next, we investigated the relationship between current
suppression and functional groups with the same numbers
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Fig. 5 Dependence of suppression on carbon chain length. The leak
current obtained in choline solution was subtracted from all currents.
a Current waveform in alcohol solution. Alcohol suppressed voltage-
gated Na channel current evoked by 20 ms depolarization to —10 mV
from V;, of —100 mV. Average from 30 recordings. Upward
deflection of bottom trace indicates the timing and duration of the
voltage pulse. Black trace control, red trace alcohol, blue trace
recovery. Suppression ratio for C4 (1 mM) was —0.31 x 107", for
C6 (1 mM) was 0.19, and for C8 (0.9 mM) was 0.98. b Suppression
ratios for alcohols of different carbon chain length. Suppression ratio
for C4 (1 mM) was —0.28 x 1072 £ 0.37 x 107! (n = 3), for C6
(1 mM) was 0.20 £ 0.11 x 107! (n = 4), and for C8 (0.9 mM) was
1.07 £ 0.81 x 107" (n = 3). Using ¢ test for **1 and **2, p < 0.005.
¢ Relationship between suppression ratio and carbon chain length.

of carbons. Among three types of C6 chemicals (alcohols,
esters, and carboxylic acids), alcohols resulted in the
highest suppression ratio. Carboxylic acids resulted in no

Chain Length

Chain Length

Left: black squares show C8 alcohol (0.07 mM), C6 alcohol
(0.1 mM), and C4 alcohol (0.1 mM). Red circles show C8 ester
(0.08 mM), C6 ester (0.1 mM), and C4 ester (0.1 mM). Blue triangles
show C6 carboxylic acid (0.1 mM). Center: black squares show C8
alcohol (0.9 mM), C6 alcohol (1 mM), and C4 alcohol (1 mM). Red
circles show C8 ester (0.8 mM), C6 ester (1 mM), and C4 ester
(1 mM). Blue triangles show C8 carboxylic acid (0.8 mM), C6
carboxylic acid (1 mM), and C4 carboxylic acid (1 mM). Right: black
squares show C6 alcohol (10 mM) and C4 alcohol (10 mM). Red
circles show C8 ester (2.1 mM), C6 ester (10 mM), and C4 ester
(10 mM). Blue triangles show C8 carboxylic acid (2.5 mM), C6
carboxylic acid (10 mM), and C4 carboxylic acid (10 mM). Error
bars show SD. Numbers in parentheses indicate the number of trial
cells

current suppression, irrespective of carbon chain length or
concentration (Fig. 6¢). There were statistical differences
between C6 alcohol and C6 ester, and between C6 ester
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Fig. 6 Dependence of suppression ratio on functional group. Alco-
hols, esters, and carboxylic acids were used as odorants in extracel-
lular perfusion solutions. Current was evoked by depolarization to
—10 mV (20 ms) from V}, of —100 mV. The leak current obtained in
choline solution was subtracted from all current waveforms. a Current
waveform in solutions of the C6 chemicals. Average of 30 recordings.
Upward deflection of bottom trace indicates the timing and duration
of the voltage pulse. Black trace control, red trace odorant, blue trace
recovery. The suppression ratio for the alcohol (10 mM) was 1.11.
That for the ester (10 mM) was 0.66. That for the carboxylic acid
(10 mM) was —0.50 x 1072 b Suppression ratio for each functional
group. Suppression ratio for C6 alcohol (10 mM) was
1.08 & 0.31 x 107! (n = 3), that for C6 ester (10 mM) was 0.66
(n = 2), that for C6 carboxylic acid (10 mM) was —0.46 x 107!
(n = 2). Using t test for **1 and **2, p < 0.005. ¢ Relationship

and C6 carboxylic acid (¢ test, p < 0.005) (Fig. 6b). At any
carbon length, this sequence was preserved. It thus seems
likely that the alcohol causes stronger suppression than the
ester or carboxylic acid.
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Functional Group

5 Acid
Functional Group

Acid

between suppression ratio and carbon chain length. Left: black
squares were C8 alcohol (0.07 mM) and C8 ester (0.08 mM). Red
circles were C6 alcohol (0.1 mM), C6 ester (0.1 mM), and C6
carboxylic acid (0.1 mM). Blue triangles were C4 alcohol (0.1 mM)
and C4 ester (0.1 mM). Center: black squares were C8 alcohol
(0.9 mM), C8 ester (0.8 mM), and C8 carboxylic acid (0.8 mM). Red
circles were C6 alcohol (1 mM), C6 ester (1 mM), and C6 carboxylic
acid (1 mM). Blue triangles were C4 alcohol (1 mM), C4 ester
(1 mM), and C4 carboxylic acid (1 mM). Right: black squares were
C8 ester (2.1 mM) and C8 carboxylic acid (2.5 mM). Red circles
were C6 alcohol (10 mM), C6 ester (10 mM), and C6 carboxylic acid
(10 mM). Blue triangles were C4 alcohol (10 mM), C4 ester
(10 mM), and C4 carboxylic acid (10 mM). Error bars show SD.
Numbers in parentheses indicate the number of trial cells. Data shown
in ¢ were obtained from Fig. 5c

Suppression of CNG channel in the ORC

In previous sections it has been shown that the voltage-
gated Na channel is suppressed by several types of
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odorants. The suppression was dominant with the alcohol,
and became larger when the chain length was increased.
We wondered whether this tendency was also observed for
the CNG channel that is directly responsible for olfactory
signal transduction.

As has been reported previously [9], application of UV
light to olfactory cilia filled with caged cAMP induced an
inward current response at —50 mV. Because in this study
we omitted Ca>" from the external solution, this inward
current represents a nearly pure CNG channel component.
When C4, C6, and C8 alcohol were applied to the cilia
together with the UV light, the cAMP-induced responses
reduced their amplitudes (Fig. 7a—c). The degree of sup-
pression was biggest with C8 alcohol and the SR was
reduced when the chain length was shortened (Fig. 7d).
When the functional group was changed to the ester, SR
was also reduced (Fig. 7e, f). With the C8 carboxylic acid,
we did not observe suppression in cAMP-induced respon-
ses (Fig. 7g, h). Thus, the CNG channel is also suppressed
by these odorants with almost the same tendency as the
voltage-gated Na channel.

Relationship between distribution coefficient
and suppression of ion channels

In previous sections it has been shown that odorant sup-
pression of ion channels depends on the length of the main
chain and the concentration of the chemicals. On the basis
of these findings it was thought that solubility and hydro-
phobicity are, at least in part, responsible for the expression
of suppression. But carboxylic acids did not cause any
detectable suppression, even with the same length of car-
bon chain. Initially, these differences were thought to be
solely because of the change in the structure of the func-
tional group, not because of general chemical features (see,
e.g., hydrophobicity) of the molecules. In fact, the car-
boxylic acids have almost the same octanol/water partition
coefficients (Log P [23]) as the alcohols and esters.
Throughout the analyses, however, we noticed that the
suppression could be described by Log D (distribution
coefficient) that is actually an index of the hydrophobicity
of molecules within the organisms. Log D is similar to
Log P measured for the octanol/water boundary, except
that the former takes pH buffer into account whereas the
latter does not.

The relationship between the current suppression
(alcohols, esters and carboxylic acids together) and
Log D was plotted in Fig. 8a, b. The values of Log D (pH.
7.4) were obtained from ChemSpider provided by the
Royal Society of Chemistry (RSC, no data were obtained
for C4 and C6 carboxylic acids presumably because they
partition almost exclusively into the aqueous phase; sub-
stances having shorter carbon chains have smaller

Log D value). In Fig. 7b, the CNG current suppression
ratio that obtained by puff application was larger than that
obtained for Na current suppression measured by use of the
U-tube system. As we have reported previously, the con-
centrations of drugs that were applied by puff application is
reduced by dilution by the surrounding media [3], whereas
with the U-tube system the stimulus concentration is
almost identical with that of the applied solution. It is
possible to assume:
1 that CNG channels are suppressed more efficiently than
Na channels; or
2 that the ciliary structure may lead to highly efficient
suppression compared with the cell body.

In this study, no further experiments were conducted to
resolve these possibilities.

Discussion

In this study, we investigated the effect of odorants on ion
channels to understand how the functional structure of odorant
molecules affects channel suppression. Suppression became
stronger for the alcohols and esters when the chain length was
increased. Even with the same length, however, the carboxylic
acids, which have small Log D values, did not cause sup-
pression. These results support the notion that the odorant
molecules dissolve (and/or bind) to hydrophobic sites within
the plasma membrane. It is unlikely that there is a particular
binding site within the channel molecule, because the sup-
pression is induced by varieties of odorants having distinct
structures [1-4, 24, see also 25] and in different types of ion
channels. It is possible to assume that odorants are integrated
with the lipid bi-layer, and cause conformational changes
universally in ion channels.

Relationship between the length of the main chain
and odorant suppression

Horishita and Harris [22] have examined the effect of
alcohol on Nav1.2, Navl.4, Nav1.6, or Nav1.8 expressed in
Xenopus oocyte membrane. They showed that the alcohol
reduced voltage-gated Na current through Nav1.2, Nav1.4,
and Nav1.6, but did not affect Nav1.8. Although the sub-
group of the voltage-gated Na channel expressed in the
newt ORC used in this study has not yet been identified, it
seems unlikely that the channel is solely of the Navl.8
type. Interestingly, the alcohol suppression of Navl.2,
Navl.4, and Navl.6 became stronger when the carbon
chain was increased, as similarly shown in our work. In
addition, we further confirmed that the ester, which is
commonly used as a pleasant perfumery compound, shows
suppression with similar chain-length dependence. Franks
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Fig. 7 Suppression of cAMP-induced current by odorants. a Effect of
1 mM C4 alcohol on the cAMP-induced current. Odorant concentra-
tions were 1 mM except for C8 alcohol (0.9 mM), C8 ester (0.8 mM),
and C8 carboxylic acid (0.8 mM). After the light-induced current was
recorded as a control (black), odorant was applied before light
stimulation to cover the response period observed in the control (red).
Pressure of odor stimulation was 50 kPa, duration was 3 s. Duration
of the light stimulation was 200 ms. After a 20-s interval, the light
stimulation was again applied in the absence of chemical (blue) to
confirm the recovery. Downward deflection of the upper traces
indicates the timing and duration of the light and odor stimulation.
Vi, = —50 mV. Light stimulation was 0.62, as a relative value in our

and Lieb [26] have also shown that the NMDA receptor
channel is suppressed by the alcohol. Again, the suppres-
sion became stronger when the carbon chain was increased.

@ Springer

setup (see Ref. [9]). SR = 0.54. b Effect of 1 mM C6 alcohol on the
cAMP-induced current. Light stimulation was 0.37. SR = 0.68.
¢ Effect of 1 mM C8 alcohol on the cAMP-induced current. Light
stimulation was 0.62. SR = 0.88. d Relationship between chain
length of n-alcohols and suppression ratio. e Effect of 0.9 mM C8
alcohol on the cAMP-induced current. Light stimulation was 0.62.
SR = 0.9. f Effect of 0.8 mM C8 ester on the cAMP-induced current.
Light stimulation was 0.48. SR = 0.91. g Effect of 0.8 mM C8
carboxylic acid on the cAMP-induced current. Light stimulation was
0.62. SR = 0.14. h Relationship between functional groups and
suppression ratio. Error bars show SD. Numbers in parentheses
indicate the number of cells

They proposed that hydrophobicity was an important fac-
tor for the alcohol suppression of the NMDA receptor
channel.
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Fig. 8 Relationship between hydrophobicity and suppression ratio.
Odorant concentrations were 1 mM except for C8 alcohol (0.9 mM),
C8 ester (0.8 mM), and C8 carboxylic acid (0.8 mM). Black squares
alcohol, red circles ester, blue triangles carboxylic acid. Error bars
show SD. Numbers in parentheses indicate the number of cells.

Furthermore, alcohols suppress ATP-dependent chan-
nels in the dorsal ganglion cells of the bull frog only when
the chain length is shorter than four [27]. In this prepara-
tion, the suppression became stronger when the chain
length was reduced. They supposed there was a binding
pocket for the small alcohol molecule within the ATP-
dependent channel.

As for blockage of ion channels by amphiphilic drugs,
Lundbaek [28] proposes that the lipid bi-layer of the
plasma membrane is modulated structurally by amphiphile
molecules. On the basis of cumulative observations,
Andersen et al. [29] concluded that the conformational
changes of ion channels are accompanied by physico-
chemical changes of the surrounding lipid bi-layer. It is
worth investigating whether carboxylic acids, which did
not cause suppression in this work, change the physico-
chemical structure of the lipid bi-layer.

The olfactory signal transduction channel, the CNG
channel, has been also shown to be suppressed by odorants
[2]. Observed odorant suppression was strong when the
channel was assembled with CNGA2, CNGA4, and
CNGB1 (the native form of the CNG channel [30])
whereas odorant suppression was not observed for the
homo-oligomer channel made of the principle subunit
(CNGA?2). There may be effective sites in both (either)
CNGA4 and (or) CNGBI, or, the channel function is more
drastically affected in the hetero-oligomer channel by an
odorant-induced change of the bi-layer mechanical energy.

In this study, odorant suppression of the channel by both
the alcohol and ester was shown to be variable depending
on the length of the carbon chain (from C4 to C8). Fur-
thermore, there was a relationship between suppression and
Log D of the chemicals. These observations are consistent
with the idea that the odorant dissolves in (and/or binds to)
hydrophobic sites within the plasma membrane.
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a Relationship between octanol/water distribution coefficient (Log D)
and suppression ratio of the Na current. The longer the chain, the
larger the value of Log D. There were no Log D data for C4 and C6
carboxylic acids. b Relationship between Log D and suppression ratio
of the cAMP induced current

Relationship between functional group and suppression
of the voltage-gated Na channel

The alcohol has a slightly larger effect than the ester on
channel suppression. This may be because the alcohol has
slightly a higher Log D value than the ester. It is also
interesting to note that the length of the continuous carbon
chain is longer in the alcohol than in the ester when the
total number of carbon is the same. In fact in Fig. 4, the
position of the dose-suppression curve for the C8 ester is
between those for the C6 alcohol and the C8 alcohol. These
results also support the notion that hydrophobicity is a key
factor determining odorant suppression of ion channels.

In contrast, carboxylic acids did not cause detectable
changes in the voltage-gated Na channel, even with the C8
compound and with 10 mM concentration. The most
remarkable difference of carboxylic acids from other
compounds used here is the tendency for ionization.
Because of this, carboxylic acids partition almost exclu-
sively into the aqueous phase, with extremely low
Log D values. Although we did not examine longer-chain
compounds, Xiao et al. [31] have reported that carboxylic
acids with longer chains (C15-C22) have the ability to
suppress Nayl.5 channels expressed in HEK 293 cells.
Because of the long chain, these compounds would have
high hydrophobicities. These observations are all consis-
tent with the notion that channel suppression is correlated
with the hydrophobicity of the compound.

Channel suppression in the ORC and olfactory masking
This study shows that voltage-gated Na channels in the
ORC are suppressed by variety of odorants (see also Ref.

[4]). At this moment, we do not know if such suppression
occurs in vivo. Voltage-gated Na channels are distributed
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in the dendro-somatic membrane whereas under natural
conditions the odorant molecules are delivered to the
mucus. At the same time, volatile substances are very
hydrophobic, as has been shown also in this work, and,
therefore, membrane permeable. There is a possibility that
the odorant can pass through the membrane structure to
gain access to voltage-gated Na channels. To reach a
conclusion, we have to measure the absolute concentration
of odorant molecules in the interstitial area when the nat-
ural stimulants are applied to the surface of the epithelium;
this has not yet been performed. Nevertheless, we have to
pay attention to the experiments and interpretation of
spiking responses when we use solitary cells or slice
preparations for research on the odorant effect.

In parallel, in this work, we showed that CNG channels
are suppressed by odorants. Odorant suppression of CNG
channels was largest with alcohols, compared with esters
and carboxylic acids. Furthermore, the suppression became
more obvious when the chain length was increased. These
properties matched exactly to those observed in the volt-
age-gated Na channel. The results suggest that the blockage
by odorants of both CNG and Na channels share the same
step(s).

Odorant suppression of the CNG channels had similar
odor-dependence to human masking [3]. Furthermore, it
has been shown that odorant molecules that have been
absorbed from the air have ability to suppress CNG
channels beyond the air/water boundary, indicating that the
suppression occurs in the nose. It thus seems highly likely
that olfactory masking is, at least in part, regulated by the
blockage of CNG channel by odorants. It is therefore
highly likely that these chemicals represent the molecular
structures inducing olfactory masking, and that the results
obtained here will provide information about the develop-
ment of novel masking agents based on the molecular
architecture. Na channels may provide powerful tools for
rapid and convenient screening.
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