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Abstract

Suplatast tosilate, an antiallergic agent, is effective for cough variant
asthma, although the definitive mechanism is not clear. We have reported
that suplatast inhibition of nicotinic current in paratracheal ganglia neurons
is noncompetitive, voltage-dependent and use-independent, suggesting
probably via an open channel block. In this study, we investigated the effects
of suplatast on nicotine-induced single-channel current in neurons dissociated
from rat paratracheal ganglia using outside-out patch-clamp recording. The data
showed that suplatast induced very brief duration currents of nicotinic receptor/
channels and should be expected open channel flickering, thus suplatast
works as a nicotinic open channel blocker. These results suggest that suplatast
might inhibit neurotransmission at the paratracheal ganglia via the inhibition of
nicotinic current. Consequently, the drug may improve pathological conditions of
the lower airway, leading to an increased threshold of cough production.
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Introduction

Suplatast (suplatast tosilate, ((£)-[2-[4-(3-ethoxy-2-
hydroxy-propoxy) phenylcarbamoyl] ethyl] dimethylsulfonium
p-toluenesulfonate)) is a selective Th2 cytokine inhibitor [1]. We found
that suplatast inhibited the codeine-resistant coughs in bronchitis
model of guinea pigs prepared by exposure to SO, gas and the citric
acid-induced coughs in guinea pigs pretreated with an angiotensin-
converting enzyme inhibitor [2]. Also, in clinic, it has been reported
that suplatast improved the cough score and the cough threshold
for capsaicin in patients with cough variant asthma [3]. Moreover,
suplatast has been reported to be effective in treating coughs persisting
for more than two weeks [4], chronic cough, atopic cough and
allergic eosinophilic airway inflammation [5-7]. Thus, suplatast has
an antitussive effect on cough variant asthma in human and codeine-
resistant cough in animal models. However, the antitussive effect of
suplatast does not appear to be due to the anti-allergic effect caused
by Th2 cytokine inhibition [8]. The predominant control of airways
is exerted by cholinergic nerves. Cholinergic nerves in the airways
arise from the paratracheal ganglia, which situate on the serosal
surface of the dorsal tracheal wall. Short postganglionic fibers from
paratracheal ganglia innervate airway smooth muscle, blood vessels,
and submucosal glands. Cholinergic nerves also activate the mast cells
[9,10]. In addition to central regulation by vagal preganglionic nerve
fibers, paratracheal ganglia neuron excitability can be modulated by
a peripheral C-fiber reflex mechanism [11-13]. The C-fiber terminals
not only generate electric signals that conduct to the central nervous
system but also cause antidromic release of neurokinins from the
C-fiber terminal via an axon reflex [14]. Endogenous neurokinins
facilitate the synaptic transmission in the airway parasympathetic
ganglia [15]. We also found that bradykinin, a potent inflammatory
peptide induced action-potential generation, potentiated the nicotinic
current and cholinergic Excitatory Postsynaptic Currents (EPSCs) in

acutely dissociated paratracheal ganglia neurons [16-18]. Therefore,
the paratracheal ganglia may serve as critical sites for the pathogenesis
of airway inflammation associated with cough. We previously found
the presence of a voltage-dependent block of macroscopic nicotinic
currents by suplatast tosilate demonstrates the existence of an open-
channel blockade. Moreover, the presence of hump currents at high
nicotine concentrations [8] also supports this mechanism of action.
In the present study, we tried to record the nicotinic single-channel
in paratracheal ganglia of rats and the effect by suplatast. Our results
show that suplatast inhibits the nicotinic single-channel current in
airway parasympathetic neurons via a rapid transient block of the
open channel.

Materials and Methods

Dissociation of paratracheal ganglia neurons

The paratracheal ganglia neurons were dissociated from 12 day
to 18-day old Wistar rats. The dissociation technique is described
elsewhere [16]. Briefly, the paratracheal ganglia was rapidly removed
with the trachea from animals under pentobarbital anesthesia, and
were detached from the trachea under stereomicroscope, followed by
treatment with 0.3% collagenase and 0.3% trypsin for 60 min at 34°C.
The paratracheal ganglia neurons were then mechanically dissociated
with a fine glass pipette by gently triturating the ganglia under an
inverted phase-contrast microscope.

Electrophysiological recordings

Electrical measurements were performed by using the outside-out
mode patch-clamp recording [19,20]. The patch electrode resistance
was 5 to 8 MQ).

Currentand voltage signals were recorded with an Axopatch-200B
patch-clamp amplifier (Molecular Devices, Union city, CA, U.S.A.)
and acquired with pCLAMP?7 data acquisition software (Molecular
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Devices) after digitization with a Digidata 1200B (Molecular Devices).
All experiments were performed at room temperature (21°C to 24°C).
Recordings were conducted using neurons with resting membrane
potentials of -55 mV to -80 mV. For single-channel recording, patch
currents were digitized at 100 kHz and filtered at a cutoff frequency
(f,) of 5 kHz using the Bessel filter and then at 16.7 kHz (f,) during
data analysis. To accurately resolve the events, we used the criterion
that only events above a preset amplitude having durations more than
two times the rise time (tr=0.3321/fc) of the Bessel filter would be
accepted for analysis [21,22].

Single channel events were detected by visual inspection of
the transitions from the base current and manually selected using
Fetchan software of pPCLAMP 7.0. Thereafter, events were compiled
into all-points histograms using 0.6 ms bin width and were fitted
with Gaussian functions using a simplex least-squares algorithm in
pSTAT of pCLAMP 7.0. The frequency of opening for each event
was determined by the reciprocal of the open + closed time since
the last event. To gain more information about steady-state open
probabilities, we assumed nicotinic acetylcholine channels obey a
modified Castillo and Katz activation scheme [21] such that channels
can exist in n +1 closed states (R, AR, A R ..A R), but only 1 open
state (A R’). The probability of a channel being open (NPo) was
measured over specific time intervals, thus providing a quantitative
description of the activity of the channel vs. time. For determination
of mean open and closed time, open and closed duration was
respectively compiled in conventional and logarithmic histograms
and then fitted by simplex least square method for open time and
maximum likelihood method for closed time.

Solution and chemicals

The ionic composition of the Krebs solution was (in mM): NaCl
121.7, KCl 4.7, MgCl2 1.2, CaCl2 2.5, glucose 11.5, NaHCO, 15.5
and KH,PO, 1.2. The solution was carbonated with 95% O, and 5%
CO,. The ionic composition of the normal external solution was (in
mM): NaCl 131.7, KCI 5, MgCl, 1.2, CaCl, 2.5, HEPES 10 and glucose
11.5. The pH was adjusted to 7.4 with NaOH. The composition of
the pipette solution for the single-channel recording was (in mM):
NacCl 20, KCI 50, K-gluconate 70, MgCl2 3, CaCl2 0.246, HEPES 10,
EGTA 5 and ATP-2Na 2. The pH was adjusted to 7.2 with 1IN KOH.
A rapid application of external solution was performed using the
Y-tube’ technique described previously [22]. With this technique, the
external solution was completely exchanged within 30 ms.

Collagenase, nicotine, and trypsin were purchased from Sigma
(St. Louis, MO, USA). Suplatast tosilate was synthesized and supplied
by Taiho Pharmaceutical Co. Ltd. (Tokyo, Japan).

Statistical analysis

Each value represents the mean + SE for at least 5 cells.
Comparisons between the two groups were carried out by paired or
unpaired Student’s t-test. Multiple comparisons were performed by
Dunnett’s test. Probability (P) values less than 0.05 were considered
to be statistically significant.

Results

Property of nicotine-induced single-channel current

For single-channel analysis of nicotinic response, we first
used a concentration of 10M to 5 M of nicotine close to the EC50
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Figure 1: Single nicotinic channel currents recorded by using outside-out
mode of patch clamp in rat PTG neuron. A: single-channel currents induced
by 10° M and 3x10°® M nicotine at a V,, of -50 mV. Bars indicate the period of
nicotine application. B: expanded traces showing 3x10° M nicotine-induced
single-channel currents (i) at different holding potentials. Dashed lines
represent closed.
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Figure 2: Single-channel conductance for nicotine in PTG neurons. A. B.
C: representative all point current amplitude histograms in the presence of
3x10° M nicotine at different holding potentials (black lines). The histograms
were well fitted with 2 Gaussian functions (red curves). D: single channel
current-voltage relationship for nicotine. Single channel current amplitudes
calculated from the all points current amplitude histograms were plotted
against the holding potentials.

for nicotinic response (Figure 1A). However, this concentration of
nicotine was inappropriate for the single-channel analysis, because
this concentration activated multiple nicotinic acetylcholine
receptor/channel complexes simultaneously in outside-out mode of
patch clamp. Therefore, 3x10°° M nicotine was used for single channel
analysis in outside-out mode. As shown in Figure 1B, single-channel
current (i, ) amplitude became larger at lower holding potentials
(Figure 1). In Figure 2A-C, all-points amplitude histograms at each
potential were prepared by using the bin width of 0.6 ms (256 bins),
which provides the finest resolution. The distributions were well
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Figure 3: Effects of suplatast on nicotinic single channel current. A:
representative record showing 3x10° M nicotine-induced single-channel
currents in the absence and presence of 10 M suplatast at a V,, of -50
mV. Note that suplatast caused flickering of channel open in right traces. B:
representative all point current amplitude histograms showing the effect of
suplatast. Note that suplatast reduced the height of second to fourth peaks
but did not change the position of peaks in Gaussian distribution.

fitted with two or three Gaussian functions. To better illustrate the
main channel conductance, single channel current amplitude at
each potential was determined as the difference between the current
amplitudes of two peaks laying side-by-side. In Figure 2D, the mean
single channel current amplitude at each potential was plotted against
the holding potential. The result was fitted with the linear function
and the conductance of 23.7 pS was obtained from the slope of
straight line which reversed at around -10 mV (Table 1) (Figure 2).

Effect of suplatast on nicotinic single-channel

When membrane patch was pretreated with 10* M suplatast for
30 s and then nicotine and suplatast was simultaneously applied,
the open duration of the channel was obviously shortened and the
flickering of channel open was observed (Figure 3A). Suplatast
should be expected open channel flickering resulting in very brief
duration currents without affecting the unitary current amplitude
in the amplitude histogram (Figure 3B). Nicotinic single-channel
conductance was 23.24+0.47 pS in the presence of suplatast (Table 1)
(Figure3).

The frequency of channel open and the open probability (NPo)
were also reduced by suplatast (Figure 4A and 4B). NPo in control
conditions oscillated between 0 and 1 in multiple levels (Nicotine
3x10¢ M). In presence of suplatast, NPo remained close to 0.1,
showed a transient block on open channel. The open probability of
nicotinic single-channel was shown as 0.13+0.06, and was reduced to
0.09+0.03 with 10 M suplatast (Table 1) (Figure 4).

Toinvestigate the open and close kinetics of nicotinic acetylcholine
receptor/channel complex, open and closed durations were analyzed
in patches in which the total numbers of events exceeded 1000. Open
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Figure 4: Effect of suplatast on channel opening frequency and the open
probability of nicotinic channel in PTG neuron. A: determination of channel
opening frequency. a: the frequency (f) of opening for each event is
determined by the reciprocal of the open + closed time (T) since the last event.
b: changes in nicotinic channel opening frequency along the time ax is in the
absence and presence of 10* M suplatast. B: changes in open probability
(NPo) of nicotinic channel along the time axis in the absence and presence of
10“ M suplatast. In this patch, NPo was reduced from 0.092+0.17 (n=3740)
to 0.035+0.22 (n=3240).

duration was compiled in conventional histograms and fitted by
simplex least square method using the bin width of 0.06 ms (Figure
5A). The bin width was selected as an integer multiple of the sampling
rate (0.06 ms) to scale a linear histogram and correct the binning
and sampling promotion errors. The distribution of open duration
for nicotine was well characterized by two open time constants, Tor
1.29+0.07 ms and T, 3.13£0.47 ms, or by two open proportions,
78.6+5.86 % and 21.4+5.86 %. Suplatast significantly shortened
these two open time constants as 0.77£0.16 ms and 1.02+0.02 ms,
and their two open proportions were shown as 66.2+16.42 % and
45.07+16.89 %, respectively (Table 1). Since the closed duration was
distributed in a wide range of 0.3 ms to 58 ms, it was compiled in
logarithmic histograms and fitted by maximum likelihood method
using the bin width of 0.06 ms (Figure 5B). In maximum likelihood
method, data may be binned into the variable width in a logarithmic
histogram. The distribution of closed duration for nicotine was well
characterized by two closed time constants, T, 1.31£0.13 ms and
T, 10.81£1.09 ms, or by two close proportions, 34.28+2.27 % and
65.72+2.27 %. Suplatast prolonged these two closed time constants
as 2.0+0.27 ms and 17.27+2.02 ms, respectively, and their two close
proportions were shown as 52.02+5.6 % and 47.9%5.6 %, respectively
(Table 1) (Figure 5).

Since the flickering of channel open was observed in the presence
of suplatast, burst analysis was further performed. Bursts were
defined as groups of openings separated by interburst interval.
Interburst interval, i.e., the minimum value of a closed duration
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Figure 5: Effects of suplatast on open and closed time of nicotinic channel.
A: distributions of single-channel open time in the absence and presence of
10“ M suplatast. Each distribution was fitted with two exponential functions.
Estimated open time constants T, and T, for 3x10° M nicotine were 1.29
ms and 3.13 ms and their proportions were 79 % and 21 %, respectively. In
the presence of suplatast, these became 0.77 ms (66 %) and 1.02 ms (45
%), respectively. B: distributions of single-channel closed time in common
logarithmic scale in the absence and presence of 10* M suplatast. Each
distribution was fitted with two Gaussian functions. Estimated closed time
constants T, and T, (and their proportion) were 1.31 ms (34 %) and 10.8
ms (66 %), respectively. In the presence of suplatast, these became 2.0 ms
(52 %) and 17.27 ms (48 %), respectively.

which separates the burst was determined as shown in Fig.6A. When
the test interburst interval becomes identical to the ‘true’ interburst
interval, and if the bursts are reasonably well-delineated, the number
of closings per “burst” will be relatively insensitive to further changes
in the test interburst interval [23]. This point is the optimal interburst
interval. In the case of Figure 6A, this value was 64 ms.

Suplatast significantly reduced the open probability within
bursts from 0.74+0.04 to 0.54+0.04 (Table 1). Open duration
in burst was compiled in conventional histograms and fitted by
simplex least square method using the bin width of 0.06 ms (Figure
6B). The distribution for nicotine of open duration in burst was
well characterized by two open time constants, T, 0.55+0.09 ms
and T,,, 4.52+1.03 ms. Suplatast prolonged T, as 0.75+£0.24 ms,
but significantly shortened T, as 1.87£0.25 ms (Table 1). On the
other hand, closed duration in burst was compiled in logarithmic
histograms and fitted by maximum likelihood method using the bin
width of 0.06 ms (Figure 6C). The distribution for nicotine of closed
duration in burst was well characterized by two closed time constants
T3, 0-67+0.08 ms and T, 41.71+5.7 ms. Suplatast prolonged T,
as 1.21+0.31 ms, but significantly shortened T,_, as 16.54+3.64 ms
(Table 1) (Figure 6).

Discussion

We revealed in this study that suplatast inhibited nicotine-
induced single-channel current in rat paratracheal ganglia neurons.
Furthermore, the present study showed that in outside-out mode
of patch clamp, suplatast induced very brief duration of nicotinic
receptor/channels and should be expected open channel flickering.
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Figure 6: Effects of suplatast on burst of nicotinic channel. A: representative
analysis for determining the proper interburst interval. The point indicated by
arrow is the optimal interburst interval. B: distributions of open time during
burst in the absence and presence of 10“ M suplatast. Each distribution was
fitted by two exponential functions. Estimated open time constants T,,, and
Tso, (@nd their proportion) in burst for 3x10°® M nicotine were 0.55 ms (75 %)
and 4.52 ms (25 %), respectively. In the presence of suplatast, these became
0.75 ms (50 %) and 1.87 ms (50 %), respectively. C: distributions of closed
time during burst in common logarithmic scale in the absence and presence
of 10* M suplatast. Each distribution was fitted by two Gaussian functions.
Estimated closed time constants in burst T, and T, (and their proportion)
for nicotine 3x10¢ M were 0.67 ms (33 %) and 41.7 ms (67 %), respectively.
In the presence of suplatast, these became 1.21 ms (42 %) and 16.54 ms (68
%), respectively.

These suggest that the inhibition of suplatast may be the open channel
block.

Firstly, we investigated the property of single i, in rat
parasympathetic paratracheal ganglia neurons. The i amplitude
followed Ohm's law at negative membrane potentials but tended to
reach a plateau at positive membrane potentials (Figurel). The mean
slope conductance measured between -90 and -30 mV was 23.7 pS
(Figure 2 and Table 1). And the number of functional channels and
the probability of a channel being open showed a voltage dependence.
Similar small conductance has been observed in rat cardiac neurons
(26 pS) and mouse submandibular ganglion cells (28.5 pS) [24-26]
in contrast to the primary conductance of rat sympathetic SCG
neurons 34.8 pS - 36.6 pS [27]. It has been reported that airway
parasympathetic neurons express nicotinic acetylcholine receptors
containing a3f4 subunits based on immunohistochemical staining by
Weigand [28], and this subtype can form pentameric receptors with
either 2 or 3 84 subunits [29]. Furthermore, distinct stoichiometric
isoforms (manipulations of the «3:$4 subunit ratios) of a34°
nicotinic acetylcholine receptors expressed in oocytes differed in
their single-channel properties, for example, the three & isoform had
a larger single-channel conductance [30,31]. Thus, these suggest that
two a3 and three 54 subunits may be the main isoforms of nicotinic
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Table 1: Effects of suplatast on single channel properties. Data were presented as mean + S.E.M.

Nicotine 3x10° M

Nicotine+ Suplatast 104 M

Conductance (pS)

23.7£0.74

23.7£0.47

Open probability

0.13+0.06

0.09+0.03

Open time [ms (%)]

To, (Proportion)

1.29+0.07 (78.6+5.86)

0.77+0.16" (66.20+16.42)

T, (Proportion)

3.13+0.47 (21.4+5.86)

1.02+0.02" (45.07+16.89)

Closed time [ms (%)]

T, (Proportion)

1.13+0.13 (34.28+2.27)

2.0£0.27 (52.02+5.60)

T, (Proportion)

10.81+1.09 (65.72+2.27)

17.27+2.02" (47.9+5.60)

Open probability within bursts

0.74+0.04

0.54+0.04

Opening duration within bursts [ms (%)]

Tgo, (Proportion)

0.55£0.09 (74.95+7.58)

0.75£0.24 (49.72+11.76)

Tgo, (Proportion)

4.52+1.03 (25.05+7.58)

1.87+0.25" (50.28+11.76)

Closing duration within bursts [ms (%)]

Tgc: (Proportion)

0.67+0.08 (32.98+5.76)

1.2120.31 (31.70+2.21)

16.54+3.64" (68.3+2.21)

Tec, (Proportion) 41.71+5.70 (67.02+5.76)

acetylcholine receptors expressed in rat paratracheal ganglia neurons,
although, this remains to be studied.

In rat paratracheal ganglia neurons, nicotine-activated single-
channel currents had two distinct open states with open times of
1.29 and 3.13 ms (referred to as primary T, and secondary T,) at
-50 mV in 131.7 mM of external Na* concentration and 20 mM of
internal Na* concentration in the patch pipette. This primary T is
consistent with the report that acetylcholine-activated single channel
currents had an apparent mean open time of 1.15 ms at -60 mV in
rat parasympathetic neurons [25]. Within burst, single i, had two
opening durations with open times of primary T, 0.55 ms and
secondary T,,, 4.52 ms. In the presence of 10* M suplatast total
primary and secondary open times (without and within burst) were
both significantly reduced to 0.77 and 1.02 ms, respectively (Figure
3-5) without affecting the single-channel conductance (Table I;
slope conductance 23.2 pS versus 23.7 pS). Within burst of single i,
suplatast significantly reduced secondary opening duration T, to
1.87 ms with reduced open probability of single-channel (Figure 6
and Table 1; 0.54 versus 0.74).

Further, single i, had two distinct closed states. Suplatast
markedly prolonged the primary closed time T, from 10.81 ms to
17.27 ms (Figure 3-5). Within burst, suplatast markedly reduced
secondary closed duration T, ., from 41.71 ms to 16.54 ms (Figure 6
and Table 1).

BC2

In general, these data suggest that at rat paratracheal ganglia
neurons suplatast, pretreated for 30 s, inhibits single i, via a
rapid transient block of the open channel, decreasing the nicotinic
acetylcholine receptor/channel open probability. This finding is
also supported by our previous report that in whole-cell patch
clamp, inhibition of I, by suplatast was in voltage-dependent and
noncompetitive manners since the effect of suplatast did not depend
on the pretreatment time (from 10 s to 60 s) and suplatast inhibited
the maximum I, In addition, the hump current was also observed
after wash out of a higher concentration of nicotine in the presence of

suplatast [8]. Thus, those voltage sensitivities recorded in whole-cell
and outside-out patch clamp suggest that suplatast might bind at a
site within the electric field, and those rapid transient blocks suggest
that the target of suplatast might include the inner pore surface of
the pore-forming region, of nicotinic acetylcholine receptor-channels
in paratracheal ganglion neurons. Next, we should study voltage-
dependence of single channel currents in presence of the molecule
responsible of nicotinic inhibition.

Slightly higher concentrations were necessary to inhibit nicotinic
current. As discussed in our previous study [8], however, a high dose
such as 300 mg/day is treated for treating chronic cough in clinic.
Consequently, plasma concentration (50 ng/ml) is also higher than
other medicines (for example 50 pg/day and 100 pg/ml in the case
of procaterol). In addition, suplatast at 10* M decreases the IL-4
production by 50% in D10G4.1 cell, a Th2 clone [32]. Mimura
also indicated that suplatast inhibited the production of cytokines
including IL-4 and IL-5 with IC50s of more than 10* M in both
mouse splenocytes and human peripheral blood mononuclear cells
[33]. Therefore, the concentrations required to inhibit nicotinic
single-channel current are considered to be acceptable.

Suplatast tosilate is a novel dimethylsulphonium anti-allergic
drug, protonated at pH equal to 7.4 (due to its pKa), but it is
composed, additionally, by a p-toluenesulfonate (pKa = -2.14),
which has a negative charge at pH 7.4. However, the basic salt, p-
toluenesulphonic acid monohydrate at 50 ng/mL did not increase or
decrease the chloride current in human blood eosinophils [34]. Next,
we will investigate the effect of p-toluenesulphonic acid monohydrate
on single paratracheal ganglia neurons.

Suplatast has an antitussive effect on cough variant asthma in
humans and codeine-resistant cough in animal models. In clinics,
bronchodilators have been recommended to treat the cough variant
asthma, one of intractable cough. Hexamethonium, a ganglionic
blocker, abolishes vagally-mediated bronchoconstriction [35]. In
addition, hexamethonium inhibited allergic cough [36]. Therefore,
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such a reduction of nicotinic acetylcholine receptor-channel activity
by suplatast at paratracheal ganglia neuron might contribute to the
antitussive effect of suplatast at least in patients with cough variant
asthma [3]. Cough reflex is triggered by the stimulation of peripheral
sensory nerve terminals and regulated by central and peripheral
nervous system. Firstly, in sensory neurons, we have reported that
suplatast may have no direct effect on the sensory nociceptive
neurons/fibers [8]. Recently, we also found that histamine directly
potentiated capsaicin-induced currents in rat sensory neurons, and
suplatast had little effect on this potentiation [37]. Since suplatast is
known to inhibit histamine releases from the mast cells [38], it is likely
that suplatast indirectly inhibits sensitization of TRPV1 channel in
nociceptive fibers and coughing via reduction of histamine release-
induced pathological conditions. Secondly, in airway parasympathetic
neurons, we found that in contrast to no effect on the bradykinin and
muscarinic responses, suplatast directly depressed the excitability of
paratracheal ganglia neuron via a block of nicotinic acetylcholine
receptor/channel [8], which may be responsible for the attenuation
of Excitatory Postsynaptic Potentials (EPSPs) at airway cholinergic
synapses. Further studies are necessary to investigate the effect of
suplatast on EPSP at the paratracheal ganglia.

In conclusion, suplatast inhibits nicotinic single channel current
via an open channel block in paratracheal ganglia neurons, suggesting
an inhibition of neurotransmission at the paratracheal ganglia and
then an improvement of pathological conditions of the lower airway.
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