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Introduction

Dextromethorphan (DEX), a non-opioid dextrorota-
tory morphinan derivative, is one of the most widely 
used antitussives for suppressing cough. DEX is thought 
to act centrally to elevate the cough threshold (1). Besides 
the antitussive activity, DEX has an anticonvulsant effect 
by attenuating the glutamate-induced neurotoxicity (2, 3) 
and a neuroprotective property against the ischemia-in-
duced brain damage (4, 5). Although DEX exhibits such 
useful actions in the central nervous system (CNS), the 
exact sites at which it acts and its mechanism are not 
fully understood. It has been reported that DEX inhibits 
ion channels including voltage-dependent Na+ channels 
(6) and Ca2+ channels (VDCCs) (7). Furthermore, it 
modifies several ligand-gated currents including glycine-

induced currents (8) and serotonin-induced inward cur-
rents (9). More intriguingly, DEX acts as an antagonist 
of N-methyl-D-aspartate (NMDA) receptors (10) or as an 
agonist of σ receptors (11). Drugs having the character-
istics of blocking NMDA receptors (12, 13) and stimulat-
ing σ receptors (14 – 16) possess antitussive activity. 
Therefore, both receptors are proposed to be main targets 
for DEX in its antitussive action.

The caudal division of nucleus tractus solitarius (NTS) 
and its neighboring ventromedial area are considered as 
kernels constituting the cough network (17, 18). The 
NTS is the first synaptic site between the airway afferent 
fibers and second-order neurons and thought to be a first 
“gate” region involved in the cough reflex pathway (19). 
The excitatory synaptic transmission in the second-order 
NTS neurons is predominantly mediated by glutamate 
through the activation of α-amino-3-hydroxy-5-methyl-
isoxazole-4-propionic acid hydrobromide (AMPA) re-
ceptors (20 – 22). In the NTS, the presynaptic modulation 
of synaptic transmission by activating the metabotropic 
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glutamate receptors (23), opioid receptors (24, 25), neu-
rokinin 1 receptors (26), or dopamine receptors (27) has 
been demonstrated. Furthermore, the σ-receptor (28, 29) 
and NMDA-receptor mechanisms (30, 31) are also sug-
gested to modulate the release of neurotransmitter in 
other regions of the CNS. Recently, it has been reported 
that DEX dose-dependently inhibits cough without effect 
on the basal respiratory rate when microinjected bilater-
ally into the NTS (32). Since the σ-1–receptor mechanism 
affects the glutamatergic neurotransmission in the CNS 
(29) and since σ receptors are present in the NTS (33, 
34), it is postulated that DEX could modulate the gluta-
matergic transmission in the NTS by activating the σ 
 receptors at least partly. To address this hypothesis, we 
examined the effects of DEX on excitatory synaptic 
transmission in the second-order NTS neurons using the 
brainstem slice preparation of guinea pigs. Consequently, 
we found that DEX reduced the release of glutamate 
from the presynaptic terminals in the NTS, but the σ 
 receptors were not involved in this action of DEX.

Materials and Methods

Slice preparations
This study was conducted in accordance with Guiding 

Principles for the Care and Use of Laboratory Animals 
approved by The Japanese Pharmacological Society.

Slice preparations were made as described previously 
(24, 25). Briefly, male Hartley guinea pigs (200 – 400 g) 
were deeply anesthetized with inhalation of halothane 
and decapitated. The brainstem was excised and sub-
merged in ice-cold low-calcium artificial cerebrospinal 
fluid (aCSF) containing 125 mM NaCl, 2.5 mM KCl, 0.1 
mM CaCl2, 5 mM MgCl2, 1.25 mM NaH2PO4, 12.5 mM 
D-glucose, 0.4 mM L-ascorbic acid, 25 mM NaHCO3. 
The pH was 7.4 when continuously bubbled with 95% 
O2 – 5% CO2. The brainstem was glued to the cutting 
stage of a vibrating slice cutter (DTK-1000; Dosaka, 
Kyoto) with the caudal side up. Two to three transverse 
slices of a 400-μm thickness including the NTS region, 
extending from 0.5-mm caudal to 1.2-mm rostral to the 
obex, were made, to which the superior laryngeal nerve 
(SLN) afferents that transmit the laryngeal tussigenic 
signals project predominantly in guinea pigs (35). The 
slices were incubated in standard aCSF of the following 
composition: 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 
1.3 mM MgCl2, 1.25 mM NaH2PO4, 12.5 mM D-glucose, 
0.4 mM L-ascorbic acid, 25 mM NaHCO3, saturated with 
95% O2 – 5% CO2, for 30 – 40 min at 37°C, and then 
kept at room temperature (23 ± 1°C) until the recording. 
The slice was fixed in a recording chamber (ca. 0.4 ml 
volume, RC-26GLP; Warner Instruments, Hamden, CT, 
USA) under a nylon mesh attached stainless anchor, and 

then submerged in and continuously perfused with the 
standard aCSF at a flow rate of 1 – 2 ml/min. The neurons 
with small diameters (<15 μm), which may receive pre-
dominantly excitatory synaptic inputs (20, 22), were 
 visually preselected in the medial and dorsal regions of 
NTS with an infrared-differential interference contrast 
videomicroscope (BX-51WI; Olympus, Tokyo and 
C2741; Hamamatsu Photonics, Hamamatsu), and their 
images were stored on a hard disk for later analysis.

Whole-cell transmembrane current recording
Recordings were made at room temperature. The 

composition of the intracellular solution was as follows: 
120 mM potassium gluconate, 6 mM NaCl, 5 mM CaCl2, 
2 mM MgCl2, 2 mM MgATP, 0.3 mM NaGTP, 10 mM 
EGTA, 10 mM HEPES, pH adjusted to 7.2 with KOH. 
The tip resistance of the electrodes ranged from 4 to 6 
MΩ when filled with the pipette solution. After establish-
ing the cell-attached configuration with a seal resistance 
of 1 – 10 GΩ, the whole-cell mode was established with 
a brief negative current and pressure pulse. The series 
resistance (<30 MΩ) and membrane capacitance were 
compensated and checked regularly during the recording. 
At a holding potential of −60 mV, the transmembrane 
current was recorded with a patch-clamp amplifier 
 (Axopatch 200B; Axon Instruments, Foster City, CA, 
USA) with a high-cut filter at 2 kHz. The membrane 
current was sampled on-line at 4 kHz (PowerLab; AD 
Instruments, Castle Hill, Australia) and stored on the 
hard disk of a computer.

A stainless concentric bipolar electrode was placed on 
the tractus solitarius (TS) ipsilateral to the recorded 
neuron (20). The distance between the two poles was 100 
μm. The intensity of stimulation was set to a minimal 
voltage with which every pulse of the TS stimulation 
constantly induced a clear monosynaptic excitatory 
postsynaptic current (EPSC) peak without failure. Usu-
ally, the stimulation intensity was 2.0 – 20 V and the 
pulse duration was 0.1 ms. Stimulation was given every 
10 s. The evoked EPSC (eEPSC) with a latency of less 
than 7.5 ms with little variation was judged to be mono-
synaptic (20). For calculation of the paired-pulse ratio 
(PPR), two serial eEPSCs were induced by double stimu-
lus pulses at an inter-pulse interval of 20 – 30 ms to the 
TS (36). The peak amplitudes of the first and second 
eEPSCs were determined. The PPR was defined as the 
peak amplitude of the second eEPSC divided by that of 
the first eEPSC. For recording miniature EPSCs 
 (mEPSCs), either Cd2+, which blocks the VDCCs in the 
nerve terminal, or tetrodotoxin (TTX), which blocks 
 action potential-dependent transmitter release from the 
presynaptic terminal, was added to the aCSF.
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Drugs
The following drugs were dissolved in aCSF: dex-

tromethorphan hydrobromide monohydrate (DEX, 
0.1 – 1.0 mM; Wako Pure Chemical, Osaka), naloxone 
(10 μM; Sankyo, Tokyo), 6-cyano-7-nitroquinoxaline-
2,3-dione disodium (CNQX, 10 μM; Sigma, St. Louis, 
MO, USA), α-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid hydrobromide (AMPA, 0.1 mM; Research 
Biochemicals international, Natick, MA, USA), picro-
toxin (0.1 mM, Sigma), CdCl2 (0.1 mM, Wako Pure 
Chemical), tetrodoxoin (TTX, 1.0 μM; Wako Pure 
Chemical), SKF-10047 (N-allyl-normetazocine; Tocris, 
Ballwin, MO, USA) and BD1047 [N-(2-(3,4-dichloro-
phenyl)ethyl)-N-methyl-2-(dimethylamino)ethylamine 
dihydrobromide; Tocris]. Haloperidol hydrochloride 
(Tocris) was dissolved in DMSO at a final concentration 
of 0.4%. The subtype selectivity for σ receptors and 
concentrations of SKF-10047 (0.3 mM), BD1047 (0.1 
mM), and haloperidol (0.1 mM) were taken from previ-
ous reports (32, 37 – 39). Application of all drugs except 
AMPA was delivered for 5 – 6 min by gravity feed from 
60-ml reservoirs bubbled with 95% O2 – 5% CO2. The 
neuronal recording during the first 60 s was not included 
in the data analysis to compensate for dead space of tub-
ing between the bath and reservoirs. The aCSF containing 
AMPA was applied for 5 s locally to the slice with a 
glass pipette (0.7-mm i.d.) whose tip was placed at the 
most upstream of the recording chamber and never 
moved throughout the recording. Bath perfusion with 
aCSF was discontinued during application of AMPA and 
restarted after application.

Data analysis
The recorded membrane currents were analyzed off-

line with Chart 5 and Scope 4 (AD Instruments). The 
amplitude of eEPSC was calculated as the difference 
between the post-stimulus through current and the pre-
stimulus mean current over 10 ms. Averaged traces of 
eEPSCs were made by adding 5 to 10 sampled data using 
stimulus pulses as a trigger. The mEPSCs were detected 
by ORIGIN software (Origin Lab, Northampton, MA, 
USA) where the threshold for detection was set just 
above baseline noises of the recordings, which was 3 – 5 
pA. For the group analysis, the number and amplitude of 
mEPSCs occurring for 1 min were compared before, 
during DEX (4 min after onset of DEX perfusion), and 
during washout (10 min after washout). Group values are 
expressed as the mean ± S.E.M. Derived parameters 
were compared using a one-way analysis of variance 
(ANOVA) followed by multiple comparisons (Duncan’s 
test), paired t-test, or Kolmogorov-Smirnov test with the 
level of significance set at P < 0.05.

Results

Effects of DEX on eEPSCs in NTS neurons
The second-order NTS neurons showed monosynaptic 

eEPSCs in response to electrical stimulation of the TS. 
The mean amplitude of eEPSCs was 158 ± 14 pA (n = 43) 
at a holding potential of −60 mV. The eEPSCs were 
completely abolished by CNQX (10 μM) application in 
12 neurons tested (data not shown), indicating that the 
neurons analyzed here receive predominantly glutamater-
gic synaptic inputs through the activation of non-NMDA 
or AMPA receptors. Polysynaptic inhibitory currents 
were not observed with or without picrotoxin (0.1 mM). 
The mean resting membrane potential was −63.1 ± 5.3 
mV (n = 43). Bath application of DEX (0.3 mM) de-
creased the peak amplitude of eEPSCs in second-order 
neurons (Fig. 1A). This effect of DEX gradually waned 
after reperfusion of normal aCSF and the eEPSC ampli-
tude recovered to the control level about 10 min after 
washout of DEX (Fig. 1B). The inhibitory action of DEX 
on eEPSCs is statistically significant and concentration-
dependent (Fig. 1C). The PPR (the peak amplitude of 
second eEPSC divided by that of first eEPSC) was cal-
culated when double stimulus pulses were applied to the 
TS. DEX decreased the first eEPSC more strongly than 
the second one (Fig. 1: A, D). Consequently, the PPR 
significantly increased from 0.62 ± 0.06 to 0.87 ± 0.08 
(P < 0.01, n = 14) during the perfusion of DEX.

The site of action of DEX
From the above-described results, it is postulated that 

DEX acts at the presynaptic terminal synapsing to the 
NTS neuron rather than at the postsynaptic membrane. 
To address this issue, two experiments were performed: 
1) determination of the effects of DEX on mEPSCs and 
2) determination of the effects of DEX on AMPA-induced 
currents in the NTS neurons. The effects of DEX on 
mEPSCs were investigated in 12 neurons in the presence 
of Cd2+ (0.1 mM, n = 7) or TTX (1.0 μM, n = 5). The 
mean frequency and amplitude of mEPSCs were 
14.6 ± 2.5 events/s and 10.0 ± 0.9 pA in the control 
condition, respectively. The mEPSCs were completely 
abolished by perfusion of CNQX (10 μM, data not 
shown). Figure 2 illustrates a typical example of DEX’s 
action under perfusion of Cd2+. Application of DEX (0.3 
mM) decreased the frequency of mEPSCs but had no 
effect on their amplitude (Fig. 2A). Cumulative distribu-
tion plots of the amplitude and inter-event interval (IEI) 
of mEPSCs also show that the former curve remained 
unchanged (P > 0.05) and the latter curve significantly 
shifted rightward (P < 0.01) during the perfusion of DEX 
(Fig. 2B). Percent changes in the mean frequency and 
amplitude of mEPSCs in the presence of Cd2+ are shown 
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in Fig. 2C. Furthermore, DEX had a similar inhibitory 
effect on mEPSCs in the presence of TTX. The mean 
frequency and amplitude of mEPSCs during perfusion of 
DEX under TTX were, respectively, 9.5 ± 1.8 events/s 

(P < 0.05) and 9.5 ± 1.0 pA (P > 0.05). The effects of 
DEX on the membrane current induced by topically ap-
plied AMPA (0.1 mM) were examined (Fig. 3). Exoge-
nous AMPA provoked a large inward current, of which 

CTL DEX 0.3 mM Wash

A B

D

100 pA

20 ms

C

*

Fig. 1. Effects of DEX on the 
eEPSCs in second-order NTS 
neurons. A) Traces of eEPSCs 
during control (CTL), 4 min after 
the onset of DEX (0.3 mM), and 
10 min after washout (Wash). 
Dashed lines indicate the control 
level of the first and second 
 eEPSCs. B) Time course of the 
change in eEPSC amplitude. 
DEX (0.3 mM) was applied dur-
ing a horizontal bar. Data are 
 reported as the mean ± S.E.M. 
(n = 7). C) Changes in the ampli-
tude of first eEPSCs. Data are 
reported as the mean ± S.E.M. 
(n = 14, *P < 0.05, **P < 0.01 
vs. control, ANOVA followed by 
Duncan’s test). D) The paired-
pulse ratio (PPR) during the con-
trol period (CTL), 4 min after the 
onset of DEX (DEX 0.3 mM), 
and 10 min after washout (Wash). 
Data are reported as the mean ± 
S.E.M. (n = 14, **P < 0.01 vs. 
control, paired t-test).

CTL DEXA

C

B

20 pA

0.3 s

Fig. 2. Effects of DEX on the 
mEPSCs in second-order NTS 
neurons. A) Traces of mEPSCs 
during the control period (CTL) 
and 4 min after the onset of DEX 
(0.3 mM) in the presence of Cd2+ 
(0.1 mM). B) Cumulative proba-
bilities of the amplitude (P > 0.05, 
Kolmogorov-Smirnov test) and 
inter-event intervals (IEI) (P < 
0.01, Kolmogorov-Smirnov test) 
of mEPSCs in the neuron in A. 
C) Relative changes in the ampli-
tude and frequency of mEPSCs 
by DEX. Data are the mean ± 
S.E.M. (n = 7, **P < 0.01 vs. 
control, paired t-test).
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the amplitude was 246.9 ± 34.8 pA (n = 7). DEX even at 
the highest concentration (1.0 mM) used in this experi-
ment had no detectable effect on the AMPA-induced 
current (P > 0.05).

Effects of σ-receptor ligands on the action of DEX
σ Receptors are divided into at least two subtypes, σ-1 

and -2 receptors (40). We firstly examined the effects of 

a σ-1–receptor agonist, SKF-10047 (0.3 mM), on the 
eEPSCs in four neurons (Fig. 4A). SKF-10047 signifi-
cantly decreased the amplitude of eEPSCs. This inhibi-
tory effect of SKF-10047 was blocked by BD1047 (0.1 
mM), a σ-1–receptor antagonist, suggesting that the 
σ-1–receptor mechanism modulates the glutamatergic 
transmission in the NTS. As shown in Fig. 4B, however, 
DEX had an inhibitory effect on the eEPSCs during the 

AMPA AMPA

DEX

100 pA

10 s

CTL

A B

Fig. 3. Effects of DEX on the 
AMPA-induced currents in sec-
ond-order neurons. A) Traces of 
the inward currents during the 
control period (CTL) and 4 min 
after the onset of DEX (1.0 mM). 
AMPA (0.1 mM) was topically 
applied (indicated by arrows). B) 
The mean amplitude of AMPA-
induced currents. Data are the 
mean ± S.E.M. (n = 7 vs. control, 
P > 0.05, paired t-test).

A1
A2

B1 B2

50 pA

10 ms

10 ms

50 pA

SKF

CTL
CTL + BD

CTL

CTL + BD

SKF + BD

DEX

DEX +BD

Fig. 4. Effects of BD1047 (0.1 mM) on the inhibitory actions of SKF-10047 (0.3 mM) and DEX (0.3 mM). A1) Left panel: 
Traces of eEPSCs during the control period (CTL) and 4 min after the onset of SKF-10047 (SKF). Right panel: Traces of eEPSCs 
during the control period (CTL + BD) and 4 min after the onset of SKF-10047 (SKF + BD) in the presence of BD1047. A2) The 
mean amplitude of eEPSCs. Data are the mean ± S.E.M. (n = 4, *P < 0.05 vs. control, paired t-test, NS; not significant). B1) Left 
panel: Traces of eEPSCs during the control period (CTL) and 4 min after the onset of DEX. Right panel: Traces of eEPSCs during 
the control period (CTL + BD) and 4 min after the onset of DEX (DEX + BD) in the presence of BD1047. (B2) The mean ampli-
tude of eEPSCs. Data are the mean ± S.E.M. (n = 11, **P < 0.01 vs. control, paired t-test).
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perfusion of BD1047 in a similar manner to the condition 
without this antagonist (n = 11). To assess involvement 
of the σ-2–receptor mechanism in the inhibition of 
 eEPSCs induced by DEX, the influence of haloperidol, 
which binds both σ-1 and -2 receptors (41), on the DEX’s 
action was examined (Fig. 5). The inhibitory effect of 
DEX on the eEPSC amplitude was not blocked by halo-
peridol (n = 7). Neither BD1047 nor haloperidol alone 
had any significant effect on the eEPSCs. Additionally, 
DEX decreased the amplitude of eEPCSs from 161 ± 16 
pA to 67 ± 9 pA (P < 0.01, n = 5) in the presence of 
naloxone (10 μM). The magnitude of inhibition was 
similar to that without naloxone (see Fig. 1), suggesting 
that opioid receptors are not involved in the inhibitory 
effects of DEX on the eEPSCs.

Discussion

The present study demonstrated that DEX reversibly 
and concentration-dependently decreased the amplitude 
of eEPSCs in the second-order NTS neurons. It increased 
the PPR resulting from a stronger inhibition of the first 
eEPSC amplitude than the second one. Furthermore, 
DEX decreased the frequency of action potential- and 
VDCC-independent mEPSCs without any change in their 
amplitude. These results suggest that DEX acts at the 
presynaptic terminals and inhibits the release of gluta-
mate in the NTS. It is supported by the evidence that the 
inward current induced by exogenously applied AMPA 
was unaltered during the perfusion of DEX. This central 
action of DEX in the NTS neurons could lead, at least 
partly, to suppression of the cough production. The pre-
synaptic action of DEX has been also demonstrated in 
the hippocampal neurons (42) and in the cerebrocortical 
synaptosomes (43).

It has been reported that compounds including dizocil-
pine and DEX, which are functional antagonists against 
the NMDA receptors (10, 44), exhibit antitussive activity 
(12). Recently, we have demonstrated using the in vivo 
cat model that blockade of NMDA receptors by dizocil-
pine suppresses the fictive cough by elevating the cough 
threshold and suggested that NMDA-receptor mecha-
nisms are involved in depolarization of augmenting ex-
piratory neurons during the expulsive phase of fictive 
cough (13). Furthermore, Woodhall and coworkers (30) 
revealed that activation of the presynaptic NMDA recep-
tors facilitated glutamatergic synaptic transmission in the 
entorhinal cortical neurons. However, the functional 
significance of presynaptic NMDA receptors has not 
been clarified in the NTS, although immunohistochemi-
cal evidence for distribution of NMDA receptors on the 
vagal afferent terminals was reported (45). Since both 
eEPSCs and mEPSCs recorded in the NTS neurons are 
mediated by CNQX-sensitive non-NMDA receptors and 
unchanged in the presence of dizocilpine (24, 25), the 
blocking action of DEX against the NMDA receptors is 
excluded in the present case.

DEX is 11 – 40 times more effective when given di-
rectly into the left vertebral artery than intravenously in 
the cat cough model (46, 47). Moreover, it has been re-
ported that DEX acts on the σ receptors as an agonist (1, 
11) and that agonists of σ receptors show an antitussive 
activity (15, 16). These previous results suggest that 
DEX preferentially acts within the brainstem cough net-
work rather than at the peripheral sites by activating the 
σ receptors. In the present study, however, the specific 
σ-1–receptor antagonist BD1047 did not block the inhibi-
tory action of DEX on the eEPSCs in the second-order 
neurons. Therefore, it seems unlikely that DEX acts as a 
σ-1–receptor agonist in the NTS. Nevertheless, the σ-1–

A B

CTL

DEX

CTL+HAL

HAL+DEX

Fig. 5. Effects of haloperidol (0.1 mM) on the inhibitory action of DEX (0.3 mM). A) Left panel: Traces of eEPSCs during the 
control period (CTL) and 4 min after the onset of DEX (DEX). Right panel: Traces of eEPSCs during control (CTL + HAL) and 
4 min after the onset of DEX (HAL + DEX) in the presence of haloperidol. B) The mean amplitude of eEPSCs. Data are reported 
as the mean ± S.E.M. (n = 7, **P < 0.01 vs. control, paired t-test).
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receptor mechanism may play a role in modulation of the 
glutamate release in the NTS, because the σ-1 agonist 
SKF-10047 decreased the eEPSC amplitude and BD1047 
antagonized its inhibitory action. Recently, Brown et al. 
(14) demonstrated the peripheral component of antitus-
sive action of DEX, where inhalation of aerosolized 
BD1047 prevented the antitussive action of DEX given 
intraperitoneally. This indicates that the peripheral action 
of DEX is mediated by the σ-1–receptor mechanism. It is 
conceivable that a systemically administered drug may 
have both the peripheral and central sites of action and 
that the mode of action with which DEX interacts is dif-
ferent between the two types of sites. It is shown that 
DEX binds with relatively high affinity to σ-1 receptors 
and with very low affinity to σ-2 receptors in mouse cells 
(44). Indeed, haloperidol neither affected the eEPSCs nor 
blocked the DEX-induced inhibition of eEPSCs in the 
present study. There is yet no positive evidence available 
to indicate that the σ-2 receptors contribute to the inhibi-
tory effects of DEX on the excitatory transmission in the 
NTS. Over all, both σ-1 and -2 receptors are not involved 
in the DEX-induced inhibition of glutamatergic transmis-
sion in the NTS. Furthermore, naloxone, an antagonist of 
opioid receptors, could not block the DEX action, sug-
gestive of no contribution of opioid receptors as well.

This is the first report that DEX presynaptically inhib-
ited the glutamatergic synaptic transmission in the NTS. 
Several lines of evidence suggest that DEX inhibits the 
VDCCs (7, 48). Lin and coworkers (43) have shown an 
interesting result using the synaptosomal model that 
DEX inhibits the release of glutamate from presynaptic 
terminals by directly inhibiting N- and P/Q-type Ca2+ 
channels. In the NTS, the spontaneously occurring 
 EPSCs are characteristic in the second-order neurons, 
which are generated by excitatory connections between 
intrinsic neurons (20 – 22). Most of the spontaneous 
EPSCs are action potential–dependent because they are 
TTX-sensitive, and the remaining EPSCs, that is, 
 mEPSCs, are VDCC-independent because they are Cd2+-
insensitive. From the present result that DEX reduced 
only the frequency of mEPSCs with no change in their 
amplitude in the presence of TTX or Cd2+, we conclude 
that DEX does not modify the Ca2+ channels, or Ca2+ 
entry, at the presynaptic terminal. Unfortunately, the 
mechanisms by which DEX inhibited eEPSCs and 
 mEPSCs in the NTS neurons could not be determined in 
this study and more research would be needed to identify 
the precise mechanism of DEX’s action.

Two limitations exist in the present study. Firstly, 
since many visceral afferent inputs including cardiovas-
cular, respiratory, or gastrointestinal processing–related 
information are known to terminate in the NTS at several 
subnuclei (49), it is difficult to discriminate accurately 

the projection sites of cough-related afferents and the 
subdivision of cough-related NTS from others. Previ-
ously we have investigated the projection sites of the 
SLN, to which electrical stimulation can induce the 
cough reflex in vivo, in the NTS by using a fluorescent 
dye in the guinea pig (35). The SLN afferents terminated 
preferentially in the ipsilateral region, extending from 
0.5-mm caudal to 1.2-mm rostral to the obex. The medial 
and dorsal regions of NTS including the interstitial nu-
cleus were densely stained. Based on that histochemical 
result, we selected second-order neurons located at the 
medial and dorsal part of the NTS. However, we could 
not rule out the possibility that DEX inhibits excitatory 
transmission in the NTS neurons receiving other visceral 
afferents. On the other hand, it is suggested that the sec-
ond-order NTS neurons receive inputs from a number of 
sensory afferent fibers with varying indirect effects on 
cough threshold, frequency, and intensity (50, 51). For 
example, acute stimulation of peripheral chemoreceptors 
and nasal sensory afferents up-regulates the cough reflex, 
while stimulation of bronchopulmonary C-fiber, cardiac, 
and abdominal afferents may down-regulate it. If some 
of the second-order neurons recorded in this study receive 
information other than tussigenic information, they might 
modulate the cough production indirectly. Secondly, the 
concentration of DEX used in this report (0.1 – 1.0 mM) 
is considerably higher than the IC50 (10 – 100 μM) for the 
NMDA-induced current and the voltage-gated Na+ and 
Ca2+ currents in cultured neurons (4). DEX is shown to 
be highly lipophilic and the octanol/water distribution 
coefficient is 40 (52), suggestive of a good brain penetra-
tion of DEX (53). More directly, the concentrations of 
DEX in the blood and brain were measured after DEX 
(30 mg/kg) was administered intraperitoneally in the rat 
(54). In that report, the brain/plasma ratio of DEX was 8 
and the concentration of DEX in the brain was around 86 
μM. Since DEX exhibits antitussive activity when a dose 
of 30 – 60 mg/kg is administered intraperitoneally in the 
guinea pig in vivo (14), the concentration of DEX in the 
brain is estimated to be 0.09 – 0.18 mM. This is compa-
rable with the concentrations used in our study. However, 
the relevant free brain concentration of DEX is unknown 
and likely to be much lower. Therefore, there remains a 
suspicion that the action of DEX observed here may not 
be involved directly in cough suppression.
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