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Abstract To determine whether a capsaicin-sensitive
local neural circuit constitutively modulates vagal neuro-
muscular transmission in the esophageal striated muscle or
whether the neural circuit operates in a stimulus-dependent
manner, we compared the motility of esophageal prepara-
tions isolated from intact rats with those in which capsaicin-
sensitive neurons had been destroyed. Electrical stimulation
of the vagus nerve trunk evoked contractile responses in the
esophagus isolated from a capsaicin-treated rat in a manner
similar to those in the esophagus from a control rat. No
obvious differences were observed in the inhibitory effects
of D-tubocurarine on intact and capsaicin-treated rat eso-
phageal motility. Destruction of the capsaicin-sensitive
neurons did not significantly affect latency, time to peak and
duration of a vagally evoked twitch-like contraction. These
findings indicate that the capsaicin-sensitive neural circuit
does not operate constitutively but rather is activated in
response to an applied stimulus.

Keywords Capsaicin-sensitive neuron - Enteric neuron -
Esophagus - Striated muscle - Vagus

Introduction

The external muscle layer of the mammalian esophagus

contains not only smooth muscle but also striated muscle
fibers [1, 2]. Movement of the esophageal striated muscle is
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known to be controlled by the vago—vagal reflex via the
brainstem [3, 4]. We have previously reported that in
addition to the vago—vagal reflex there is a local neural
reflex in esophageal striated muscle, as demonstrated by
the mechanical responses induced by electrical stimulation
and the exogenous application of drugs in isolated eso-
phageal segments from several mammals, including the rat
[5-9]. This reflex circuit consists of capsaicin-sensitive
primary afferent neurons and myenteric (intrinsic) neurons,
which can inhibit the release of neurotransmitters from
vagal motor neurons in the esophageal striated muscle [7,
9]. This inhibitory action can be induced by the application
of afferent-stimulating agents, such as capsaicin and
piperine [5-9].

We have also examined functional roles of the local
reflex in esophageal peristalsis in vivo using rats in which
the capsaicin-sensitive neurons had been destroyed by
neonatal treatment with capsaicin [10, 11]. Subsequent
examination demonstrated that the capsaicin-treated rat
esophagus showed a multi-phasic rise in intraluminal
pressure, possibly due to non-coordinated contractions of
the esophageal muscles, whereas a mono-phasic response
was observed in the intact rat esophagus. The results
suggest that the local neural reflex consisting of capsaicin-
sensitive neurons and intrinsic neurons contributes to
coordinated contractions of the esophageal striated muscle
through the inhibition of neuromuscular transmission.
Notably, the in vivo experiments demonstrated that the
absence of capsaicin-sensitive neurons disturbs the oper-
ation of the local neural circuit, although downstream
intrinsic neurons would remain intact even after destruc-
tion of the capsaicin-sensitive neurons. Given that cap-
saicin-sensitive primary afferents can be activated
spontaneously [12, 13], it is possible that the local neural
reflex consisting of capsaicin-sensitive neurons and
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intrinsic neurons operates constitutively and can thus
modify vagal neuromuscular transmission when vagal
motor neurons are activated. Alternatively, it is also pos-
sible that the neural circuit does not operate under the
basal condition but rather is activated in response to
stimuli, including distention caused by intraluminal con-
tents. The two hypotheses can be tested by comparing
vagally evoked contractions in isolated esophageal
preparations of capsaicin-treated rats with those of intact
rats. If the former hypothesis holds up, then vagally
evoked contractions in the capsaicin-treated rat esophagus
would be greater than those in the intact rat esophagus.
Alternatively, if the latter hypothesis is the case, vagally
evoked contractions in the capsaicin-treated rat esophagus
would be similar to those in the intact rat esophagus.

Hence, the aim of the study reported here was to clarify
whether the capsaicin-sensitive local neural circuit plays a
constitutive role in modifying vagal neuromuscular trans-
mission of the esophageal striated muscle. For this purpose,
we performed an in vitro study in which we compared the
motility of the esophagus of capsaicin-treated rats in which
capsaicin-sensitive neurons had been destroyed with the
motility of the esophagus of intact rats.

Methods
Animals

Male Sprague—Dawley rats (age 10-12 weeks, weight
300-350 g) were obtained from Japan SLC (Shizuoka,
Japan). They were maintained in plastic cages at 22 £ 2 °C
under a 12/12-h light/dark cycle, with free access to labo-
ratory chow (MF; Oriental Yeast, Tokyo, Japan) and water.
The experiments were approved by the Gifu University
Animal Care and Use Committee and were conducted in
accordance with the committee guidelines on animal care
and use (permission number: 14100 and 14105).

Neonatal capsaicin treatment

To destroy the capsaicin-sensitive neurons, we subcuta-
neously injected neonatal rats with capsaicin (50 mg/kg) at 2
days after birth as described previously [14-16]. At
8-9 weeks after administering the capsaicin, we selected
only capsaicin-treated rats that responded to no more than
two wipes of capsaicin solution (0.01 %) applied to the
cornea.

Esophageal tissue preparations

Animals were anesthetized with isoflurane and exsan-
guinated via the axillary arteries. A 1-cm-long segment
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from the thoracic part of the esophagus was dissected out
and immediately immersed in Krebs’ solution (see below)
at room temperature; the intraluminal contents of the
excised segment were flushed out using a small cannula
containing Krebs’ solution.

Recording of mechanical activity in the esophageal
segments

The entire dissected segment was placed in an organ bath
(capacity 10 mL) filled with Krebs’ solution (pH 7.4)
through which a 95 % O, + 5 % CO, gas mixture was
continuously bubbled; the temperature was maintained at
35 °C. For recording contractile responses in the longitu-
dinal direction, we tied one end of the esophageal segment
to the organ bath with a silk thread and secured the other
end to an isometric force transducer (model T7-8-240;
Orientec, Tokyo, Japan) also with a silk thread. Isometric
responses were filtered and amplified through an amplifier
(model AS1202; NEC, Tokyo, Japan) and recorded using a
PowerLab system (AD Instruments, Bella Vista, Australia).
An initial resting tension of 1.0 g was applied to the
preparations, which were subsequently allowed to equili-
brate for at least 30 min.

Electrical stimulation

For inducing the muscle contractile response, we applied
electrical stimulations to esophageal preparations. In
experiments using vagal stimulation, the end of the right-
side vagus nerve trunk was drawn into a bipolar suction
electrode and the electrode then immersed together with
the esophagus preparation in the organ bath. The vagus
nerves were stimulated using an electronic stimulator
(model SEN-3201; Nihon Kohden, Tokyo, Japan) con-
nected to the electrode. For stimulation of the vagus nerves
to evoke contractile responses, we applied single square-
wave pulses ranging in intensity from 1 to 80 V and in
duration from 10 to 500 ps at intervals of 1 min; alterna-
tively, we applied multiple square-wave pulses with an
intensity of 80 V and duration of 100 ps at 1-20 Hz for
5s.

Solutions and drugs

During the experiments, tissues were maintained in Krebs’
solution (in mM: NaCl, 118.4; KCl, 4.7; CaCl,, 2.5;
MgSO0y, 1.2; KH,PO,, 1.2; NaHCOs3, 25; glucose, 11.7). D-
tubocurarine, capsaicin, NG-nitro-L—arginine methyl ester
(L-NAME) and N-acetyl-1-tryptophan 3,5-bis (trifuluo-
rometyl) benzyl ester (L-732,138) were obtained from
Sigma-Aldrich (St Louis, MO). D-tubocurarine and
L-NAME were dissolved in distilled water, capsaicin was
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dissolved in ethanol and L-732,138 was dissolved in ethyl
acetate. The highest concentration of vehicles for the drugs
alone had no effect on the basal tone and contractile
responses at the concentrations used. The concentrations of
drugs given here are the final concentrations in the organ
bath solution.

Statistical analysis

Data are presented as mean = standard deviation (SD).
n indicates the number of separate preparations. The sig-
nificance of differences between mean values was deter-
mined by one-way analysis of variance followed by
Dunnet’s test. A P value less than 0.05 denotes the pres-
ence of a statistically significant difference.

Results

Effects of capsaicin on contractile responses induced
by electrical stimulation of the vagus nerve in intact
and capsaicin-treated rat esophageal segments

No spontaneous responses occurred without application
of electrical stimulation in the dissected rat esophagus.
Electrical stimulation of the vagus nerve trunk with
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Fig. 1 Effect of capsaicin on vagally evoked contractions in the rat
esophagus. Representative tracings of the effect of capsaicin (30 pM)
on vagally mediated contractions in the esophagi of the intact rat
(a) and capsaicin (Cap)-treated rat (b), respectively, are shown
(n = 4). Electrical stimulations were applied to the vagus nerve using
single pulses of 80 V (pulse duration 100 ps; between-pulse interval 1
min), and longitudinal mechanical responses were recorded isomet-
rically. Filled circles under tracings Points of application of single-
pulse electrical stimulation. Electrical stimulation of the vagus trunk
induced monophasic (twitch-like) contractions of esophageal striated
muscle. Capsaicin was added to the organ bath at a final concentration
of 30 uM

single pulses evoked monophasic (twitch-like) contrac-
tile responses in the esophagus of both the intact and
capsaicin-treated rats (Fig. 1). To investigate the activ-
ity of capsaicin-sensitive neurons that modulate striated
muscle contractions in the rat esophagus, we examined
the effect of capsaicin, an activator of primary afferent
neurons, on twitch contractions elicited by vagus nerve
stimulation. Application of capsaicin (30 pM) inhibited
the vagally mediated twitch contractions of esophageal
segments in the intact rat esophagus (Fig. 1a). We
confirmed that the inhibitory effect of capsaicin was
attenuated by pretreatment with the nitric oxide (NO)
synthase inhibitor L-NAME (200 uM) or with the
selective tachykinin NKI1 receptor antagonist L-732,138
(2 M), (data not shown), as demonstrated in our pre-
vious study [9]. In contrast, an inhibitory effect of
capsaicin was not observed in the esophagus isolated
from a capsaicin-treated rat (Fig. 1b).

Stimulus-response relationships of vagally evoked
contractions in intact and capsaicin-treated rat
esophageal segments

To clarify whether the capsaicin-sensitive local neural
circuit constitutively suppresses the release of neurotrans-
mitters of vagal motor neurons, we examined the stimulus—
response relationships of vagally evoked contractions.
Vagally evoked twitch-like contractions were augmented
with increasing intensity (Fig. 2a, b) and duration (Fig. 2c)
of the pulse stimuli. There was no significant difference in
the twitch-like contractions between the intact rat and the
capsaicin-treated rat esophagi, respectively. Increases in
frequency of pulses in electrical stimulation evoked tetanic
contractions in the esophagus isolated from a capsaicin-
treated rat in a manner similar to that in the esophagus
from a control rat (Fig. 2d). Maximum amplitudes of
tetanic contractions were not significantly different:
4.27 £ 0.87 g in intact rats (n = 5) versus 424 £ 096 g
in capsaicin-treated rats (n = 3).

Inhibitory effects of an antagonist of muscular
nicotinic acetylcholine receptors, D-tubocurarine,
on vagally mediated contractions of esophageal
striated muscle

To determine the pharmacological properties of neuro-
muscular junctions on the intact and capsaicin-treated rat
esophagi, respectively, we examined the effects of D-
tubocurarine, an antagonist of the muscular nicotinic
acetylcholine receptor. This blocker inhibited contractile
responses in a dose-dependent manner (Fig. 3), and no
obvious differences were observed in its effects on the
intact and capsaicin-treated rat esophagi, respectively.
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Fig. 2 Effects of elevations in the strength of electrical stimulation to
the vagus nerve on esophageal striated muscle contractility in the rat
esophagus. a Representative tracings of vagally mediated contractions
in the intact and capsaicin (Cap)-treated rat esophagi, respectively,
are shown. Electrical stimulations were applied to the vagus nerve
using single pulses (pulse duration 100 ps; between-pulse interval 1
min) at intensities ranging from 1 to 80 V. Filled circles points of
application of the single-pulse electrical stimulation (intensities 1, 4,
20, and 80 V). Open circles points of application of the single-pulse
electrical stimulation(intensities 2, 8, and 40 V). b Intensity—response
curves (maximal contraction 100 %) of the intact (open circle) and
the Cap-treated (filled triangle) rat esophagi. Each data point

Properties of twitch-like contractile responses
induced by electrical stimulation of the vagus nerve
in intact and capsaicin-treated rat esophageal
segments

To compare contractile properties in the capsaicin-treated
rat esophageal striated muscle with those in the intact one,
we analyzed the parameters of vagally mediated twitch-like
contractions in the esophageal preparations. Destruction of
the capsaicin-sensitive neurons did not significantly affect
latency, time to peak and duration of a vagally evoked
twitch-like contraction (Fig. 4).
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represents the mean + standard deviation (SD) (n = 4). ¢ Electrical
stimulations were applied to the vagus nerve using single 80-V pulses
(pulse duration 10-100 ps; between-pulse interval 1 min). Duration—
response curves (maximal contraction 100 %) of the intact (open
circle) and the Cap-treated (filled triangle) rat esophagi are shown.
Each data point represents the mean + SD (intact n = 5, Cap-treated
n = 4). d Representative tracings of contractions when electrical
stimulations were applied to the vagus nerve using multiple 80-V
pulses (pulse duration 100 ps) at a frequency of 1-50 Hz for 5 s in the
intact and Cap-treated rat esophagi are shown. Increases in the
frequency of pulses in the electrical stimulation evoked tetanic
contractions

Discussion

The aim of this study was to determine whether the cap-
saicin-sensitive local neural circuit operates constitutively
to modulate vagal neuromuscular transmission in esopha-
geal striated muscle or whether the neural circuit operates
in a stimulus-dependent manner. For this purpose, we
compared vagally evoked contractions in the esophagi of
rats in which capsaicin-sensitive neurons had been
destroyed with those in the intact esophagi. The results
obtained in this study showed that there was no significant
difference in esophageal striated muscle contractility
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Fig. 3 Effect of D-tubocurarine on vagally mediated contractions in
the rat esophagus. a Representative tracings of vagally mediated
contractions in the intact and capsaicin (Cap)-treated rat esophagi,
respectively, in the presence or absence of D-tubocurarine
(0.5-5 uM) are shown. Electrical stimulations were applied to the
vagus nerve using single 80-V pulses (pulse duration 100 ps;
between-pulse interval 1 min). b Summary graphs of the effects of D-
tubocurarine on vagal stimulation-evoked contractions in the intact
(open circles) and the Cap-treated (filled triangles) rat esophagi,
respectively (contraction after application of vehicle 100 %). Each
data point represents the mean & SD (intact n = 5, capsaicin-treated
n=3)

between esophagus preparations isolated from normal and
capsaicin-treated rats. Destruction of the capsaicin-sensi-
tive neurons by neonatal capsaicin treatment was success-
ful, since capsaicin applied to esophageal preparations
isolated from capsaicin-treated rats had no inhibitory effect
on vagally evoked twitch contractions. We therefore con-
clude that the local neural reflex is not constitutively active
under the basal condition but rather is likely to be activated
in response to stimuli.

We previously demonstrated that capsaicin inhibits
vagally mediated twitch contractions of the esophageal
striated muscle portion and that this inhibition is reversed
by application of an NO synthase inhibitor or a tachykinin
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Fig. 4 Properties of twitch-like contractile responses elicited by
electrical stimulation of the vagus nerve in the rat esophagus.
a Representative tracings of vagally mediated contractions in the
intact and capsaicin-treated rat esophagi, respectively. Electrical
stimulations were applied to the vagus nerve using single 80-V pulses
(pulse duration 100 ps). Arrowhead Point of a single-pulse electrical
stimulation, b latency, ¢ time to peak, d duration. b—-d Summary
graphs of latency (ms; b), time to peak (ms; ¢) and duration (ms; d) of
a vagally mediated twitch-like contraction. Data are presented at the
mean [bars &= SD (error bars) (intact n = 4, capsaicin-treated
n=3)]

NKI1 receptor antagonist [9]. We have also reported that
capsaicin can suppress acetylcholine release from the
esophageal segments evoked by vagus nerve stimulation
[7, 9]. These findings suggest that capsaicin-sensitive
afferent neurons act on myenteric nitrergic neurons via
tachykinin NK1 receptors, resulting in the release of NO
that subsequently inhibits the release of neurotransmitters
from vagal motor neurons in the striated muscle portion of
the esophagus [7, 9]. In the light of these results, we
assumed that if the capsaicin-sensitive neural circuit is
constitutively active, a lower amount of neurotransmitters
would be released from vagal motor neurons in the intact
esophagus than from those in the esophagus isolated from a
capsaicin-treated rat. Based on this assumption, we exam-
ined the stimulus—response relationships of vagally evoked
contractions since the release of neurotransmitters from
vagal motor neurons would be increased with increasing
stimulus strength. However, in the present study, contrac-
tile responses increased similarly in both the intact and
capsaicin-treated rat esophagi with increasing intensity
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and/or duration of the electrical stimuli. This result indi-
cates that the presence of capsaicin-sensitive neurons itself
is insufficient to suppress the release of neurotransmitters
from vagal motor neurons. This notion is supported by the
results of our experiments using a blocker of nicotinic
acetylcholine receptors, D-tubocurarine. Because D-
tubocurarine is a competitive inhibitor of acetylcholine, a
difference in inhibitory pharmacological kinetics may
imply a difference in the amount of released acetylcholine
that induces contractile responses in the esophageal striated
muscle [17]. However, we observed that D-tubocurarine
inhibited vagally evoked contractions of two groups of
esophageal preparations with similar dose dependencies,
suggesting that the amount of acetylcholine released from
vagal motor neurons are likely not suppressed constitu-
tively by the capsaicin-sensitive local neural circuit.

We also addressed the possibility that the capsaicin-
sensitive neural circuit modifies downstream intracellular
events of receptors on the muscle cells. If the capsaicin-
sensitive neural circuit affects downstream intracellular
events, latency, time to peak and/or duration of a vagally
evoked twitch-like contraction would be changed by the
destruction of capsaicin-sensitive neurons. The tetanic
contractions evoked by multi-pulse electrical stimulations
would also be changed since the summation of contractions
is dependent on the accumulation of intracellular Ca®"
[18]. However, neonatal treatment with capsaicin did not
significantly affect any property of a vagally mediated
twitch-like and tetanic contractions. Taken together, these
findings indicate that the capsaicin-sensitive neural circuit
may not operate constitutively to modify vagally mediated
contractile responses in the esophageal striated muscle.

It also seems unlikely that the capsaicin-sensitive neural
circuit constitutively operates to modify the motility of
esophageal striated muscle. Alternatively, it is probable
that the neural circuit can exert its regulatory effects on the
esophageal striated muscle when capsaicin-sensitive neu-
rons are activated. However, this does not necessarily mean
that the trigger stimulus of the neural circuit is always
capsaicin. Rather, capsaicin may just be a tool for stimu-
lating the local circuit but not a physiological activator of
the capsaicin-sensitive neural circuit. In fact, an in vivo
study showed the capsaicin-sensitive neurons play an
important role in the coordination of esophageal peristaltic
motility even in the absence of capsaicin stimulus [10, 11].
We speculate that capsaicin-sensitive afferent neurons can
be activated by physical and/or chemical factors in vivo.
For example, physical stimulations to the esophagus, such
as distention by intraluminal foods, influence the activity of
capsaicin-sensitive afferents, which in turn can modify the
regulation of esophageal motility by the central nervous
system. This notion is supported by the results of a number
of studies showing that c-fibers can be excited in response
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to distention or pressure stimulation [19-21]. It has
recently been shown that inhibitory nitrergic motor neurons
of the esophageal myenteric plexus are mechanosensitive
[22]. However, such neurons may not be related to the
capsaicin-sensitive neural circuit. This possibility is based
on the findings that although intrinsic inhibitory neurons
would be alive even in the capsaicin-treated rat [23], the
action of the neural circuit is not expressed in the absence
of capsaicin-sensitive neurons [10, 11]. Further study is
needed to clarify the functional activators of the capsaicin-
sensitive neural circuit in the esophagus.

In conclusion, we have addressed the question of whe-
ther the capsaicin-sensitive neural circuit, which is
involved in regulation of motor activity of the esophageal
striated muscle, can operate constitutively or whether it is
activated when several stimuli are applied in rats. Our
results demonstrate that the neural circuit does not operate
under the basal condition but can exert its regulatory
functions in a stimulus-dependent manner. The physio-
logical stimulus that triggers the activity of the neural
circuit remains to be elucidated.
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