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This study aimed to investigate whether the jaw-opening (JOR) and jaw-closing reflexes (JCR) are mod-
ulated during not only peripherally, but also centrally, evoked swallowing. Experiments were carried out
on 24 adult male Japanese white rabbits. JORs were evoked by trigeminal stimulation at 1 Hz for 30 s. In
the middle 10 s, either the superior laryngeal nerve (SLN) or cortical swallowing area (Cx) was simulta-
neously stimulated to evoke swallowing. The peak-to-peak JOR amplitude was reduced during the middle
and late 10-s periods (i.e., during and after SLN or Cx stimulation), and the reduction was dependent on
the current intensity of SLN/Cx stimulation: greater SLN/Cx stimulus current resulted in greater JOR inhi-
bition. The reduction rate was significantly greater during Cx stimulation than during SLN stimulation.
The amplitude returned to baseline 2 min after 10-s SLN/Cx stimulation. The effect of co-stimulation of
SLN and Cx was significantly greater than that of SLN stimulation alone. There were no significant differ-
ences in any parameters of the JCR between conditions. These results clearly showed that JOR responses
were significantly suppressed, not only during peripherally evoked swallowing but also during centrally
evoked swallowing, and that the inhibitory effect is likely to be larger during centrally compared with
peripherally evoked swallowing. The functional implications of these results are discussed.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Ingestion is the early stage of nutrition in most mammals. It is
widely accepted that masticatory movements, including chewing
and swallowing, are programmed by the central nervous system,
including a central pattern generator (CPG) in the brainstem
(Jean, 2001; Miller, 1982; Nakamura and Katakura, 1995).

Swallowing can be triggered by either peripheral or central
inputs (Jean, 2001). For the former, pharyngeal and laryngeal stim-
ulation can readily evoke the swallowing reflex. Electrical stimula-
tion of the superior laryngeal nerve (SLN), which contains the
pharyngeal/laryngeal sensory nerve, is one of the most common
methods for activating the swallowing CPG in animals (Jean,
2001) and in humans (Aida et al., 2015; Tsukano et al., 2012). Brain
imaging studies have shown that some cortical loci are involved in
the voluntary swallowing process in humans, including the senso-
rimotor cortex, primary sensory cortex, inferior parietal lobe,
insula, and anterior cingulate cortex, although there is some vari-
ability between studies (see (Humbert and Robbins, 2007; Soros
et al., 2009)). Although a number of studies have corroborated neu-
rophysiological data in animals (Martin and Sessle, 1993; Martin
et al., 1997; Martin et al., 1999; Narita et al., 1999) and humans
(Hiraoka, 2004), some contradictory results have been reported.
For example, some studies reported laterality of sensorimotor cor-
tical activation (Dziewas et al., 2003; Martin et al., 2004; Teismann
et al., 2009) while others revealed bilateral activation (Hamdy
et al., 1999b; Zald and Pardo, 1999). Furthermore, the location of
insula activation has varied between studies, with some studies
reporting left insula (Dziewas et al., 2003), right insula (Martin
et al., 2001), anterior insula (Hamdy et al., 1999a), or posterior
insula (Suzuki et al., 2003) activation. This discrepancy may be
due to differences in the swallowing tasks used (voluntary or
reflexive swallowing; bolus or saliva swallowing) and/or the
demographics of the participants.
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Recently, we succeeded in initiating swallowing by electrical
stimulation of the swallowing cortical area (Cx) within the insular
cortex in anesthetized rats (Tsujimura et al., 2016). In this study,
we found that the onset latency of the first swallow evoked by
insular stimulation was significantly longer than that evoked by
stimulation of the SLN. These results might be expected because
initiating centrally evoked swallowing in natural situations
involves activation of not only the insular cortex but also other
areas, as described above.

It has been reported that the jaw-opening reflex (JOR), one of
the elementary jaw reflexes evoked by trigeminal stimulation
(Lund et al., 1981; Lund et al., 1983), is suppressed during chewing.
The finding that paralysis does not change such modulation, in
which the excitability of the JOR pathway is modulated during
chewing, strongly suggests that these processes are not dependent
on the sensory feedback system (Lund et al., 1983).

Our previous studies revealed that the JOR is suppressed not
only during chewing but also during swallowing. Yamada et al.
(Yamada et al., 2013) reported that JOR evoked by innocuous
intra-oral stimulation was suppressed during natural chewing
and swallowing in conscious animals. Fukuhara et al. (Fukuhara
et al., 2011) investigated the effects of swallowing responses
evoked by electrical stimulation of the SLN on JORs in anesthetized
animals. The authors found that JORs evoked by low-threshold
trigeminal afferents were significantly inhibited during and after
SLN stimulation. This suggested that activation of the
swallowing-related neural network, but not the swallowing move-
ments, is involved in the inhibition of JORs. Such processes may be
required to prevent undesirable jaw movements caused by weak
stimulation during functions such as chewing and swallowing.

The present study aimed to investigate whether JOR responses
are modulated not only during peripherally evoked swallowing
but also during centrally evoked swallowing. In addition, changes
in the opposing jaw reflex (i.e., jaw-closing reflex; JCR) during
swallowing, were also investigated. We hypothesized that JORs
would be inhibited not only by peripheral inputs but also central
inputs to evoke swallowing, and that the stimulus intensity
applied to the central and peripheral regions to evoke swallowing
would be similarly related to the reduction of JORs.
2. Results

2.1. Baseline data

The inferior alveolar nerve (IAN) stimulus threshold to evoke
the JOR in the digastric (Dig) muscle ranged from 0.05 to 0.30
mA (0.12 ± 0.07 mA, n = 30) and that of the mesencephalic trigem-
Fig. 1. The number of swallows and onset latency of the first swallow during SLN/Cx stim
0.0 and 4.0 ± 1.7 (n = 22 for each group), respectively, and that during 1.0 and 1.4 T Cx stim
latency of the first swallow during 1.0 T and 4.0 T SLN stimulation was 5.3 ± 2.4 s and
stimulation was 8.0 ± 1.4 s and 6.9 ± 1.9 s (n = 17 for each group), respectively. During 0
inal nucleus (MesV) to evoke the JCR in the masseter (Mas) muscle
ranged from 0.02 to 2.00 mA (0.53 ± 0.49 mA, n = 14). The onset
latency of the JOR ranged from 6.42 to 9.64 ms (7.62 ± 0.77 ms, n
= 30) and that of the JCR ranged from 1.71 to 2.18 ms (1.96 ± 0.1
3 ms, n = 13).

The SLN stimulus threshold ranged from 0.02 to 0.60 mA (0.10
± 0.12 mA, n = 31) and that of Cx ranged from 0.10 to 2.00 mA (1.
03 ± 0.63 mA, n = 29). The mean number of swallows evoked by
SLN stimulation increased and onset latency of the first swallow
decreased with increasing stimulus intensity (Fig. 1). This was
not the case for Cx stimulation; there was no difference in the
number of swallows and the onset latency of the first swallowwith
Cx stimulation between 1.0 and 1.4 times (T) the threshold for elic-
iting the swallowing reflex at least once for 10 s (Fig. 1).

2.2. Effect of SLN/Cx stimulation on JORs

An example JOR recording is shown in Fig. 2. JOR responses, in
terms of peak-to-peak amplitude, were inhibited during and
immediately after swallowing evoked by SLN and Cx stimulation.
The mean JOR amplitude was significantly smaller in the middle
and late 10-s periods (i.e., during and after SLN/Cx stimulation)
compared with the early 10-s period (i.e., before SLN/Cx stimula-
tion) (Fig. 3). The inhibitory effect on the JORs was dependent on
the stimulus intensity, such that greater SLN/Cx stimulus intensity
was associated with greater inhibition. There was no difference in
the reduction rate of JOR amplitude between ipsilateral and con-
tralateral SLN/Cx stimulation and the latency among the stimulus
conditions of SLN/Cx (data not shown).

Time-dependent changes in JOR responses were analyzed
(Fig. 4). The JOR amplitude gradually decreased during SLN/Cx
stimulation and continued to decrease after stimulation, returning
to baseline level (i.e., before SLN/Cx stimulation) 2 min after SLN/
Cx stimulation.

To evaluate how the occurrence of swallowing is related to the
inhibition of JOR responses and to compare SLN and Cx stimula-
tion, we calculated the reduction rate of JOR amplitude per swal-
low (Fig. 5). The rate was significantly greater during Cx
stimulation at 1.0 T than during SLN stimulation at 1.0 T.

2.3. Effect of co-stimulation of SLN and Cx on JORs

JOR responses were strongly inhibited during co-stimulation of
SLN and Cx. JOR amplitude was significantly smaller during co-
stimulation of SLN and Cx than during SLN (4.0 T) stimulation
alone, but not significantly smaller than that during Cx (1.0 T)
stimulation alone (Fig. 6).
ulation. A: The number of swallows during 1.0 T and 4.0 T SLN stimulation was 1.0 ±
ulation was 1.0 ± 0.0 and 1.0 ± 0.0 (n = 17 for each group), respectively. B: The onset
1.4 ± 1.3 s (n = 22 for each group), respectively, and that during 1.0 and 1.4 T Cx
.8 T SLN/Cx stimulation, no swallows were evoked in any of the animals. **p < 0.01.



Fig. 2. Example of changes in JOR responses during SLN and Cx stimulations. Data obtained from the same animal are shown. JORs were evoked by IAN stimulation at 1 Hz for
30 s. Three swallows were evoked during SLN stimulation at 4.0 T the threshold for evoking swallowing (i.e., in the middle 10 s) (A) and one swallow was evoked during Cx
stimulation at 1.4 T the threshold for evoking swallowing (B). Averaged waveforms of JOR with eight (Early) or ten (Middle, Late) superimposed responses are shown on the
bottom of each trace. Thy, thyrohyoid muscle.
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2.4. Effect of SLN/Cx stimulation on JCRs

In contrast to the effect of SLN/Cx stimulation on JORs, JCRs
were unaffected by SLN/Cx stimulation (Fig. 7). The results
revealed no significant differences in the peak-to-peak amplitude
of the JCR responses (Table 1), as well as the latency (data not
shown).

2.5. Effect of IAN/MesV stimulation on SLN/Cx evoked swallows

The effect of the trigeminal inputs on swallowing initiation was
evaluated by comparing the number of swallows with and without
IAN/MesV stimulation. The number of swallows evoked by 4.0 T
SLN stimulation with and without ipsilateral IAN stimulation was
4.4 ± 1.0 and 4.5 ± 0.7 (n = 12 in each group), respectively, and that
with and without ipsilateral MesV stimulation was 2.6 ± 1.1 (n = 6)
and 3.3 ± 1.0 (n = 12), respectively. The number of swallows
evoked by 1.4 T Cx stimulation with and without ipsilateral IAN
stimulation was 1.1 ± 0.1 and 1.0 ± 0.0 (n = 7 in each group),
respectively, and that with and without ipsilateral MesV stimula-
tion was 1.0 ± 0.0 (n = 5) and 1.0 ± 0.0 (n = 10), respectively. There
was no difference in the number of swallows between the condi-
tions, with and without IAN/MesV stimulation.
2.6. Histology

Finally, the stimulus sites for the Cx and MesV were identified
histologically. The former was located within or near the insular
cortex (Fig. 8) and the latter was within the MesV.



Fig. 3. Modulation of peak-to-peak amplitude of JOR during SLN (A)/Cx (B) stimulation. Values were normalized to that in the early 10-s period. A: Normalized JOR amplitude
in the middle and late stages was 92.9 ± 8.2% (n = 26) in the middle 10 s and 94.1 ± 8.3% (n = 26) in the late 10 s for ipsilateral SLN stimulation at 0.8 T, 95.1 ± 9.7% (n = 26) in
the middle 10 s and 94.1 ± 11.3% (n = 26) in the late 10 s for ipsilateral SLN stimulation at 1.0 T and 85.0 ± 15.2% (n = 26) in the middle 10 s and 86.9 ± 14.2% (n = 26) in the late
10 s for ipsilateral SLN stimulation at 4.0 T, and was 95.6 ± 10.3% (n = 26) in the middle 10 s and 94.4 ± 11.6% (n = 26) in the late 10 s for contralateral SLN stimulation at 0.8 T,
92.7 ± 11.8% (n = 26) in the middle 10 s and 91.9 ± 13.4% (n = 26) in the late 10 s for contralateral SLN stimulation at 1.0 T and 82.4 ± 16.1% (n = 26) in the middle 10 s and
89.3 ± 14.4% in the late 10 s for contralateral SLN stimulation at 4.0 T. B: The JOR amplitude in the middle and late stages was 89.7 ± 12.7% (n = 15) in the middle 10 s and 83.1
± 11.5% (n = 15) in the late 10 s for ipsilateral Cx stimulation at 0.8 T, 84.9 ± 23.2% (n = 15) in the middle 10 s and 82.1 ± 22.4% (n = 15) in the late 10 s for ipsilateral Cx
stimulation at 1.0 T and 71.3 ± 23.2% (n = 15) in the middle 10 s and 75.0 ± 23.1% (n = 15) in the late 10 s for ipsilateral Cx stimulation at 1.4 T, and was 83.6 ± 17.4% in the
middle 10 s and 84.3 ± 16.8% (n = 15) in the late 10 s for contralateral Cx stimulation at 0.8 T, 79.9 ± 17.2% (n = 15) in the middle 10 s and 86.6 ± 13.3% (n = 15) in the late 10 s
for contralateral Cx stimulation at 1.0 T and 74.0 ± 21.6% (n = 15) in the middle 10 s and 82.5 ± 18.4% (n = 15) in the late 10 s for contralateral Cx stimulation at 1.4 T. The
mean JOR amplitude evoked by unilateral IAN stimulation was reduced in the middle and late 10-s periods with both ipsilateral and contralateral SLN/Cx stimulation. Greater
SLN/Cx stimulation was associated with more inhibition of JOR amplitude, particularly in the middle 10 s. *p < 0.05 vs Early, **p < 0.01 vs early, yp < 0.05 vs 0.8 T and 1.0 T.

Fig. 4. Time course of modulation of the peak-to-peak amplitude of JOR. Values were normalized to those in the early (E) 10-s period (i.e., before SLN/Cx stimulation). The
mean amplitudes of JORs evoked by unilateral IAN stimulation are shown during ipsilateral SLN (n = 26) (A) and contralateral Cx (B) stimulation (n = 15), respectively. M1,
M2-4, M5-7, and M8-10 indicate the first, second to fourth, fifth to seventh, and eighth to tenth stimulus points in the middle 10-s period, respectively. L1-3, L4-6, and L7-9
indicate the first to third, fourth to sixth, and seventh to ninth stimulus points in the late 10-s period, respectively. It should be noted that the JOR amplitude gradually
decreased during SLN/Cx stimulation, which continued after stimulation, and returned to baseline levels (i.e., before SLN/Cx stimulation) 2 min after SLN/Cx stimulation (n =
16 for SLN stimulation, n = 14 for Cx stimulation). ap < 0.05 vs Early, bp < 0.05 vs M1, cp < 0.05 vs M2-4. See text for details.
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3. Discussion

In this study, we examined how peripherally and centrally
evoked swallowing affects jaw reflex responses in the anesthetized
rabbit. The JOR was evoked at 1 Hz for 30 s, and in the middle 10 s,
swallows were evoked by either SLN or Cx stimulation. The num-
ber of swallows increased and the onset latency of the first swal-
low decreased with increasing current intensity in the SLN while
there was no difference in the number of swallows and the onset
of the first swallow evoked by Cx stimulation between 1.0 T and
1.4 T. The JOR amplitude was inhibited during the middle and late
10-s periods, and the reduction rate was dependent on the current
intensity of SLN/Cx stimulation; greater SLN/Cx stimulus current
was associated with greater inhibition of JORs. There was no differ-
ence in JOR amplitude between ipsilateral and contralateral SLN/Cx
stimulation. The amplitude returned to baseline at 2 min after 10-s
SLN/Cx stimulation. The reduction rate was greater during Cx stim-
ulation than during SLN stimulation. The effect of co-stimulation of
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Fig. 5. Reduction of the JOR amplitude. The reduction of the JOR during 1.0 T SLN
stimulation with ipsilateral IAN was 2.0 ± 9.3% and that during 1.0 T Cx stimulation
with contralateral IAN was 18.5 ± 17.2% (n = 12). The inhibition was significantly
greater during Cx stimulation than during SLN stimulation. *p < 0.05.
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SLN at 4.0 T and Cx at 1.0 T was greater than SLN stimulation at 4.0
T alone. Trigeminal inputs to evoke JOR/JCR did not affect swallow-
ing initiation. Finally, there was no significant difference in the
onset latency of JORs and JCRs in all cases. Possible mechanisms
of these modulations are discussed below.
3.1. Function of the digastric muscle in the rabbit

We previously examined the effects of peripherally evoked
swallows on JOR responses in the rabbit (Fukuhara et al., 2011;
Yamada et al., 2013). Functionally, the Dig is regarded as a jaw-
opening mechanism, like the mylohyoid muscle (Weijs and
Dantuma, 1981). The Dig is also a hyoid elevator, and the border
of the anterior and posterior bellies of the Dig are thought to be
attached to the hyoid and contribute to elevation of the hyo-
thyroid complex during swallowing. However, in rabbits, only
the anterior belly of the Dig is present and its sources of innerva-
tion are rich in the trigeminal nucleus and less rich in the facial
nucleus (Baisden et al., 1985). In addition, the Dig is not activated
during swallowing (Naganuma et al., 2001; Yamada et al., 2013).
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Fig. 6. Effect of co-stimulation of SLN and Cx on JOR responses. The effect on the JOR re
both SLN and Cx stimulation together (n = 6 for each group). Normalized JOR amplitude w
and 77.5 ± 11.2% for SLN stimulation at 0.8 T and Cx stimulation at 1.0 T (left), was 99.5 ±
6.2% for SLN stimulation at 1.0 T and Cx stimulation at 1.0 T (middle), and was 90.7 ± 15
17.0% for SLN stimulation at 4.0 T and Cx stimulation at 1.0 T (right). Although the orde
cases, a significant difference was only found between 4.0 T SLN alone and 4.0 T SLN an
We were, therefore, able to observe how JOR responses in the
Dig are modulated during swallowing. In the current study, regard-
less of the occurrence of swallowing, the JOR was inhibited during
SLN/Cx stimulation. Although the animal was not paralyzed in this
study, we suggest that the inhibition of JOR observed in the Dig
may be related to the modulation of swallow-related central neural
excitability.
3.2. Cortically evoked swallowing

In the current study, electrical Cx stimulation stably evoked
swallowing and most stimulus sites were identified within the
insular cortex. Previous studies reported that cortical stimulation
can be used to initiate swallowing in non-human animals. Sumi
(Sumi, 1969) succeeded in initiating chewing and swallowing by
electrical stimulation of the cortex in the anesthetized rabbit. In
that study, most swallowing responses were accompanied by
rhythmic jaw movements, and stimulation of only seven points
of the 231 points explored produced swallowing alone. This sug-
gests that the cortical organization involved in swallowing initia-
tion overlaps with the cortical masticatory area. We suspect that
the stimulus site differed between the current study and that of
Sumi’s study, although these details were not described in the pre-
vious study (Sumi, 1969). In the present study, the insular cortex
was stimulated to evoke swallowing. The depth of the tip of the
electrode was between 8.0 and 12.0 mm below the cortical surface,
which was slightly deeper than the cortical masticatory area,
which is reported to be located between 5.0 and 8.0 mm below
the cortical surface (Ariyasinghe et al., 2004). Martin et al.
(Martin et al., 1999) reported that swallowing alone was evoked
by continuous electrical stimulation of the deep cortical area
including the cortical masticatory area and face-primary motor
cortex (MI) in awake monkeys. The authors reported that swallow-
ing was more frequently evoked together with other responses,
such as rhythmic jaw movements. Both Sumi and Martin et al. sug-
gested that the Cx area that evokes swallows lies within a narrower
area, while rhythmic jaw movements can readily be evoked
(Martin et al., 1999; Sumi, 1969). In our preliminary experiments,
rhythmic jaw movements were often observed when Cx was stim-
ulated at 2.0 T or greater. In addition, the level of general anesthe-
sia may affect swallowing initiation more strongly than chewing
initiation, since swallowing is more susceptible to anesthesia com-
pared with chewing. This is why the Cx stimulation intensity in the
x 1.0 T SLN/Cx
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sponse was compared among SLN alone (0.8 T, 1.0 T, or 4.0 T), Cx (1.0 T) alone, and
as 93.8 ± 10.6% for SLN stimulation at 0.8 T, 79.9 ± 15.2% for Cx stimulation at 1.0 T

11.5% for SLN stimulation at 1.0 T, 79.9 ± 15.2% for Cx stimulation at 1.0 T and 75.4 ±
.2% for SLN stimulation at 4.0 T, 79.9 ± 15.2% for Cx stimulation at 1.0 T and 62.6 ±
r of decreased JOR amplitude was both SLN and Cx, Cx alone, then SLN alone in all
d 1.4 T Cx co-stimulation conditions. *p < 0.05.



Fig. 7. Example of changes in JCR responses during Cx stimulation. The whole recording period is shown. JCRs were evoked by MesV stimulation at 1 Hz for 30 s. The stimulus
intensity of the Cx was set at 1.4 T the threshold for evoking swallowing. In the middle and late 10-s periods, three swallows were evoked (shown by arrowheads). Thy,
thyrohyoid muscle.

Table 1
Effect of SLN/Cx stimulation on normalized peak-to-peak amplitude of JCR (%).

SLN (n = 6) Cx (n = 5)

Ipsilateral Contralateral Ipsilateral Contralateral

Middle Late Middle Late Middle Late Middle Late

0.8 T 101.5 ± 7.0 96.0 ± 14.7 100.1 ± 7.3 96.8 ± 6.3 101.9 ± 2.7 101.1 ± 3.9 101.6 ± 4.6 100.2 ± 3.9
1.0 T 102.2 ± 7.8 98.3 ± 9.0 100.9 ± 3.5 100.3 ± 5.7 102.5 ± 7.8 102.9 ± 10.9 100.0 ± 3.4 98.5 ± 5.6
4.0 T 98.4 ± 6.0 100.8 ± 18.8 101.7 ± 5.0 101.8 ± 5.4
1.4 T 98.1 ± 13.5 93.6 ± 19.9 99.5 ± 9.6 98.6 ± 10.8

All data are normalized to the peak-to-peak amplitude of JCR in the early 10 s (i.e., before SLN/Cx stimulation) in each animal.
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current study was increased to a maximum of 1.4 T, which was
substantially lower than that of SLN stimulation (4.0 T).
1.0 mm

Bregma 2.5 mm Bregma 2.0 mm

A. in.
A. in.

Fig. 8. Diagrams illustrating the stimulus sites for the Cx. The stimulus sites were
identified in the area insularis (A. in.) and neighboring areas. The stimulus sites for
both hemispheres are shown on the left side (n = 18).
3.3. Effect of SLN/Cx stimulation on jaw reflex responses

In the current study, inhibition of JOR responses (i.e., a reduc-
tion of peak-to-peak amplitude) was observed not only during
SLN stimulation but also Cx stimulation. Some of the current
results are consistent with our previous study (Fukuhara et al.,
2011); JOR responses were inhibited before the occurrence of the
first swallow during SLN stimulation and the reduction of JOR
responses progressed during SLN stimulation and persisted imme-
diately after the offset of SLN stimulation. Doty (Doty, 1968) and
Kajii et al. (Kajii et al., 2002) showed that swallowing reflexes per-
sist upon discontinuation of peripheral stimulation. This may also
be the case in SLN/Cx stimulation, in that SLN/Cx stimulation might
inhibit JOR responses via the swallowing neural network and the
after-effects on JOR responses might be attributable to sustained
excitation of the swallowing neural network.

Another possible explanation for the reduction of JOR responses
may be attributed to the activation of nociceptive neural network,
in accord with previous studies suggesting that jaw reflexes are
modulated by pain sensation (Graven-Nielsen et al., 2000;
Hansen et al., 1999; Kurose et al., 2005; Mason et al., 2002;
Mason et al., 2007; Svensson et al., 1998; Svensson et al., 1999;
Svensson et al., 2000; Svensson et al., 2001; Svensson et al.,
2003; Wang et al., 1999; Wang et al., 2000; Wang et al., 2001;
Wang and Svensson, 2001; Zubrzycka et al., 2005). We previously
reported that pain sensation in the masticatory muscles inhibited
JOR responses (Kurose et al., 2005). In that study, the effects on
JORs evoked with either noxious or innocuous inputs were evalu-
ated. The results revealed that inhibition lasted for more than 30
min, although the effect on JORs evoked with noxious inputs was
more prominent than that on JORs evoked with innocuous inputs.
In the current study, the peak-to-peak amplitude returned to base-
line within 2 min after the SLN/Cx stimulation. Based on these
findings, we can conclude that short-term changes in JOR
responses during SLN/Cx stimulation were not caused by the acti-
vation of a pain-related neural network but the activation of a
swallowing-related neural network.

There was no difference in the reduction of JOR amplitude
between the ipsilateral and contralateral stimulation sides.
Regardless of whether the full activation of the swallowing CPG
is required to initiate swallowing, increases in the activity of the
swallowing-related neural network, including indirect projections
from the NTS to the trigeminal nucleus, might be involved in sup-
pression of the JOR pathway by the swallowing CPG.

It is currently unclear how the swallowing CPG modulates JOR
responses. Numerous studies have reported that JORs evoked by
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trigeminal stimulation are tonically and phasically suppressed dur-
ing chewing (Lund and Rossignol, 1981; Lund et al., 1983; Yamada
et al., 2013). In this condition (i.e., during chewing), mastication-
triggered or phase-linked modulation has been observed in the ter-
minals of primary afferents (Kurasawa et al., 1988), and in the neu-
ronal activity of the trigeminal nucleus (Olsson and Landgren,
1980; Olsson et al., 1988; Westberg et al., 2001), depending on
the cycle phase. Further studies should be performed to clarify
the underlying mechanisms of the inhibition of JOR responses dur-
ing SLN/Cx stimulation.

There was no effect of SLN/Cx stimulation on JCR responses
including the peak-to-peak amplitude and onset latency. Although
the functional involvement of swallowing in jaw closing has not
been clarified, it is likely that the JCR pathway is unaffected by
SLN/Cx stimulation or swallowing.

3.4. Difference between SLN and Cx stimulation effects on JOR response

In the current study, we found that inhibitory effects were sig-
nificantly greater during Cx stimulation than during SLN stimula-
tion, although the number of swallows evoked was similar
between them. If the activation of the swallowing CPG truly causes
modulation of the JOR pathway, why was the reduction rate of JOR
responses unrelated to the number of swallows evoked?

Central projection of afferent fibers of the SLN has been
described extensively in previous studies (Furusawa et al., 1996;
Hanamori and Smith, 1986; Hanamori and Smith, 1989; Pascual-
Font et al., 2011; Sweazey and Bradley, 1986). Furusawa et al.
(Furusawa et al., 1996) reported that SLN containing afferent fibers
densely projected to the interstitial subnucleus of the nucleus of
the solitary tract (NTSis) only on the ipsilateral side in the rabbit.
Anatomical studies suggested that NTSis neurons may be impor-
tant for initiating swallows. Based on tracing experiments, the soli-
tary interneurons in the NTSis, intermediate NTS, ventral NTS, and
ventromedial NTS have been proposed to contribute to initiation of
swallowing because these neurons project to swallow-related pha-
ryngeal motoneurons (Bieger and Hopkins, 1987; Cunningham and
Sawchenko, 2000; Lang et al., 2004).

Regarding central inputs from the insular cortex to the NTS,
direct projections have been reported to be bilateral with an ipsi-
lateral predominance in the mouse (Shipley, 1982) and rat
(Willett et al., 1986; Yasui et al., 1991) or with a contralateral pre-
dominance in the rat (Saper, 1982; Terreberry and Neafsey, 1983)
and hamster (Whitehead et al., 2000). Saper (Saper, 1982) sug-
gested that there are two descending pathways from the insular
cortex to the NTS; one descending via the ipsilateral pyramidal
tract and decussated and terminated in the contralateral NTS,
and another that follows Probst’s tract from the parabrachial nuclei
to the NTS bilaterally. Although previous studies have produced
conflicting findings regarding the projection side, it has been estab-
lished that anterograde labelling is heaviest in rostral regions of
the NTS. The NTSis commences just caudal to the obex and persists
until the accessory trigeminal nucleus, caudal to the main mass of
the motor trigeminal nucleus, suggesting the longest and most ros-
tral representative of NTS. It should be noted that central inputs
have been shown to be bilateral and projection sites mainly con-
tain NTSis, which receive rich inputs from the afferent fibers of
the SLN. It is possible that bilateral inputs from the insular cortex
may be more effective at inhibiting JOR responses than ipsilateral
peripheral inputs. Alternatively, the cortical masticatory area
may be activated during Cx stimulation. It was previously reported
that activation of the cortical masticatory area followed by rhyth-
mic jaw movements or natural chewing strongly inhibited the JOR,
as mentioned above. Thus, it is possible that stimulus current
spread over the cortical masticatory area and therefore modulated
JOR responses.
3.5. Functional implications

Once the swallowing CPG is excited, the upper and lower lips
and jaw are closed and the tongue is elevated to propel the food
bolus or liquid into the pharynx. In freely behaving animals, when
bolus swallowing is initiated during natural chewing, the jaw clos-
ing movements are not interrupted. At this point, any unnecessary
or weak sensory transmission from the oral cavity to evoke the JOR
needs to be inhibited more strongly during chewing than at rest, to
transport the bolus. Our previous results also suggest that the
reduction rate of JOR amplitude is greater during chewing than
that at rest (Fukuhara et al., 2011; Yamada et al., 2013). Although
we do not have any direct evidence, the insular cortex may be
involved in the strong inhibition of JOR responses to propel the
bolus in the oral and pharyngeal cavities smoothly during swal-
lowing when the animal chews food. Further, because we found
that inhibitory effects on the JORs were relatively weak in the pre-
sent study, it is not likely that persistent effects after SLN/Cx stim-
ulation interrupt subsequent ingestive behaviors.
4. Experimental procedure

4.1. Animals

Experiments were carried out on 24 adult male Japanese white
rabbits weighing between 2.0 and 2.5 kg, following the Guide for
the Care and Use of Laboratory Animals (NIH Publication #86-23,
revised 1996). The study was reviewed and approved by the Nii-
gata University Intramural Animal Care and Use Committee (79-7).
4.2. Surgical preparations

Animals were anesthetized with urethane (1.0 g/kg body
weight) administered intravenously via the marginal ear vein, sup-
plemented with urethane whenever necessary to maintain anes-
thesia at a level at which neither corneal reflex nor spontaneous
eye movements occurred. Physiological saline was administered
continuously (10 ml/kg/h). The trachea was cannulated and heart
rate and arterial pressure were continuously monitored. Rectal
temperature was maintained at 38–39 �C with a thermostatically
controlled heating pad. To eliminate the influence of saliva, the
bilateral submandibular and infraorbital glands were removed
and the parotid ducts were ligated.

The experimental setup for recording and stimulation is shown
in Fig. 9. Bipolar urethane-coated copper wire electrodes (0.18 mm
in diameter and 2.0 mm in inter-polar distance) were inserted
bilaterally into the Dig, Mas, and thyrohyoid (Thy) muscles for
electromyographic (EMG) recordings. To evoke the JOR and swal-
lowing reflex, bipolar urethane-coated silver wire electrodes (0.2
mm in diameter and 2.0 mm in inter-polar distance) were inserted
into the mandibular canal to stimulate the IAN, and placed on the
SLN, respectively.

After the head of the animal had been fixed on a stereotaxic
frame in which lambda was 1.5 mm lower than bregma according
to previous studies (Inoue et al., 2002; Tsujimura et al., 2012), a
concentric electrode (0.25 mm in inner diameter and 0.6 mm in
outer diameter) was inserted vertically into the Cx (2.0–2.5 mm
anterior and 5.5–6.5 mm lateral to bregma, and 8.0–12.0 mm
below the cortical surface) to evoke central swallows. To evoke
the JCR, a monopolar parylene-coated tungsten electrode (1.0
MX in impedance; 0.13 mm in diameter) was inserted into the
MesV. The electrode was angled at 20� behind the vertical and
located at 2.0 mm posterior and 2.0 mm lateral to lambda. Using
this electrode to record, the location of the tip of the electrode
was confirmed by observing the responses of afferents arising from
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Fig. 9. Experimental setup. Stimulating electrodes were fixed in the IAN and MesV
to evoke JORs and JCRs, respectively and in the SLN and Cx to evoke the peripherally
and centrally evoked swallows, respectively. Recording electrodes were inserted
bilaterally into the Dig, Mas, and Thy muscles.
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the muscle spindles in the Mas when the jaw was passively
opened.

4.3. Data collection

In one session, the JOR was evoked in the Dig using IAN stimu-
lation (single pulse, 0.2 ms pulse duration) at 1 Hz for 30 s. The
stimulus intensity was 2.0 T the threshold for eliciting the JOR.

In the middle 10 s, either the SLN or Cx was simultaneously
stimulated (train pulses at 30 Hz, 0.2 ms pulse duration for SLN
and 0.5 ms pulse duration for Cx) on either the ipsilateral or con-
tralateral side of IAN stimulation to evoke swallows as a condition-
ing stimulation. Swallowing was identified by visual observation of
the laryngeal elevation and EMG bursts of the Thy muscle. The
threshold of stimulus intensity was determined as 1.0 T when
swallowing was induced at least once for 10 s. The current inten-
sity of SLN was set at 0.8, 1.0 or 4.0 T and that of Cx was set at
0.8, 1.0 or 1.4 T. The order of the stimulus intensity and side (ipsi-
lateral or contralateral side of IAN) were randomized and the time
interval between sessions was 2 min.

To evaluate the effect of inputs from the both SLN and Cx on JOR
responses, the SLN and Cx were simultaneously stimulated in the
middle 10 s of the recording session. In this session, the stimulus
side for SLN stimulation was ipsilateral to the IAN stimulation side
and the stimulus intensity was changed from 0.8 T to 4.0 T for SLN,
and fixed at 1.0 T for Cx.

Another recording session was performed to evaluate changes
in JCRs in the Mas evoked by MesV stimulation (single pulse, 0.2
ms pulse duration). The experimental protocol was the same as
that for JORs, although we did not investigate the effect of co-
stimulation of both SLN and Cx on JCRs.

Finally, we evaluated the influence of IAN/MesV stimulation on
SLN/Cx-evoked swallow initiation. Either the ipsilateral SLN or
contralateral Cx was stimulated for 10 s with or without IAN or
MesV stimulation. Stimulus intensity was fixed at 4.0 T for the
SLN and 1.4 T for the Cx.

4.4. Data analysis

EMG signals were amplified using an AM-601G (Nihon Kohden,
Tokyo, Japan) with the time constant (0.03 s) and low-pass (10
kHz). They were digitized on a personal computer at a sampling
rate of 10 kHz and analyzed using the Spike2 analysis package
(Cambridge Electronic Design, Cambridge, UK).
We suspected that the number of swallows and onset latency of
the first swallow would be dependent on the stimulus intensity of
SLN/Cx. Those values were compared between 1.0 T and 4.0 T SLN
stimulation and between 1.0 T and 1.4 T Cx stimulation using
paired t-tests.

In each 10-s period (early, middle, and late 10 s) of one session,
the mean peak-to-peak amplitude and onset latency of the JOR/JCR
were calculated. The mean peak-to-peak amplitude was normal-
ized to that in the early 10-s period. In the early 10-s period, the
first two reflex responses were excluded because they were not
stable at the very early stage.

The normalized amplitudes and latencies of the JOR and JCR
were analyzed using two-way repeated measures ANOVA with
period (early, middle, and late) and stimulus intensity as factors.
Post hoc analysis using Tukey’s test was performed if significant
interactions were found between the factors. Differences in
responses between the stimulus sides and between sole and simul-
taneous stimulations were assessed using paired t-tests and one-
way repeated measures ANOVA with a post hoc Tukey’s test,
respectively.

To clarify time-dependent changes in JOR responses in one ses-
sion, JORs in the middle 10 s were sub-divided into the first, second
to fourth, fifth to seventh, and eighth to tenth responses and those
in the last 10 s were divided into the first to third, fourth to sixth,
and seventh to ninth responses. The mean peak-to-peak amplitude
and onset latency of the JOR responses of each sub-period as well
as those at 2 min after a 10-s conditioning stimulation were com-
pared among the periods using one-way repeated measures
ANOVA with a post hoc Tukey’s test or Kruskal-Wallis one-way
ANOVA on ranks with Dunn’s test.

Our previous study suggested that the stimulus intensity or
number of swallows was related to the inhibition rate of JOR
amplitude (Fukuhara et al., 2011). To compare the inhibition rate
on JOR responses between SLN and Cx stimulation, the reduction
rate of JOR amplitude per swallow was compared between SLN
and Cx stimulation at 1.0 T using Student’s t-test.

To evaluate the influence of IAN/MesV stimulation on SLN/Cx-
evoked swallowing initiation, the number of swallows evoked by
SLN or Cx stimulation was compared between with and without
simultaneous IAN or MesV stimulation using Student’s t-tests.

Statistical analysis was performed using Sigmaplot software
(Sigmaplot 12.0, Systat Software Inc., CA, USA). The results are pre-
sented as mean ± SD. Differences were considered statistically sig-
nificant at p < 0.05.
4.5. Histology

After the physiological experiment was completed, animals
were sacrificed with an overdose administration of urethane (2.0
g/kg, i.v.). The brains were removed and serial sections (50 lm
thick) were cut and stained with cresyl violet. The stimulus sites
were then histologically identified.
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