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Abstract 

Objectives: The gigantocellular reticular nucleus (Gi) projects to the solitary tract nucleus 

(NTS) and the lateral reticular formation (LRF) above the nucleus ambiguus. The 

swallowing central pattern generator comprises the NTS and the LRF. The present study 

examined whether stimulation of the Gi affects the swallowing reflex. 

Methods: Experiments were performed on urethane-anesthetized rats. The swallowing 

reflex was evoked by repetitive electrical stimulation of the superior laryngeal nerve and 

was recorded on an electromyogram from the mylohyoid muscle. The Gi was stimulated 

electrically. In addition, glutamate was injected into the Gi. The Friedman’s test, followed 

by the Wilcoxon signed-rank test with Bonferroni correction, were used to assess the 

effects of electrical stimulation of the Gi. The Wilcoxon signed-rank test was used to assess 

the effects of glutamate injection into the Gi. Differences were considered significant at 

the P < 0.05 level. 

Results: The number of swallows was significantly increased or decreased by electrical 
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stimulation of the Gi or after injection of glutamate into the Gi. In both electrical 

stimulation of the Gi and injection of glutamate into the Gi, the onset latency of the first 

swallow was prolonged when the number of swallows was decreased but showed no 

change when the number of swallows was increased.  

Conclusions: The present results suggest that the Gi is involved in the control of 

swallowing. 

 

Keywords: swallowing reflex; gigantocellular reticular nucleus; superior laryngeal nerve; 

electrical stimulation; glutamate injection 

 

1. Introduction 

The swallowing reflex is evoked and patterned by the swallowing central pattern 

generator (CPG) in the medulla [1-3]. The swallowing CPG consists of the dorsal 

swallowing group (DSG) and the ventral swallowing group (VSG). The DSG is composed 

of the nucleus of the solitary tract (NTS) and the reticular formation around it. The VSG 

comprises the lateral reticular formation (LRF) above the nucleus ambiguus.  

According to morphological studies, the gigantocellular reticular nucleus (Gi) receives 

projection fibers from the pedunculopontine tegmental nucleus (PTg) [4,5] and projects 

bilaterally to the NTS and the LRF [6, 7]. Our previous study demonstrated that the 

swallowing reflex was suppressed by stimulation of the PTg [8]. Swallowing frequency 



4 

 

was increased transiently after N-methyl-D-aspartic acid (NMDA) injections into the Gi 

[9].  

  The aim of the present study was to examine whether stimulation of the Gi affects the 

swallowing reflex. 

 

2. Materials and methods 

Thirty-six male Sprague-Dawley rats (303-378g) were used. Female rats were excluded 

because their physical condition may change due to the estrous cycle. The rats were 

anesthetized with urethane (1.3 g/kg, i.p.). Additional urethane (0.2 g/kg, i.p.) was injected 

during animal surgery when the withdrawal reflex was provoked by noxious stimulation 

of the hindlimb. During the experiment, rectal temperature was controlled to roughly 37 ℃ 

by a body temperature control device (ATC-402, UNIQUE MEDICAL Co. Ltd., Tokyo, 

Japan). Heart and respiratory rates were recorded automatically by the body temperature 

control device via a vibration sensor in the heating pad. Heart rate was maintained at 250–

450 beats/min and respiratory rate was maintained at 70–115 breaths/min, and both were 

recorded during the experiment to verify the condition of the animals [10].  

A midline incision was made from the mandibular mental part to the rostral portion of 

the neck to expose the anterior belly of the digastric muscle. To record the electromyogram 

(EMG), pairs of Teflon-coated silver wires (diameter 0.1 mm, exposed tip 2.0 mm) were 

inserted using a needle into the left mylohyoid muscle (Myl) running beneath the anterior 
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belly of the digastric muscle. The left and/or right superior laryngeal nerve (SLN) was 

suspended by bipolar stimulating electrodes of silver wires (diameter 0.1 mm), and the 

swallowing reflex was induced by electrical stimulation (0.2 ms duration, 30 Hz, for 10 s). 

The SLN stimulation parameters were set based on parameters used in previous studies [8, 

11-15]. The swallowing reflex was identified by visual observation of laryngeal 

movements and by an EMG burst of the Myl muscle. The SLN threshold for inducing the 

swallowing reflex was defined as the minimum stimulus intensity that induced swallowing 

at least once during 10 s stimulation of the SLN. The intensity was 1.2 times the threshold 

for inducing the swallowing reflex. 

After the head of the rat was fixed by stereotaxic apparatus, part of the parietal bone was 

removed using a dental drill to expose the surface of the cerebellum. In the electrical 

stimulation experiments, to stimulate the Gi, a bipolar concentric electrode (outer diameter 

200 µm) (TK213-091, UNIQUE MEDICAL Co. Ltd.) was inserted toward the Gi in the 

18 rats. The left SLN alone was stimulated as a pre-control. One minute later, the SLN and 

the left Gi or around the left Gi were stimulated simultaneously to explore the effect of Gi 

stimulation on the swallowing reflex. Repetitive electrical stimulation (duration 0.2 ms, 30 

Hz, 50-150 µA, for 10 s) was applied to the Gi or around the Gi. The Gi stimulation 

parameters were set based on parameters used in previous studies [8, 14, 15]. The intensity 

of the stimulus to the Gi was increased every 50 µA between 50 µA and 150 µA. The Gi 

stimulation was set as the lowest intensity that modulated the number of swallows 



6 

 

compared to pre-control. After one minute, the SLN alone was stimulated again (post-

control) to confirm that there was no significant difference between the pre-control and the 

post-control in the number of swallows. This protocol was performed twice in each of the 

rats from the pre-control to the post-control. For each rat, the number of swallows and the 

onset latency of the first swallow were defined as the mean values of the two sets.  

  In the chemical stimulation experiments, a stainless pipe, attached to a microelectrode 

(TK212-010b, Unique Medical Co. Ltd.), was inserted into the left Gi or around the Gi. 

The stainless pipe and a 1 µl Hamilton syringe were connected with a polyethylene tube, 

and filled with sodium L-glutamate dissolved in saline (0.1 mM). The glutamate 

concentration was selected based on the concentration used in previous studies [8, 14-16]. 

The left or right SLN was stimulated electrically (0.2 ms duration, 30 Hz, for 10 s) in 18 

rats as a control. The right SLN was stimulated if the swallowing reflex was not evoked by 

stimulation of the left SLN. Twenty seconds after finishing the recording of the swallowing 

reflex, the glutamate was injected (0.1 µl, injection duration 90 s) into the Gi or around the 

Gi. Swallowing reflexes were then recorded at 0, 2 and 5 min, and at 5 min intervals 

thereafter up to 180 min. 

  In some rats, except for the 36 rats, the threshold of the SLN was increased during 

recording of the swallowing reflex. In the case of a significant difference in the number of 

swallows between the pre-control and post-control, or when the number of swallows 

continued to decrease and did not return to the condition prior to injection by 180 min after 
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injection of glutamate into the Gi, the data were excluded from further analysis because of 

the possibility that the reduction in the number of swallows during the Gi stimulation could 

have been caused by a continuously increasing SLN threshold.  

EMG of the Myl muscle was amplified (filter bandwidth, 10 Hz to1 kHz) and stored on 

a computer with 2 kHz sampling rate via an A/D converter. The data were analyzed using 

the Spike2 analysis package (Cambridge Electronic Design, Cambridge, UK). The number 

of swallows and the onset latency of the first swallow (the time from the oncoming SLN 

stimulus to the peak of the EMG burst), the duration of Myl EMG bursts, and peak-to-peak 

amplitude in each EMG recording session were measured. The duration of Myl EMG 

bursts was calculated as the time duration over the mean + 2SD of background activity 

following a stable 3 s period immediately before the onset of the SLN stimulation. The 

effects of electrical stimulation of the Gi were assessed by the Friedman’s test, followed 

by the Wilcoxon signed-rank test with Bonferroni correction as a post hoc test. The effects 

of glutamate injection into the Gi were assessed by the Wilcoxon signed-rank test. 

Differences were considered significant at the P < 0.05 level. 

After the experiment, a lethal dose of urethane was injected into each rat. Electrolytic 

lesions were created by passing a negative direct current of 20 µA through the electrode 

for 150 s. The brainstem was removed and fixed in 10% buffered formalin solution for 4–

7 days. Serial coronal sections were cut (60 µm thick) and dyed by Nissl staining using 

0.1% cresyl echt violet. The stimulation and injection sites were verified using a standard 
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atlas [17]. 

 

3. Results 

The threshold for evoking the swallowing reflex by stimulating the SLN was 7–220 µA 

(62.5 ± 45.6 µA, mean ± SD, n = 36).  

 

3.1 Electrical stimulation 

The swallowing reflex was consistently facilitated (n = 6, Fig. 1) or suppressed (n = 6, 

Fig. 2) by electrical stimulation of the Gi. There was no mixed effect of both facilitation 

and suppression. An increasing in the Gi stimulus intensity did not alter the effect of the 

swallowing reflex. 

In the case of facilitation of the swallowing reflex, the number of swallows was 

significantly increased (P = 0.010) during the Gi stimulation compared with the pre- and 

post-controls (Fig. 1B, left). The number of swallows was 7.7 ± 1.1 (mean ± standard error 

of the mean) in the pre-control, 10.5 ± 1.1 during the Gi stimulation, and 7.3 ± 1.1 in the 

post-control. There was no change in the onset latency of the first swallow (P = 0.933) 

during the Gi stimulation (Fig. 1B, right). The onset latency of the first swallow was 0.44 

± 0.10 s in the pre-control, 0.46 ± 0.10 s during the Gi stimulation, and 0.39 ± 0.07 s in the 

post-control. 

In the case of suppression of the swallowing reflex, the number of swallows was 
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significantly decreased (P = 0.009) during the Gi stimulation compared with the pre- and 

post-controls (Fig. 2B, left). The number of swallows was 6.9 ± 0.8 in the pre-control, 3.7 

± 1.2 during the Gi stimulation, and 7.3 ± 0.9 in the post-control. The onset latency of the 

first swallow was significantly longer (P = 0.009) during the Gi stimulation (Fig. 2B, right). 

The onset latency of the first swallow was 0.64 ± 0.08 s in the pre-control, 2.49 ± 1.36 s 

during the Gi stimulation, and 0.60 ± 0.05 s in the post-control.  

In both facilitation and suppression, there was no modulation of either the duration of 

Myl EMG bursts or the peak-to-peak amplitude of Myl EMG during the Gi stimulation 

(Fig. 3A, 3B). 

 

3.2 Chemical stimulation 

The swallowing reflex was also consistently facilitated (n = 6, Fig. 4) or suppressed (n 

= 6, Fig. 5) after injection of glutamate into the Gi. Although the time at which the 

modulation of the swallowing reflex occurred differed between animals, there was no 

mixed effect of both facilitation and suppression. 

In the case of facilitation of the swallowing reflex, the number of swallows was 

significantly increased at 10-30, 40, 70, and 75 min (P = 0.015-0.040) after injection 

compared with before injection (Fig. 4B, upper). The onset latency of the first swallow 

was not modulated after injection into the Gi compared with before the injection (Fig. 4B, 

lower). 
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In the case of suppression of the swallowing reflex, the number of swallows was 

significantly decreased at 10-65, 80, 100-140, and 155-170 min (P = 0.015-0.040) after 

injection into the Gi compared with before injection (Fig. 5B, upper). The onset latency of 

the first swallow was significantly longer at 15, 40-50, and 180 min (P = 0.015-0.038) after 

injection into the Gi compared with before injection (Fig. 5B, lower). 

 

3.3 Stimulation around the Gi 

 Even with a stimulus intensity of 150 μA around the Gi, there was no suppression or 

facilitation of the swallowing reflex. There was no significant difference in the number of 

swallows, onset latency of the first swallow, duration of Myl EMG bursts, and peak-to-

peak amplitude of Myl EMG with and without stimulation around the Gi (n = 6, Fig. 6A). 

The number of swallows was significantly decreased at 130, 150, 155, 165, and 170 min 

(P = 0.022-0.047) after glutamate injection around the Gi compared with before injection. 

Three of the six rats had two or more fewer swallows than before the injection during these 

periods. However, there was no significant difference in the onset latency of the first 

swallow before and after injection around the Gi (n = 6, Fig. 6B). 

 

3.4 Stimulation sites 

 Figure 7 shows the histological locations of the electrical stimulation and of the 

glutamate microinjection sites. The electrical stimulation sites that showed facilitation or 
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suppression of the swallowing reflex were located within the Gi, and those that showed no 

modulation of the swallowing reflex were located in the dorsal, lateral, medial, or ventral 

to the Gi. 

  The microinjection sites that showed facilitation or suppression of the swallowing reflex 

were located in the central, dorsal, ventral, or medial regions of the Gi, and those that 

showed no modulation of the swallowing reflex were located in the dorsal, medial, or 

ventral to the Gi. 

  The effective sites of the swallowing reflex for electrical stimulation and glutamate 

injection were intermingled in the Gi. 

 

4. Discussion 

4.1 Methodological considerations 

A previous study indicated that the stimulus current spread had a radius of 0.63 mm at 

stimulus intensity of 150 µA and duration of 0.25 ms with monopolar electrodes, and the 

current spread was less with concentric electrodes than with monopolar electrodes [18]. In 

the present study, concentric electrodes were used, the stimulus intensity of the Gi was 50-

150 µA, and the stimulus duration was 0.2 ms. The radius of the current spread was 

therefore smaller, in the range of 0.2 to 0.4 mm. Electrical stimulation of the dorsal or 

dorsolateral Gi would affect the dorsal and dorsolateral border of the Gi, and could not 

have affected the medial or ventral parts of the NTS. Based on the findings of previous 
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studies [19-21], we assumed in the present study that the glutamate excited neurons up to 

a radius of about 0.1 mm from the injection site. Therefore, we believe that glutamate 

injection into the dorsolateral Gi appears to be restricted to the Gi, and does not affect the 

NTS. It has been reported that microinjections of glutamate into the NTS resulted in the 

initiation of deglutition [22]. In the present study, the swallowing reflex was not evoked 

without SLN stimulation. These results suggest that modulation of the swallowing reflex 

by electrical and chemical stimulation of the Gi is caused by excitation of the cell bodies 

in the Gi, rather than by excitation of the NTS by current spread or by spread of glutamate. 

In the chemical stimulation experiments, the right SLN was stimulated if the swallowing 

reflex was not evoked by stimulation of the left SLN. The NTS receives sensory inputs 

from the SLN bilaterally and swallowing is a symmetrical movement [23]. Moreover, the 

Gi projects bilaterally to the NTS and the LRF [6, 7]. Accordingly, stimulation of the right 

SLN does not affect modulation of the swallowing reflex by stimulation of the Gi. 

 

4.2 Effects of swallowing reflex by stimulation of the Gi  

In the present study, the sites at which the swallowing reflex was facilitated or 

suppressed were located throughout the Gi, and were intermingled within the Gi. The 

stimulus intensities needed to elicit facilitative or suppressive effects of the swallowing 

reflex were not uniform within the Gi. In other words, the stimulus intensity was not lower 

in the central Gi and was not higher in the peripheral Gi (Fig. 7). A previous study has 
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reported a transient increase in swallowing frequency after NMDA injections into the 

central, dorsal, ventral, and lateral regions of the Gi [9], which is in agreement with some 

of the present results.  

In our previous studies, the swallowing reflex was suppressed by electrical stimulation 

(100-200 µA) or glutamate injection (0.1 µl) into several areas in the brainstem. The 

number of swallows was significantly decreased at 0 or 2 min after injection [8, 14, 15]. 

The reason for this immediate effect is thought to be that only suppression occurred in 

these studies. In contrast, stimulus intensity of the Gi was 50-150 µA, and the facilitatory 

or suppressive effect appeared at 10 min after glutamate injection in the present study. 

Because the stimulus intensity was weaker than in our previous studies, it is likely that the 

area that was stimulated electrically was narrower, and that the neurons associated with 

control of swallowing were clustered within the Gi. As neurons that facilitate and suppress 

the swallowing reflex are intermingled and may be clustered in the Gi, the same number 

of both neuron types would have been excited within 10 min. Accordingly, the effect may 

not have appeared within 10 min. It is assumed that the glutamate excited neurons up to a 

radius of about 0.1 mm at 10 min later. Thus, when the effect is facilitation, the number of 

excited neurons that facilitate the swallowing reflex may be greater than the number of 

excited neurons that suppress it, and vice versa. 

 

4.3 Neural mechanism for increase in number of swallows 
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There was no change in the onset latency of the first swallow when the number of 

swallows increased by stimulation of the Gi. The DSG receives sensory inputs from the 

pharyngeal and laryngeal regions and initiates the swallowing reflex, whereas the VSG 

receives inputs from the DSG and sends outputs to motoneurons related to swallowing [1]. 

This result suggests that when the number of swallows was increased, the initiation of the 

swallowing reflex was not affected, and the VSG was excited or disinhibited by stimulation 

of the Gi rather than via the DSG. The Gi projects directly to the LRF [6, 7], and the Gi 

neurons express mRNA encoding for enzymes that are associated with glutamatergic 

neuronal signaling [24]. It is therefore possible that glutamatergic neurons in the Gi may 

activate the VSG directly, and increase the number of swallows. 

A physiological study reported a transient increase in swallowing frequency after 

NMDA injections into the vestibular nuclei (VN) [9]. VN glutamatergic neurons project to 

the Gi [25]. In the facilitation of the swallowing reflex, the Gi might receive excitatory 

inputs from the VN. 

 

4.4 Neural mechanism for reduction in number of swallows  

  The onset latency of the first swallow was extended when the number of swallows was 

decreased in response to stimulation of the Gi. This result suggests that the DSG and the 

VSG were inhibited or disfacilitated by stimulation of the Gi. The Gi projects directly to 

the NTS [6] and to the LRF [6, 7]. The Gi neurons express mRNA encoding for enzymes 
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that are associated with GABAergic neuronal signaling [24]. It has been shown that 

injection of muscimol (GABA agonist) into the NTS inhibits the pharyngeal phase of 

swallowing and esophageal peristalsis [26]. It is therefore possible that GABAergic 

neurons in the Gi may inhibit the DSG and the VSG directly, decreasing the number of 

swallows and extending the onset latency of the first swallow. 

   Our previous study showed that the number of swallows was decreased and the onset 

latency of the first swallow was extended by stimulation of the PTg [8]. It has been 

suggested that there is no direct projection from the PTg to the NTS [27]. The PTg projects 

to the Gi [4,5]. It is likely, therefore, that the Gi is involved in suppression of the 

swallowing reflex by stimulation of the PTg. The Gi might receive excitatory inputs from 

the PTg. 

 

4.5 Functional significance of the Gi on the swallowing reflex 

Rhythmic masticatory-related jaw movements as well as swallowing have been evoked 

by repetitive electrical stimulation of the cerebral cortex [28-32], or the central amygdaloid 

nucleus [33]. It has been demonstrated that the orofacial motor cortex (A-area) in rats 

projects to the Gi [34], and the central amygdaloid nucleus projects to the PTg [35]. It was 

suggested that the Gi is part of the central rhythm generator for mastication [36]. The SLN-

induced swallowing reflex is suppressed during rhythmic jaw movements induced by 

stimulation of the A-area [37] or the central amygdaloid nucleus [33]. Accordingly, 
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suppression of the swallowing reflex by stimulation of the Gi may contribute to 

suppression of the swallowing reflex during mastication.  

The VN and the Gi are involved in the control of head movements [38, 39]. It was 

reported that head flexion resulted in easier swallowing [40], and that head extension 

assists oropharyngeal transport of a tablet [41]. It is therefore possible that facilitation of 

the swallowing reflex by stimulation of the Gi may be related to control of swallowing and 

head movements.  

 

4.6 Limitations 

In the present study, only male rats were used, and the EMG was recorded from only the 

Myl muscle. In future experiments, female rats should also be used to confirm the influence 

of gender on the swallowing reflex, and the EMG should be recorded from several muscles 

that contribute to swallowing for more accurate identification of the swallowing reflex. 

The number of swallows was significantly decreased at 130, 150, 155, 165, and 170 min 

after microinjection into around the Gi (Fig. 6B). These results might be due to elevation 

of the SLN threshold for evoking the swallowing reflex caused by drying out of the SLN 

or from body fluids penetrating between the SLN and the electrode. It is necessary to devise 

techniques that permit the SLN threshold to be maintained for up to 200 min.   

 

5. Conclusions 
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In the present study, the number of swallows was increased or decreased, and the onset 

latency of the first swallow was extended when the number of swallows was decreased by 

electrical and chemical stimulation of the Gi. These results suggest that the Gi is involved 

in the control of swallowing through excitation of the VSG and inhibition of the VSG and 

DSG in the swallowing CPG. 
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Figure legends 

 

 

Fig. 1. (A) Examples of facilitation of the swallowing reflex by electrical stimulation of 

the SLN alone (upper and lower figures) and by simultaneous electrical stimulation of the 

SLN and the Gi (middle figure). (B) Modulation of the number of swallows (left) and of 

latency (right) by electrical stimulation of the Gi (n = 6). Vertical bars are ± standard error 

of the mean. Asterisks indicate significant differences compared with the control (P < 0.05). 
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Fig. 2. (A) Examples of suppression of the swallowing reflex by electrical stimulation of 

the SLN alone (upper and lower figures) and by simultaneous electrical stimulation of the 

SLN and the Gi (middle figure). (B) Modulation of the number of swallows (left) and of 

latency (right) by electrical stimulation of the Gi (n = 6). Other details are as for Fig. 1. 
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Fig. 3. Duration of Myl EMG (left) and the amplitude of Myl EMG (right) by electrical 

stimulation of the Gi. (A) The case of facilitation (n = 6). (B) The case of suppression (n = 

6). Other details are as for Fig. 1. 
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Fig. 4. (A) Examples of facilitation of the swallowing reflex by injection of glutamate into 



28 

 

the Gi. (B) The number of swallows (upper figure) and latency (lower figure) when the 

number of swallows increased after injection of glutamate into the Gi (n = 6). Vertical bars 

are ± standard deviation. Asterisks show significant differences compared with the control 

(P < 0.05). 
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Fig. 5. (A) Examples of suppression of the swallowing reflex by injection of glutamate 
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into the Gi. (B) The number of swallows (upper figure) and latency (lower figure) when 

the number of swallows decreased after injection of glutamate into the Gi (n = 6). Other 

details are as for Fig. 4. 
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Fig. 6. (A) The number of swallows (upper left), latency (upper right), duration of Myl 
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EMG (lower left), and amplitude of Myl EMG (lower right) by electrical stimulation 

around the Gi (n= 6). Other details are as for Fig. 1. (B) The number of swallows (upper 

figure) and latency (lower figure) when glutamate was injected around the Gi (n= 6). Other 

details are as for Fig. 4. 
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Fig. 7. Sites of electrical and chemical stimulation shown on coronal histological sections 
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of the brainstem. The number on the lower left of each section designates the level from 

the bregma in mm; (-) indicates caudal to bregma. Abbreviations: Gi, gigantocellular 

reticular nucleus; NTS, nucleus of the solitary tract; Ambc, ambiguus nucleus, compact 

part; mlf, medial longitudinal fasciculus; Li, linear nucleus of the medulla; 7n, facial nerve; 

7, facial nucleus; sp5, spinal trigeminal tract. 

 


