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Abstract The swallowing reflex is centrally programmed
by the lower brain stem, the so-called swallowing central
pattern generator (CPG), and once the reflex is initiated,
many muscles in the oral, pharyngeal, laryngeal, and
esophageal regions are systematically activated. The
mylohyoid (MH) muscle has been considered to be a
“leading muscle” according to previous studies, but the
functional role of the digastric (DIG) muscle in the swal-
lowing reflex remains unclear. In the present study, there-
fore, the activities of single units of MH and DIG neurons
were recorded extracellularly, and the functional involve-
ment of these neurons in the swallowing reflex was
investigated. The experiments were carried out on eight
adult male Japanese white rabbits anesthetized with ure-
thane. To identify DIG and MH neurons, the peripheral
nerve (either DIG or MH) was stimulated to evoke action
potentials of single motoneurons. Motoneurons were
identified as such if they either (1) responded to antidromic
nerve stimulation of DIG or MH in an all-or-none manner
at threshold intensities and (2) followed stimulation fre-
quencies of up to 0.5 kHz. As a result, all 11 MH neurons
recorded were synchronously activated during the swal-
lowing reflex, while there was no activity in any of the 7
DIG neurons recorded during the swallowing reflex. All
neurons were anatomically localized ventromedially at the
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level of the caudal portion of the trigeminal motor nucleus,
and there were no differences between the MH and DIG
neuron sites. The present results strongly suggest that at
least in the rabbit, DIG motoneurons are not tightly con-
trolled by the swallowing CPG and, hence, the DIG muscle
is less involved in the swallowing reflex.
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The swallowing reflex is centrally programmed by the
lower brain stem, the so-called swallowing central pattern
generator (CPG), and is evoked by mechanical, chemical,
or electrical stimulation to the pharynx or related nerves
[1]. Once the reflex is initiated, many muscles in the oral,
pharyngeal, laryngeal, and esophageal regions are sys-
tematically activated. These muscles are innervated by
trigeminal, facial, glossopharyngeal, vagus, hypoglossal,
and cervical motoneurons, indicating that the swallowing
CPG organizes and regulates their neuronal activities.

In a previous study, Doty and Bosma first described the
pattern of related electromyographic (EMG) activity during
the swallowing reflex [2]. They concluded that the overall
firing patterns were highly constant among more than 20
muscles in the oral, pharyngeal, and laryngeal regions in the
monkey, cat, and dog. They also proposed that the digastric
(DIG) muscle was a swallow-related muscle in the monkey
but not in the cat or dog. In EMG studies [3], however,
electrical cross talk and/or leakage should be considered
during evaluation of muscle activity. In our previous study,
EMG activities of jaw muscles were recorded in the freely
behaving rabbit during mastication [4]. Although the study
was focused mainly on chewing behavior, EMG activity
was also evaluated during swallowing. As a result, the
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mylohyoid (MH) muscle was considered to be a “leading
muscle” as suggested by Doty and Bosma [2], and the DIG
muscle showed small but tonic activity in this period.
Because these activity patterns were observed on both the
right and left sides regardless of chewing side, we suggested
that the DIG muscle in the rabbit was controlled by the
swallowing CPG. The activity pattern between the MH and
DIG muscles was obviously different, although these mus-
cles are both regarded as jaw-openers. In this regard, it
should be noted that in the rabbit, the MH muscle attaches to
the hyoid, while the DIG does not [5].

Thus, whether the swallowing CPG differentially con-
trols the suprahyoid muscles such as the DIG, MH, and
geniohyoid remains unknown. To elucidate this, single
units of these neurons were extracellularly recorded and
functional involvement of these neurons in the swallowing
reflex was investigated.

Materials and Methods

The experiments were carried out on eight adult male
Japanese white rabbits (weight range = 2.5-3.0 kg) in
accordance with the National Institute of Health’s Guide
for the Care and Use of Laboratory Animals (NIH

Fig. 1 Illustration of the experimental setup. The digastric (DIGn) or
mylohyoid (MHn) nerve was antidromically stimulated to record
extracellular action potentials from single motoneurons in the
trigeminal motor nucleus (NVmot). Swallowing reflex was evoked
by either repetitive electrical stimulation of the superior laryngeal
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publication No. 86-23, revised 1996). The experimental
protocols were reviewed and approved by the Intramural
Animal Care and Veterinary Science Committee of Niigata
University. The animals were anesthetized with urethane
(1.5 g/kg) administered intravenously through the marginal
ear vein and supplemented if necessary. Throughout the
experiment particular care was taken to confirm an ade-
quate level of anesthesia such that noxious forelimb
pinching evoked no response. Physiological saline was
administered by intravenous infusion (10 ml/kg/h). Tra-
cheal cannulation was performed. At all times, an elec-
trocardiogram and rectal temperature were monitored, and
the temperature was kept between 38 and 40°C with a
feedback-controlled heating pad.

Figure 1 shows the experimental preparation. Pairs of
stimulating electrodes made of urethane-coated silver wire
0.2 mm in diameter (Unique Medical Co., Ltd., Tokyo,
Japan) were hooked around the DIG and MH nerves on the
right side. For this purpose, these nerves were exposed just
after separation from the MH nerve trunk, and a 1-5-mm
interpolar distance was established. Pairs of urethane-
coated copper wire electrodes 0.18 mm in diameter
(Unique Medical Co., Ltd.) were inserted into the DIG
muscle on the right side and into MH muscles on both the
left and right sides for EMG recordings. To evoke the

Recording of single unit

Swallowing

Swallowing

MH EMG

nerve (SLN) or mechanical stimulation of the posterior tongue and
pharynx using a cotton swab. Swallowing reflex was monitored by the
electromyographic (EMG) activities of the MH muscle. In the present
study, we examined whether identified DIG or MH neurons were
activated during the swallowing reflex
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swallowing reflex, pairs of stimulating electrodes made of
urethane-coated silver wire 0.2 mm in diameter (Unique
Medical Co., Ltd.) were hooked around the internal branch
of the superior laryngeal nerve (SLN), beside the larynx
and just distal to its bifurcation into the internal and
external branches. Swallowing was confirmed by the MH
EMG burst as well as visually observed laryngeal
elevation.

After the head had been fixed in a stereotaxic holder in
which lambda was 1.5 mm lower than bregma, Epoxylite-
coated tungsten monopolar electrodes (1 MQ) (FHC, Inc.,
Bowdoin, ME, USA) were used for extracellular recording
from single motoneurons on the right side. They were
advanced into the brain stem toward areas in the trigeminal
motoneuron pool (20° behind the vertical and P 3.0-4.2, L
1.5-2.5 mm to lambda) [6].

To identify DIG and MH neurons, the peripheral nerve
(either DIG or MH) was antidromically stimulated. A
stimulus current of twice the threshold was required to
orthodromically activate DIG or MH EMG responses. In the
present study, neurons were identified as motoneurons if
they (1) responded to antidromic nerve stimulation of either
the DIG or MH (single square pulse, 0.3-ms duration,
<100 pA) in an all-or-none manner at threshold intensities,
(2) the onset latency to the action potentials was consistent
and <2 ms, and (3) they followed stimulation frequencies of
up to 0.5 kHz [7, 8]. Reference electrodes were attached to
neck muscles.

Once a motoneuron was identified, its spontaneous
activity and stimulus latency and threshold for DIG or MH
nerve stimulation were determined. Its possible involve-
ment with the swallowing reflex was then determined by
establishing patterns of its responses to the swallowing
reflex evoked by either mechanical stimulation to the
posterior tongue and pharynx using a cotton swab or
electrical stimulation of the SLN (train pulses, 20 Hz,
0.3-ms duration, <100 pA).

At the termination of each experiment, a small electro-
Iytic lesion was created by passing negative current (20 pLA,
20 s) through recording electrodes. The animal was killed
with an intravenous overdose of urethane, and 0.1 M
phosphate buffer at pH 7.4 was then perfused through the
left cardiac ventricle, followed by formalin fixative. Serial
frozen coronal sections (30 pm thick) were stained with
H&E. The recording sites in the brain were reconstructed
according to the atlas of Meessen and Olszewski [9].

Results
Of all single motoneurons recorded, 11 MH and 7 DIG

motoneurons were identified. Summarized data of the
neurons are shown in Table 1. The mean value

Table 1 Summarized data of single motoneurons recorded

Rate of neurons
showing swallow-
related activity (%)

Motoneuron N Antidromic responses

to the nerve stimulation

Intensity Latency

(HA) (ms)
MH 11 7124356 1.6+01 100 (11/11)
DH 7 716+224 1.7+£03 0 (0/7)

Intensity and latency represent mean + SD

(mean £ SD) of the stimulus threshold was 71.2 4 35.6
LA (n = 11) for MH neurons and 71.6 &+ 22.4 pA (n = 7)
for DIG neurons. The latency (mean + SD) to the nerve
stimulation was 1.6 £ 0.1 ms (n = 11) for MH neurons
and 1.7 + 0.3 ms (n = 7) for DIG neurons. None of these
neurons had any spontaneous activity.

All MH neurons recorded were activated during the
swallowing reflex (Fig. 2). The onset and offset of these
activities were almost identical to those of the EMG burst
in the left MH muscle, although the temporal relationship
of burst patterns between single neurons and MH EMGs
was not evaluated at this time. On the other hand, no
activity of any DIG neurons was recorded during the
swallowing reflex (Fig. 3).

Localization of the recorded motoneurons in the brain
stem was then performed. All neurons were localized
ventromedially at the level of the caudal portion of the
trigeminal motor nucleus (Fig. 4). The recorded site in the
brain stem was rostrocaudally extended to the area medial
to the descending root of the facial nerve, and there were
no differences between the MH and DIG neuron sites
(Fig. 4).

Discussion

The DIG and MH muscles are both known to be jaw-
openers in all mammals, including rabbits [10]. Further-
more, they are regarded as hyoid and thyroid cartilage-
elevators during swallowing [1-3]. However, all DIG
motoneurons recorded in the present study were not active
during swallowing, regardless of the lack of paralysis. The
DIG muscle was less active during the solely evoked
swallowing reflex in anesthetized [11, 12] and nonanes-
thetized [13] rabbits, although the authors did not focus on
the differences. We previously investigated the effect of
electrical stimulation of the SLN to evoke the swallowing
reflex on the jaw-opening reflex responses in the DIG
muscle. Swallowing movements (i.e., laryngeal elevation)
were always identical to the MH burst but not to the DIG
one [11], which was an advantage for measurement of the
peak-to-peak amplitude of the reflex evoked in the DIG
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Fig. 2 Example of mylohyoid DIGn stim  MHn stim Swallow related activity
motoneuron. Left This neuron

was antidromically activated by

electrical stimulation of the

mylohyoid nerve (MHn stim) MHN
(60 pA, 0.3-ms duration), while

there were no responses to

digastric nerve stimulation

(DIGn stim). Five sweeps were
superimposed for each nerve

stimulation. The latency to the

MHn stimulation was 1.6 ms. 1ms

Right During swallowing, this MH m 0.1 mV
neuron was synchronously

activated with the MH EMG —

burst 01s

MH N 0.5mV

Fig. 3 Example of digastric A

motoneurons. These neurons DIGnstim  MHn stim Swallow related activity
were antidromically activated
by electrical stimulation of the
digastric nerve (DIGn stim) (91
pA, 0.3-ms duration for A and
57 pA, 0.3-ms duration for B),
while there were small field
potentials as a result of MH

Dig N wsimsesmolivsiiommmmasmimin [ 0 4 mV
nerve stimulation (MHn stim).

. , MHm | 0.05 mV
Five sweeps were superimposed il

for each nerve stimulation. The —_
latencies to the DIGn 0.1s
stimulation were 1.5 and 1.7 ms B

for A and B, respectively.
During swallowing, the two
neurons showed no responses

0.04 mV

Wﬁ& 0.04mV  DigN

1ms
|
MH m -'~~-~r‘~V4H+W%WW“‘**H%W l 0.05 mV
0.1s
VIl
(4.
NVmot

Fig. 4 Histological reconstruction of recorded motoneurons. Open the level of the caudal portion of the trigeminal motor nucleus. NVmes
and filled circles represent MH and DIG motoneurons, respectively. the mesencephalic trigeminal nucleus, V the trigeminal tract, VII the
Left and right figures show the mid and caudal levels of the trigeminal facial nerve. Vertical and horizontal scale bars 1 mm

motor nucleus (NVmot). All neurons were localized ventromedially at
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muscle during swallowing. There may be species-depen-
dent differences in the activity patterns during swallowing
[2, 3]. Numerous reports have examined the coordination
of jaw, tongue, and hyoid muscle activity during chewing
and swallowing [3, 14-16]. It should also be noted that
EMG bursts in the DIG during swallowing have been
reported during chewing or cortically evoked rhythmic jaw
movements in anesthetized [17] and nonanesthetized
[4, 18] rabbits. Very small but tonic bursts in the DIG were
observed during swallowing, of which the timing was
almost synchronous with that in the MH and thyrohyoid
muscles. It is possible that the preceding or subsequent
DIG activity during chewing behaviors overlapped during
swallowing and/or sensory feedback actively modulated
the DIG activity. Thus, it can be suggested that at least in
the rabbit, DIG motoneurons were not tightly controlled by
the swallowing CPG, and hence the DIG muscle is not
involved in the swallowing reflex.

Another possibility should also be considered: func-
tional heterogeneities exist not only among muscles, but
among motor units within the same muscle, as previously
suggested [3, 19-21]. In other words, it is possible that we
did not record the activity of any DIG motoneurons that
received inputs from the swallowing CPG in the present
study. Thexton et al. [3] recorded EMG activities from 16
different muscles and two distinct sites in the same muscles
during swallowing in the pig. They found a large difference
in the DIG EMG burst patterns, not only among the ani-
mals but between the sites in the same muscle, including
the DIG in one animal. In particular, overall variability in
the same muscle was the largest, and the range of overlap
of EMG signals from duplicate electrodes in the same
muscle was small in the anterior belly of DIG muscle; this
may reflect variable activity patterns of DIG motoneurons.
As suggested by the authors, different patterns of within-
muscle variation in EMGs reflected different organiza-
tional or morphological aspects of recorded muscles. Thus,
the possibility that DIG motoneurons recorded in the
present study did not receive inputs from the swallowing
CPG, but received inputs from others, cannot be excluded.

If the DIG is not necessary for swallowing in rabbits,
what is the explanation for the difference in contribution to
swallow-related hyoid movements? The DIG is anatomi-
cally categorized as a suprahyoid muscle and consists of
anterior and posterior bellies. The former is innervated by
the trigeminal nerve, while the latter is innervated by the
facial nerve. However, only the anterior belly of the DIG is
present in rabbits, and its sources of innervation are richly
located in the trigeminal nucleus, and less so in the facial
nucleus [22]. Notably, the DIG muscle is not attached to
the hyoid bone in rabbits [5]. During swallowing, many
structures are involved in reflexively evoked sequential
movements. It is apparent that the position and movement

of the hyoid are critical to normal swallowing. As sug-
gested by German et al. [23], the hyoid is a “floating
bone,” and its position should be strictly maintained by a
sling of muscles. Its superior and anterior movements are
controlled by the antigravitational drive of related muscles,
mainly the suprahyoid muscle group, including the DIG
muscle. This may not be the case in rabbits; one reason is
that, as mentioned above, the DIG muscle is not attached to
the hyoid bone in rabbits. Another reason may be explained
by a previous study [18] in which DIG tenotomy was
performed and chewing behaviors and mylohyoid EMG
patterns were compared between tenotomized and control
rabbits. The authors found fewer changes in the patterns of
jaw movements and EMG activity after tenotomy, sug-
gesting that the DIG muscle is not critical to chewing or,
possibly, swallowing behaviors in rabbits.

Interestingly, the locations of these neurons in the brain
are known to be very close to each other [24], although
their functional involvement in swallowing is quite dif-
ferent. Again, the DIG muscle, like the MH muscle, is
regarded as a jaw-opener in all mammals in functions such
as chewing [4, 25]. However, the precise activity patterns
were a bit different between the two muscles in this study,
even during chewing, in that the DIG activity peaked in the
late part of the opening phase while the MH activity peaked
in the early part. These results strongly suggest that input
patterns from the masticatory CPG into both motoneurons
were not consistent with each other. Thus, one can expect
that in addition to chewing, central regulation of swal-
lowing differs between the two jaw-openers.
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