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Involvement of ERK phosphorylation in brainstem neurons
in modulation of swallowing reflex in rats
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In order to evaluate the neuronal mechanisms underlying functional abnormalities of swallowing
in orofacial pain patients, this study investigated the effects of noxious orofacial stimulation
on the swallowing reflex, phosphorylated extracellular signal-regulated kinase (pERK) and
y-aminobutyric acid (GABA) immunohistochemical features in brainstem neurons, and
also analysed the effects of brainstem lesioning and of microinjection of GABA receptor
agonist or antagonist into the nucleus tractus solitarii (NTS) on the swallowing reflex in
anaesthetized rats. The swallowing reflex elicited by topical administration of distilled water
to the pharyngolaryngeal region was inhibited after capsaicin injection into the facial (whisker
pad) skin or lingual muscle. The capsaicin-induced inhibitory effect on the swallowing reflex
was itself depressed after the intrathecal administration of MAPK kinase (MEK) inhibitor.
No change in the capsaicin-induced inhibitory effect was observed after trigeminal spinal
subnucleus caudalis lesioning, but the inhibitory effect was diminished by paratrigeminal
nucleus (Pa5) lesioning. Many pERK-like immunoreactive neurons in the NTS showed GABA
immunoreactivity. The local microinjection of the GABA 4 receptor agonist muscimol into the
NTS produced a significant reduction in swallowing reflex, and the capsaicin-induced depression
of the swallowing reflex was abolished by microinjection of the GABA, receptor antagonist
bicuculline into the NTS. The present findings suggest that facial skin—NTS§, lingual muscle-NTS
and lingual muscle-Pa5-NTS pathways are involved in the modulation of swallowing reflex by
facial and lingual pain, respectively, and that the activation of GABAergic NTS neurons is
involved in the inhibition of the swallowing reflex following noxious stimulation of facial and
intraoral structures.
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Swallowing abnormalities often are a consequence of
stroke in a variety of brain regions or of head and neck
cancer surgery (Robbins & Levine, 1993; Kronenberger
& Meyers, 1994; McConnel & O’Connor, 1994; Paterson,
1996). Several neuronal deficits in the sensory and motor
systems are thought to be involved in oropharyngeal
dysphagia (Buchholz, 1994). It is known that inter-
actions between sensory and motor functions have an
important role in the control of jaw and other orofacial
movements. Indeed, it has been shown that high-intensity
orofacial stimulation or electrical stimulation of branches
of the trigeminal nerve causes strong inhibition of
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jaw-closing motor neurons, and this inhibitory reflex is a
well-documented nocifensive reflex in the orofacial region
(Cruccu et al. 1986; Cadden, 2007). In addition, electrical
stimulation of the lingual nerve may produce inhibition
of swallowing reflex (Sumi, 1970; Zoungrana et al. 2000).
These findings suggest that the trigeminal nociceptive
inputs may be involved in the modulation of orofacial
reflex function, including swallowing.

Some previous reports have described that
inflammatory myopathy or severe oral pain after
dental extraction is involved in swallowing abnormalities
(Ertekin et al. 2004; Vaiman et al. 2006), and so it is
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important to evaluate trigeminal nociceptive effects on
the swallowing reflex, in order to develop appropriate
methods to treat dysphagic patients. The nucleus tractus
solitarii (NTS) is a major brainstem site involved in the
modulation of swallowing reflex (Kessler & Jean, 1985;
Jean, 2001). However, the input-output mechanisms
in the NTS involved in the swallowing reflex are not
well known. It has been reported that the extracellular
signal-regulated kinase (ERK) is phosphorylated not only
in many neurons in the trigeminal spinal subnucleus
caudalis (Vc) and upper cervical spinal cord (C1-C2)
following noxious orofacial stimuli (Noma et al. 2008),
but also in NTS neurons following noxious visceral
stimulation (Xu et al. 2002). Therefore, phosphorylated
ERK (pERK) is thought to be a reliable marker of neurons
activated by a variety of noxious stimuli. Furthermore,
y-aminobutyric acid (GABA) is known to have a major
inhibitory function in the NTS since the swallowing reflex
can be inhibited by microinjection of GABA agonist and
enhanced by GABA antagonist microinjection into the
NTS (Wang & Bieger, 1991).

In the present study, an animal model of swallowing
naturally induced by distilled water (DW) administration
was developed to investigate the effects of noxious orofacial
stimulation on the swallowing reflex, pERK and GABA
immunohistochemical features in brainstem neurons, and
also analysed the effects of brainstem lesioning and of
microinjection of GABA, receptor agonist or antagonist
into the NTS on the swallowing reflex in anaesthetized
rats.

Methods

This study was approved by the Animal Experimentation
Committee of Nihon University School of Dentistry, and
procedures in animals were performed according to the
guidelines of the International Association for the Study of
Pain (Zimmermann, 1983). Experiments were performed
on a total of 177 male Sprague—Dawley rats weighing
between 250 and 350 g. For the measurement of swallows
we used urethane to obtain a stable light anaesthetic level
for a long time period (2-3 h), whereas pentobarbital
anaesthesia was used for the pERK-LI neuron analysis to
obtain a deep stable anaesthetic level for a short period
and to allow for comparison of our data with those of
previous data in many CNS regions, most of which have
used animals under pentobarbital anaesthesia for pERK-LI
neuron analysis (Wang & Bieger, 1991; Ji et al. 1999; Kajii
et al. 2002; Kitagawa et al. 2002; Fukui et al. 2007; Noma
et al. 2008).

Analysis of swallows and capsaicin injection

Rats were anaesthetized with urethane (1.3 g kg™' 1.p.)
and a longitudinal midline incision was made in the
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ventral surface of the neck. The trachea was cannulated
so that respiration could be maintained and the rat
was then carefully placed on a warm mat in a supine
position in the stereotaxic frame, and the EMG activity
was recorded during and after DW administration. Bipolar
enamel-coated stainless steel wire electrodes (interpolar
distance: 5mm) were inserted into the left mylohyoid
muscle to record electromyographic (EMG) activity.
Swallowing was identified by laryngeal movement and
by the mylohyoid EMG activity, which is recognized
as an ‘obligate muscle’ involved in swallowing (Dubner
et al. 1978; Kitagawa et al. 2002). Mylohyoid EMG
activities were stored in the hard disk of a microcomputer
system and analysed off line. Spike2 software (Cambridge
Electronic Design, Cambridge, UK) was used to analyse
the EMG activity and the number of swallows was
calculated from the EMG burst discharges.

DW was infused through an infusion tube placed into
the pharyngeal region to elicit the swallowing reflex.
Another tube was placed into the lower oesophagus to
drain off the DW. During the EMG recording experiment,
the guide tube (2.2mm in diameter) was fixed at the
midline of the hard palate. An infusion tube (0.9 mm in
diameter) used to administer DW was passed through
the guide tube. The distal tip of the infusion tube was
placed near the end of the soft palate. According to a
previous report (Kajii et al. 2002), this procedure can
produce localized stimulation of the pharyngolaryngeal
region. To study capsaicin-induced modulation of the
swallowing reflex, capsaicin (Wako Co. LTD, Japan) was
dissolved in 100% ethanol and 7% Tween 80 in saline (1,
10 or 30 mm), and 20 ul of capsaicin or vehicle solution
was injected into the left whisker pad skin subcutaneously,
or into the left lingual muscle in each animal. After these
procedures, DW was applied at a flow rate of 5.0 ul s™! for
20 s using an infusion pump. The number of swallows was
calculated at 6 min after capsaicin injection. The effect of 1,
10, or 30 mM capsaicin or vehicle solution injection on the
number of swallows was compared in different groups of
rats (with a different concentration of capsaicin or vehicle
injection into whisker pad skin and lingual muscle in each
group, n=>5 in each group).

PERK, neuronal nuclei (NeuN) and GABA
immunohistochemistries

In order to define the peak time point for the expression
of pERK-like immunoreactive (pERK-LI) neurons in
the NTS after capsaicin injection, pERK immuno-
histochemistry was first carried out in rats (anaesthetized
with sodium pentobarbital, 50 mgkg™', 1.p.) at different
time periods following capsaicin or vehicle injection
(20 ul) into the whisker pad skin (n=>5 in each group).
Since these initial experiments indicated that the number
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of pERK-LI neurons peaked at 6 min after capsaicin
injection into the whisker pad skin, other rats were sub-
sequently perfused at 6 min after capsaicin injection into
the whisker pad skin or lingual muscle. Rats were perfused
through the aorta with 0.9% saline (50 ml) followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4,
500 ml). Twenty microlitres of vehicle was subcutaneously
injected into the whisker pad skin (n = 5) to test for vehicle
effects on pERK expression and rats were perfused 6 min
later, as above. The medulla and upper cervical spinal
cord were removed and postfixed in 4% paraformaldehyde
for 3 days at 4°C. The tissues were then transferred to
20% sucrose (w/v) in phosphate-buffered saline (PBS) for
several days for cryoprotection. Thirty-micrometre-thick
sections were cut with a freezing microtome and
every fourth section was collected in PBS. Free-floating
tissue sections were rinsed in PBS, 10% normal goat
serum in PBS for 1h, and then incubated in rabbit
anti-phospho-p44/42 mitogen-activated protein kinase
(MAPK) antibody (1:1000, Cell Signaling Technology,
Inc., Beverly, MA, USA) for 72 h at 4°C. The sections were
incubated in biotinylated goat anti-rabbit IgG (1 :600;
Vector Laboratories, Inc., Burlingame, CA, USA) for 2h
at room temperature. After washing in PBS, the sections
were incubated in peroxidase-conjugated avidin—biotin
complex (1:100; ABC, Vector Laboratories) for 2h at
room temperature. They were then washed in 0.05 M
Tris buffer (TB) (pH 7.4), and next incubated in 0.035%
3,3'-diaminobenzidine-tetra HCl (DAB; Sigma Co. Ltd,
Tokyo), 0.2% nickel ammonium sulphate, and 0.05%
peroxide in 0.05 M TB. The sections were then washed in
PBS, serially mounted on gelatin-coated slides, dehydrated
in a series of alcohols (from 50 to 100%) and coverslipped.

The pERK-LI neurons were drawn under a light micro-
scope with an attached camera lucida drawing tube
(Neurolucida 2000, MicroBrightField, Inc., Williston, VT,
USA). The number of pERK-LI neurons was counted from
every sixth section. The total number of pERK-LI neurons
in three sections was calculated and the mean number of
PERK-LI neurons (3 sections per rat) was obtained from
each animal.

Double immunofluorescence histochemistry was also
conducted in pentobarbital-anaesthetized rats receiving
10 mM capsaicin injection into the whisker or lingual
muscle. Seven rats were perfused through the aorta
with 0.9% saline followed by 4% paraformaldehyde in
0.1 m PB. Thirty-micrometre-thick sections were cut and
processed for double-labelling immunohistochemistry for
pERK and NeuN or GABA. Free-floating tissue sections
were rinsed in PBS, 10% normal goat serum in PBS for
1 h, and then incubated in rabbit anti-phospho-p44/42
MAPK antibody (1:300) 3 days and mouse anti-NeuN
antibody (1:1000, Chemicon, USA) or guinea pig
anti-GABA antibody (1:1000, Chemicon (Millipore),
Temecula, CA, USA) overnight at 4°C and secondary
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antibodies (Alexa Fluor 488 goat anti-rabbit IgG and
Alexa Fluor 568 goat anti-mouse IgG, 1:400 or Alexa
Fluor 568 goat anti-guinea pig IgG, 1:400; Invitrogen,
USA) conjugated for 2 h at room temperature in a dark
room. Then the sections were washed in PBS 3 times for
10 min and were mounted on slides and coverslipped
in PermaFluor (Sigma, USA). Immunofluorescent and
immunohistochemical images were taken with a confocal
laser-scanning microscope (LSM 510-V2.8; Carl Zeiss Co.,
Germany) and a light microscope (Olympus, Japan) with
a digital camera controlled by DP Controller (Olympus,
Japan), respectively.

PD98059 administration

We tested whether intrathecal (1.T.) administration of
PD98059, which has been used as a MAPK kinase (MEK)
inhibitor in previous studies (Kawasaki et al. 2004; Zhuang
et al. 2005), would suppress ERK phosphorylation and
modulate swallowing reflex in the rats receiving capsaicin
administration to the whisker pad skin or lingual muscle.
PD98059 was dissolved in 10% DMSO and saline solution
(0.1 ug ul™') and was administered to the capsaicin- or
vehicle-treated rats (n=20 in each group), which were
anaesthetized with sodium pentobarbital (50 mgkg™!,
I.P.). A microsilicon tube (0.8 mm in diameter) was
connected to an Alzet mini-osmotic-pump (model 2001,
Durect Co., USA; total volume of the pump: 200 ul, drug
infusion: 1 ulh™' for 7 days); the pump was placed sub-
cutaneously into the back of the rats. After exposing the
L1-L4 vertebrae, a L2-L3 laminectomy was performed
and the dura mater removed. Then the microsilicon tube
was inserted into the subdural space and its tip was placed
dorsally in the C2-C3 region of the spinal cord so as to
prevent mechanical damage of the medulla.

NTS, Vc or paratrigeminal nucleus (Pa5) lesioning

Each of the three target regions (NTS, Vc and Pa5) was
defined according to the stereotaxic criteria by Paxinos
& Watson (1998) and Barraco et al. (1992). Rats (n=35)
were anaesthetized with urethane (1.3 gkg ™' 1.p.). Then the
rats were mounted in the prone position in a stereotaxic
frame, the brainstem was exposed, and enamel-coated
tungsten microelectrodes were inserted into the NTS at
three different points (at the obex level and 0.3 mm
lateral from the midline bilaterally, at 0.25 mm depth from
the brainstem surface in each penetration) and 100 nA
negative direct current was applied for 1 min at each site.
For Vc and C1-C2 lesioning (at the left side 2.0 mm from
the midline and 2 mm rostro-caudally from the obex) a
sharp 26-gauge needle was used to remove these structures.
For Pa5 lesioning, a microelectrode was inserted into the
Pa5 bilaterally (at the 2.5 mm lateral from the midline
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and 0.8 and 0.3 mm rostral from the obex, at 0.2 mm
depth from the brainstem surface in each penetration) and
50 i A negative direct current was applied for 30 s at each
site. Sham operations without lesioning (different group
of rats, n=>5) were carried out without microelectrodes
insertion. For the NTS lesioning or sham groups (n =5 in
each group), EMG activity was recorded. In another NTS
lesioning group (n=75), EMG activity was recorded as
above with capsaicin administration into whisker pad skin
after NTS lesioning. For the Vc and Pa5 lesioning or sham
groups (n=>5 in each group), EMG activity was recorded
before V¢, Pa5 lesioning or sham operation. After lesioning
or sham operation, EMG activity was also recorded 6 min
following the capsaicin injection into the whisker pad skin
or lingual muscle.

Microinjection of muscimol or bicuculline into the NTS

Muscimol  (Sigma, USA) or bicuculline (Fluka,
Switzerland) was dissolved in a freshly sterile saline
(muscimol: 10 mm, bicuculline: 5mm). Rats were
anaesthetized with urethane (1.3 g kg™! 1.r.) and placed
in a stereotaxic frame. The brainstem was exposed by neck
skin and muscle incision. A dialysis tube (1 mm length
cellulose membrane, 0.22 mm o.d., M, 50000 ‘cut-off,
Eicom A-I-4-01 type, Japan) was inserted into the middle
of the NTS (0.2 mm caudal to the obex and 0.5 mm in
depth with 45 deg angle). The dialysis tube was then fixed
to the skull with dental acrylic and the neck muscles
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and skin were sutured. The probe was perfused at a flow
rate of 2 ul min~! using a syringe pump. The number
of swallows was counted after DW administration to
the pharyngolaryngeal region during continuous micro-
injection of muscimol, bicuculline or vehicle into the
NTS for 15 min. The number of swallows was similarly
counted in those rats receiving 10 mM capsaicin injection
into the lingual muscle during continuous microinjection
of bicuculline or vehicle into the NTS for 15 min.

Statistical analyses

Statistical analyses were performed using SigmaStat3.5
(Systat Software Inc., San Jose, CA, USA). Results are
presented as means =+ s.E.M. The effect of different dose of
capsaicin on the number of swallows and the time course
change in the number of pERK LI-neurons were analysed
using a non-parametric Kruskal-Wallis test followed by
Dunn’s test (post hoc). A non-parametric Mann—Whitney
U test was used to analyse differences between two groups.
Differences were considered significant at P < 0.05.

Results

Modulation of swallowing reflex following capsaicin
injection into whisker pad skin or lingual muscle

EMG burst discharges could be recorded from the
mylohyoid muscle during and after DW application to
the pharyngolaryngeal region, as illustrated in Fig. 1A.

Figure 1. EMG recordings from mylohyoid muscle
during and after DW administration into the
pharyngolaryngeal region in the rats with

effect of different concentrations of capsaicin to whisker
pad skin or lingual muscle on DW-induced swallowing
reflex. Whisker: whisker pad skin, Lingual: lingual
muscle, Cap: capsaicin, DW: distilled water. *P < 0.05.

B
_E * * capsaicin or vehicle injection to the whisker pad
E164 —_*x il skin or lingual muscle

—— : vehicle
::;' T A The frequent EMG burst discharges were recorded from
= T £ Gap (1mh) mylohyoid muscle during and after DW administration
2 12 4 : Cap (10mM) and each burst indicates the occurrence of a swallow.
"g“ - : Cap (30mM) The number of EMG bursts was counted for 60 s and
[ g - the number of swallows was calculated during and after
S the administration of DW. A, typical burst EMG
] discharges following capsaicin or vehicle injection to the
'g 4 - whisker pad skin in the rat with DW administration. B,
3
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Each EMG burst indicated the occurrence of a swallow,
as previously described (Dubner et al. 1978; Kitagawa
et al. 2002). The number of EMG bursts was counted
for 60s and the number of swallows was calculated
during and after the administration of DW. The number
of swallows was significantly reduced after injection of
capsaicin compared to vehicle into the whisker pad skin
or lingual muscle, as illustrated in Fig. 1B (Whisker:
P < 0.05, Dunn’s test; Lingual: P < 0.05, Dunn’s test, n =5
in each group). The number of swallows was decreased
after capsaicin injection into the whisker pad skin. The
reduction in the number of swallows was greater following
capsaicin injection into the lingual muscle than into the
whisker pad skin, as illustrated in Fig. 1B.

Effect of PD98059 on pERK-LI neurons in NTS,
Vc and Pa5 and swallowing reflex

Many pERK-LI neurons were expressed in the NTS
(whisker pad skin and lingual muscle), Vc (whisker pad
skin) or Pa5 (lingual muscle) following capsaicin injection

merged
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into the whisker pad skin (Fig.2A, C, G and I) or
lingual muscle (Fig. 2D, F, J and L). All pERK-LI neurons
also showed NeuN immunoreactivity (Fig.2A-L). The
pERK-LI neurons in the NTS were expressed within 2 min
and peaked at 6 min after capsaicin injection into the
whisker pad skin (Fig. 2M, P < 0.05, Dunn’s test). Figure 3
illustrates pERK-LI neurons in the NTS, Vc and Pa5. The
PERK-LI neurons were observed as small dots with fibres.
After capsaicin injection into the lingual muscle or whisker
pad skin, many pERK-LI neurons were observed in the
NTS, Vc and the Pa5 (Fig.3). Since pERK-LI neurons
were observed in the VLM in vehicle-injected rats as well
as capsaicin-treated rats, we analysed the pERK-LI neurons
in NTS, Vc and Pa5. In V¢, many pERK-LI neurons were
distributed in the superficial laminae on the side ipsilateral
to the capsaicin injection into the whisker pad skin and
in the superficial laminae of Vc bilaterally following
lingual muscle injection (Fig. 4A). We observed only a few
PERK-LI neurons in the deep laminae of Vc and upper
cervical spinal cord after capsaicin stimulation. On the
other hand, bilateral expression occurred in the NTS after
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Figure 2. pERK-LI neurons and NeuN-LI neurons in the NTS, Vc and Pa5

PERK-LI neurons and NeuN-LI neurons in the NTS (4, B and C: 10 mm capsaicin injection to the whisker pad skin;
D, E and F: 10 mm capsaicin injection to the lingual muscle), Vc (G, H and /: 10 mm capsaicin injection to the
whisker pad skin) and Pa5 (J, K and L: 10 mm capsaicin injection to the lingual muscle). M, time course change in
the number of pERK-LI neurons in the NTS following capsaicin injection to the whisker pad skin. *P < 0.05.
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Figure 3. Photomicrographs of NTS, Vc and
B 3 3 D Lingual Pa5 in rats with 10 mm capsaicin injection

" * into the whisker pad skin or lingual muscle

g3 A, NTS following capsaicin injection into the

lingual muscle. B, Vc following capsaicin
injection into the lingual muscle. C, Vc
following capsaicin injection into the whisker
pad skin. D, Pa5 following capsaicin injection
into the lingual muscle. NTS: nucleus tractus
soritarii; Vc: trigeminal spinal subnucleus
caudalis; Pa5: paratrigeminal nucleus —in this
and following figures.

100 pm

h 8
m

. - . 300 NTS
Whisker Lingual = 25
E
€ 200
- 2 *ox
= c
£ S 1004
= g
] w
3 Y ]
(=] = c
3]
= l:; ann Ve
- c ek %
£ o
o 5
o= o 2004
@ c
g 3
[ ae 100 I
-t o
2 w
a [y | —
E D Pa5
a
8 1501
g 100 [ : vehicle
z . I : Cap |L‘
= |
§ i
= Whisker Lingual

Figure 4

A, camera lucida drawings of pERK-LI neurons and mean number of pERK-LI neurons in the NTS, Vc and Pa5
following 10 mm capsaicin injection to the whisker pad skin or lingual muscle. Arrows indicate dense labellings of
PERK-LI neurons could be detected in NTS, Vc and Pa5. B, C and D, mean number of pERK-LI neurons in the NTS
(B), Vc (C) and Pa5 (D) after 10 mm capsaicin or vehicle injection to the whisker pad skin or lingual muscle. Filled
column: capsaicin-treated rats, open column: vehicle-treated rats, AP: area postrema, VLM: ventrolateral medulla.
**p < 0.01.
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capsaicin injection into whisker pad skin or lingual muscle
(Fig. 4A). A dense packing of pERK-LI neurons was also
observed in the Pa5 bilaterally after capsaicin injection into
the lingual muscle but only a small number of pERK-LI
neurons was expressed in the Pa5 after capsaicin injection
into the whisker pad skin (Fig. 4A and D). The pERK-LI
neurons were mainly distributed rostro-caudally in the
lateral portion of the Vc at 0.7 mm to 2.2 mm caudal from
the obex after capsaicin injection into the whisker pad skin.
The number of pERK-LI neurons expressed following
10 mM capsaicin injection into the whisker pad skin or
lingual muscle was significantly increased in the NTS and
V¢ compared to vehicle administration (Fig. 4B and C:
P < 0.01, Mann—Whitney U test, n=>5 in each group).
After capsaicin injection into the lingual muscle, the
number of pERK-LI neurons was significantly increased
in the Pa5 compared to vehicle administration (Fig. 4D,
P < 0.01, Mann—Whitney U test, n = 5in each group). The
number of pERK-LI neurons was larger in NTS and Pa5
after capsaicin injection into the lingual muscle compared
to those after whisker pad skin injection (Fig. 4B and D).

Modulation of swallowing reflex in rats 811

The number of pERK-LI neurons expressed following
10 mM capsaicin injection into the whisker pad skin or
lingual muscle was significantly depressed in the NTS,
Vc and Pa5 following L.T. administration of PD98059
compared to vehicle administration, as illustrated in
Fig. 5A-D (P<0.05 or 0.01, Mann—Whitney U test,
n=>5 in each group). The swallowing reflex was not
affected by L.T. injection of PD98059 (Fig. 5E, P=0.732,
Mann—Whitney U test, n=10 in each group). On the
other hand, the swallowing reflex depression induced
by 10mM capsaicin injection into the whisker pad
skin or lingual muscle (see above) was significantly
reduced after I.T. injection of PD98059 (Fig. 5E, P < 0.05,
Mann—Whitney U test, n=5 in each group). We did
not observe any differences in the decrement ratio
of the number of pERK-LI neurons in NTS or Vc
following PD98059 1.T. administration between lingual
muscle and whisker pad skin capsaicin-injected rats
(lingual + PD/vehicle versus whisker + PD/vehicle,
NTS, P=0.151, Mann—Whitney U test, n=5 in each
group, lingual: 62.8 £ 4.9%, whisker: 51.5 + 11.1%; Vc,

.
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Figure 5. Effect of I.1. administration of PD98059 on pERK-LI neurons expression in the NTS, V¢, Pa5 and
swallowing reflex induced by capsaicin injection to the whisker pad skin or lingual muscle

A and B, photomicrographs of the NTS after vehicle (A) or PD98059 (B) I.T. administration in the rat with whisker
pad skin capsaicin stimulation, respectively. C and D, mean number of pERK-LI neurons in the NTS, Vc and
Pa5 in the rats with capsaicin injection to the whisker pad skin (C) or lingual muscle (D) following PD98059 1.T.
administration compared to that after vehicle administration. E, effect of the 1.7. administration of PD98059 on
the number of swallows in the rats with capsaicin injection to the whisker pad skin or lingual muscle compared to
that following vehicle administration. cc: central canal. *P < 0.05, **P < 0.01.
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P=0.151, Mann—Whitney U test, n=>5 in each group,
lingual: 66.8 &= 2.9%, whisker: 53.7 &= 7.7%). On the other
hand, the increment ratio of the number of swallows
following PD98059 L.T. administration was significantly
higher in lingual muscle capsaicin-injected rats compared
to whisker pad skin capsaicin-injected rats (P < 0.05,
Mann-Whitney U test, n=5 in each group, lingual:
700 £ 165.8%, whisker: 275 4 44.7%).

NTS, Vc or Pa5 lesioning on swallowing reflex

Since a large number of pERK-LI neurons were expressed
in the NTS, Vc and Pa5 following capsaicin injection into
the whisker pad skin or lingual muscle (see Fig. 4B-D),
NTS, Vc or Pa5 lesioning was carried out to test if
the swallowing reflex depression induced by capsaicin
injection into the whisker pad skin or lingual muscle could
be influenced by disruption of these structures. Based on
the technical limitations of our lesioning procedure, it is
likely that the lesioning disrupted the afferent pathways
to the NTS as well as damaged the NTS, Vc and Pa5
themselves. We first tested the effects of NTS lesioning
on swallowing to confirm that NTS is involved in the
swallowing reflex (Dubner et al. 1978; Jean, 2001). We
observed a number of pERK-LI neurons in the NTS at the
obex level. It has been reported that the rostral and caudal
NTS to the obex level is involved in swallowing (Amirali
etal. 2001). Thus, NTS lesioning was made at the obex level
in this study; it is possible that the dorsal motor nucleus of
the vagus (DMV) could also have been partly lesioned. A
lesion was made at the NTS level as illustrated in Fig. 6A.
The number of swallows induced by DW administration
was significantly reduced after the lesioning of the NTS

B

I : sham
: lesdoning
L_1: lesioning + cap

16 4

12 4

Mean number of swallows (imin)

Distance from the obex (mm)

after

¥ i ) before

Figure 6. Effect of the NTS lesioning on the number of swallows
A, photomicrograph and camera lucida drawings of the sections from
the brainstem with NTS lesioning. B, mean number of swallows before
and after the NTS lesioning with or without capsaicin injection, or the
sham operation. Before: before lesioning or sham operation; after:
after lesioning or sham operation. *P < 0.05, **P < 0.01.
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(Fig. 6B, P < 0.05, Mann—Whitney U test, n=15 in each
group). The number of swallows between NTS-lesioned
rats and NTS-lesioned rats with capsaicin injection was,
however, not significantly different (Fig. 6B, P=0.548,
Mann-Whitney U test, in each group). The number
of swallows was also significantly reduced after the
capsaicin injection into the whisker pad skin in Vc-
and C1-C2-lesioned rats as well as sham-operated rats,
and there was no significant difference between both
groups (Fig.7A and B, P<0.01, before versus after:
Mann—Whitney U test, P=0.690, sham versus lesioning:
Mann-Whitney U test, n=>5 in each group). We also
studied the effect of bilateral Pa5 lesionings on the
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Figure 7. Effect of the Vc and C1-C2 or Pa5 lesioning on the
number of swallows

A, camera lucida drawings of sections from the brainstem with Vc and
C1-C2 lesioning. B, mean number of swallows before and after the Vc
and C1-C2 lesioning or the sham operation. Before: before capsaicin
injection to the whisker pad skin in the rats without Vc lesioning;
after: after capsaicin injection to the whisker pad skin in the rats with
Vc lesioning or sham operation. C, camera lucida drawings of sections
from the brainstem with bilateral Pa5 lesionings. D, mean number of
swallows before and after Pa5 lesioning or sham operation. Before:
before capsaicin injection to the lingual muscle in the rats without Pa5
lesionings; after: after capsaicin injection to the lingual muscle in the
rats with bilateral Pa5 lesionings or sham operation. #The lesioning
areas. *P < 0.05, **P < 0.01.
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depression of swallowing reflex by capsaicin injection
into the lingual muscle but not in rats receiving whisker
pad skin capsaicin, because a large number of pERK-LI
neurons in Pa5 were only observed after lingual muscle
capsaicin injection (Figs4D and 7C). The number of
swallows following capsaicin injection was significantly
larger in Pa5-lesioned rats compared to sham-operated
rats, as illustrated in Fig. 7D (P < 0.01, before versus after:
Mann—Whitney U test, P < 0.05, sham versus lesioning:
Mann—Whitney U test, n =15 in each group).

GABA-LI and pERK-LI neurons in the NTS and the
effect of microinjection of muscimol and bicuculline
into the NTS on swallowing reflex

A number of pERK-LI and GABA-LI neurons were widely
distributed in the NTS following 10 mM capsaicin injection
into the lingual muscle, as illustrated in Fig. 8A-C.
Surprisingly, about 49.5% of the pERK-LI neurons in
NTS also showed GABA immunoreactivity (pERK-LI
+GABA-LI neurons/pERK-LI neurons: 50/101), as
illustrated in Fig.8D. The effect of microinjection of
muscimol and bicuculline into the NTS on the swallowing
reflex was shown in Fig.8E and F. After the micro-
injection of muscimol into the NTS, the number
of swallows was significantly depressed compared to
vehicle-treated rats (Fig.8E, P <0.01, vehicle versus
muscimol: Mann—Whitney U test, n=>5 in each group).
On the other hand, the number of swallows was slightly

A =

PERK | B ' =& GaABA

Mean number of swallows (/min) M

Modulation of swallowing reflex in rats

813

larger following microinjection of bicuculline into the NTS
compared to vehicle microinjection (Fig. 8E, P=0.222,
vehicle versus bicuculline: Mann—Whitney U test, n=15
in each group). Furthermore, the number of swallows
was significantly larger in capsaicin-treated rats following
microinjection of bicuculline into the NTS compared
to capsaicin-treated rats with microinjection of vehicle
into the NTS (Fig. 8F, P < 0.05, vehicle versus muscimol:
Mann—Whitney U test, n=>5 in each group).

Discussion

Modulation of swallowing reflex following
capsaicin injection

It has been reported that a variety of noxious stimuli in the
orofacial region can cause modulation of jaw and orofacial
motor reflexes (McGrath etal. 1981; Cruccu & Romaniello,
1998; Cadden, 2007). For example, mustard oil injection
into the TM]J facilitates jaw-closing and jaw-opening
muscles EMG activities (Cairns et al. 1998, 2001; Lam
et al. 2005). Mustard oil stimulation causes a barrage of
action potentials in small-diameter nociceptive afferent
fibres (Handwerker et al. 1991; Schmidt et al. 1995), and
the V¢, C1-C2, Pa5, NTS and reticular formation are
target nuclei in the brainstem for small-fibre terminations
from the orofacial region (Li et al. 1993; Takemura et al.
1996; Takemura et al. 1998). These nuclei are known
to have strong connections with neurons involved in

F [ : vehicle
Il : muscimol
: bicuculline
*k 164
124
*
B-
e
Without capsaicin 2 capsaicin

Figure 8. GABA-LI neurons or pERK-LI neurons in the NTS of the rats with 10 mm capsaicin injection to
the lingual muscle and the effect of muscimol or bicuculline microinjection into the NTS on swallowing

reflex

A, pERK-LI neurons in the NTS; B, GABA-LI neurons in the NTS; C, pERK-LI neurons with GABA immunoreactivity;
D, pie chart showing the distribution of the GABA-LI and GABA-negative pERK-LI neurons in the NTS. White
arrows in A indicate pERK-LI neurons, those in B indicate GABA and those in C indicate GABA and pERK-LI
neurons. The open arrows in A and C indicate pERK-LI neuron without GABA immunoreactivity. The arrowhead
in B indicates pERK negative/GABA positive. The star in A corresponds to the arrowhead in B and C, and that in B
corresponds open arrows in A and C. £ and F, mean number of swallows in vehicle-treated rats and that following
microinjection of muscimol or bicuculline to the NTS, and that following microinjection of vehicle or bicuculline to
the NTS in capsaicin-treated rats. *P < 0.05, **P < 0.01.
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motor output such as motoneurons in the trigeminal
motor nucleus, facial (VII) nucleus, hypoglossal motor
nucleus and nucleus ambiguous and DMV (Caous ef al.
2001; Zec & Kinney, 2003; Luo et al. 2006). Thus, it
is highly likely that trigeminal small-fibre nociceptive
afferents are involved in modulating the activity of
motoneurons related to swallowing, but if and how they
do this has been unclear. We have provided evidence that
orofacial noxious stimulation can modulate swallowing
by using as the noxious stimulus capsaicin, which is
an irritant that activates C-fibres and small-diameter
Ag-fibres (Szolcsanyi et al. 1988; Takeda et al. 2005).
We have documented that a significant reduction in the
number of swallows occurs following capsaicin injection
into the whisker pad skin or lingual muscle. These
findings suggest that orofacial nociceptive inputs are
strongly involved in modulating the swallowing reflex.
Furthermore, the effect of lingual capsaicin injection on
the swallowing reflex was much stronger compared to
that of whisker pad skin injection, suggesting that deep
nociceptive afferents have stronger effects in modulating of
the swallowing reflex compared to superficial nociceptive
afferents. As outlined below, we have also provided some
insights into the pathways and processes by which this
modulation occurs.

Involvement of NTS, Vc and Pa5 neurons
in swallowing reflex

It is well known that the V¢, NTS and Pa5 neurons
are strongly activated by a variety of noxious stimuli
in the orofacial region (Imbe ef al. 1999; Tsai et al.
1999; Chattipakorn et al. 2005). We observed a significant
increase in the number of pERK-LI neurons in these nuclei
after capsaicin injection into the whisker pad skin and
lingual muscle, and also observed that the expression
pattern of pERK-LI neurons in each nucleus differed
depending upon the capsaicin injection site. A large
number of pERK-LI neurons was expressed in Vc and
NTS after capsaicin injection into the whisker pad skin.
On the other hand, many pERK-LI neurons were observed
in Pa5 as well as Vc and NTS after capsaicin injection
into the lingual muscle. The different expression patterns
of pERK-LI neurons in each nucleus may be related to
the different roles played by each nucleus in sensory
and motor functions in the orofacial region. The NTS is
known as a major relay nucleus sending sensory and auto-
nomic information to the trigeminal motor nucleus, hypo-
glossal nucleus, VII nucleus, DMV and nucleus ambiguus,
resulting in swallowing (Jean, 2001). We found that NTS
lesioning causes a significant reduction in the number
of swallows (see Fig.6), which is consistent with earlier
findings that the NTS is the key nucleus relaying sensory
inputs to cranial nerve motoneurons related to swallowing
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(Doty et al. 1967; Jean, 2001). However, the NTS is
involved in a variety of functions such as gustation, visceral
sensation and respiration, as well as swallowing (Travers
& Smith, 1979; Schwartzbaum & DiLorenzo, 1982; Katz &
Karten, 1983; Scott et al. 1986; Feldman & Felder, 1989;
Jean, 2001; Boscan et al. 2002). Furthermore, nociceptive
neurons have been reported in the NTS and are thought
to be involved in modulating autonomic functions and
respiration (Boscan et al. 2002). These findings as well as
the present data showing that pERK-LI neurons in the
NTS are involved in an inhibition of the swallowing reflex
suggest that NTS nociceptive neurons may have a very
important role in regulating motor functions including
swallowing.

Previous anatomical studies have reported that the NTS
receives prominent afferent inputs from the Pa5 as well
as the trigeminal ganglion (Caous et al. 2001; de Sousa
Buck et al. 2001). Furthermore, many Pa5 neurons can
be activated by noxious stimulation of the TMJ, masseter
muscle or tooth pulp (Imbe & Ren, 2000; Chattipakorn
et al. 2005; Shimizu et al. 2006). We also observed a strong
activation of Pa5 neurons following capsaicin injection
into the lingual muscle, although not after capsaicin
injection into the whisker pad skin, and Pa5 lesioning
caused significant reduction of the capsaicin-induced
depression of swallowing. Thus, it is highly likely that
nociceptive inputs from some deep structures in the
orofacial region could be directed to the NTS via the Pa5
nucleus, resulting in a modulation of the swallowing reflex.

Itis also well documented that many V¢ neurons receive
nociceptive afferent inputs from the orofacial region
(Dubner, 1978; Imbe et al. 1999; Chattipakorn et al. 2005).
The Vc is also known as an important relay nucleus for
orofacial nociceptive inputs to higher CNS regions (Meng
et al. 2000). Therefore, we tested the effects of Vc lesioning
on the swallowing reflex inhibition induced by noxious
stimulation of the whisker pad skin. Since the inhibitory
effect of capsaicin stimulation was not affected by Vc
and C1-C2 lesionings (see Fig. 7A and B), it is likely that
nociceptive afferent inputs that relay through the Vc have
little effect on the swallowing reflex.

Effect of PD98059 administration

PD98059 is known as a specific inhibitor for ERK
phosphorylation in spinal dorsal horn neurons (Ji et al.
1999). Some previous studies have also reported that
PD98059 administration causes a strong inhibition of
nociceptive reflexes, suggesting that ERK phosphorylation
in the dorsal horn neurons is involved in an enhancement
of the nocifensive behaviour (Ji et al. 1999; Cruz et al.
2005a; Cruz et al. 2005b). We observed a significant
reduction of the number of pERK-LI neurons in the
NTS and a significant increase in the number of swallows
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following L.T. infusion of PD98059 in capsaicin-treated
rats. Together with the previous observations, the
present results suggest that ERK phosphorylation in NTS
neurons is involved in the inhibition of the swallowing
reflex induced by the capsaicin stimulation of the orofacial
region.

Involvement of GABAergic NTS neurons
in swallowing reflex

It is well known that GABAergic neurons are strongly
involved in the inhibition of neuronal excitability in
a variety of CNS nuclei (Jorgensen, 2005; Da Settimo
et al. 2007). In the present study, about half of the
pERK-LI NTS neurons activated by capsaicin injection
into the lingual muscle also showed GABA immuno-
reactivity (see Fig.8D), suggesting that many NTS
neurons activated by noxious stimulation of the lingual
muscle may be involved in inhibitory actions on NTS
neurons. Microinjection of GABA agonist into the
NTS is known to produce an inhibition of swallowing
behaviour in rats, cats and dogs (Wang & Bieger, 1991;
Hockman et al. 1996; Lehmann et al. 2002), and we also
observed significant reduction of the number of swallows
following the microinjection of the GABA, receptor
agonist muscimol into the NTS, whereas the number
of swallows was slightly larger following microinjection
of the GABA, receptor antagonist bicuculline into the
NTS compared to vehicle microinjection. Furthermore,
the capsaicin-induced depression of the swallowing reflex
was reversed by microinjection of bicuculline into the
NTS. These earlier findings and the present data raise
the possibility that the activation of GABAergic NTS
neurons by orofacial noxious stimulation may be involved
in the inhibition of NTS output neurons, resulting in an
inhibition of swallowing reflex.

Urethane was used during the behavioural analysis
of swallowing reflex and pentobarbital was used during
the immunohistochemical analysis (pERK expression).
Although we could not discount the theoretical possibility
that the use of different anaesthetics may affect the
outcome, the present study investigated three possible
pathways involved in the modulation of the swallowing
reflex. These pathways may have parallel roles in this
modulatory process, as follows: the facial skin—-NTS
pathway may be involved in the modulation of swallowing
that can occur as a result of superficial (i.e. facial
skin) pain, whereas the lingual muscle-NTS and
lingual muscle-Pa5-NTS pathways may be involved in
modulation of the swallowing reflex by deep (i.e. lingual
muscle) pain. The present data also suggest that the
activation of GABAergic NTS neurons is involved in the
modulation of swallowing reflex following a variety of
noxious stimuli to the facial skin and intraoral structures.
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