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Abstract Although ‘‘teeth clenching’’ induces pressor

response, the reflex tracts of the response are unknown. In

this study, dantrolene administration inhibited teeth

clenching generated by electrical stimulation of the mas-

seter muscles and completely abolished the pressor

response. In addition, trigeminal ganglion block or hex-

amethonium administration completely abolished the

pressor response. Local anesthesia of molar regions sig-

nificantly reduced the pressor response to 27 ± 10%.

Gadolinium (mechanoreceptor blocker of group III muscle

afferents) entrapment in masticatory muscles also signifi-

cantly reduced the pressor response to 62 ± 7%. Although

atropine methyl nitrate administration did not change the

pressor response, a significant dose-dependent augmenta-

tion of heart rate was observed. These results indicate that

both periodontal membrane and mechanoreceptors in

masticatory muscles are the receptors for the pressor

response, and that the afferent and efferent pathways of the

pressor response pass through the trigeminal afferent

nerves and sympathetic nerves, respectively.

Keywords Teeth clenching � Pressor response �
Periodontal membrane � Mechanoreceptor � Trigeminal

afferent nerve � Sympathetic nerve

Introduction

It is known that teeth clenching or mastication induces a

variety of physiological responses related to circulatory

alterations, particularly increasing cerebral blood flow and

oxygen levels in the brain [1–4]. Hirano et al. [5] showed

that chewing exercise significantly increases blood oxygen

levels in the middle frontal gyrus, right premotor cortex,

precuneus, thalamus, hippocampus, and inferior parietal

lobe in humans. Kawanishi et al. [6] demonstrated that a

solid diet is more effective for functional recovery than a

liquid diet in rats with ischemic brain injury after perma-

nent middle cerebral artery occlusion. Based on these

previous studies, we propose that increases in cerebral

blood flow and oxygen level in the brain during jaw

movement are caused by the pressor response.

The pressor response induced by teeth clenching has

been reported previously. Ferella et al. [7] reported that

arterial pressure (AP) and heart rate (HR) were signifi-

cantly increased in parallel with the activity of the masti-

catory muscles in humans. Ishiyama and Suzuki [8]

showed that AP, HR, and cerebral blood flow were sig-

nificantly increased by masticatory exercise in humans, and

presumed that the pressor response was induced by the

interaction between sympathetic and parasympathetic

nerve activation. Moreover, Okada et al. [9] reported that

local anesthesia of molar regions attenuated the teeth

clenching-induced pressor response in humans, and sug-

gested that the sensory system of the periodontal tissue was

involved in the pressor response. Based on these results, it

has been confirmed that the pressor response occurs during

teeth clenching exercise. However, the pressor response

mechanism of teeth clenching has not yet been elucidated.

Consequently, we aimed to elucidate the reflex arc of the

pressor response. We hypothesized that the pressor
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response is induced by a neural reflex, and that both the

periodontal membrane and mechanoreceptors in mastica-

tory muscles are the pressor receptors, while the pressor

response is mediated by the trigeminal afferent nerves

(afferent pathway) and the autonomic nerves (efferent

pathway). Consequently, we confirmed the effects of

ryanodine receptor inhibition, sinoaortic denervation

(SAD), local anesthesia of molar regions, block of group

III muscle afferents in masticatory muscles, trigeminal

ganglion block (TRG-block), and autonomic ganglion

block or muscarinic receptor block on teeth clenching-in-

duced pressor response.

Methods

Experimental subjects

One hundred and eleven male Sprague–Dawley rats (age

12–16 weeks, weight 423 ± 34 g; Japan SLC, Hama-

matsu, Shizuoka, Japan) were randomly divided into eight

groups for the following procedures: varying the stimulus

frequency (n = 5 rats), dantrolene sodium (ryanodine

receptor inhibitor, muscle relaxant) administration (n = 5

rats), SAD (n = 11 rats), local anesthesia of molar regions

(n = 17 rats), gadolinium chloride entrapment in masti-

catory muscles (n = 23 rats), trigeminal ganglion block

(TRG-block) (n = 21 rats), and hexamethonium chloride

(n = 22 rats) or atropine methyl nitrate administration

(n = 7 rats). All experimental procedures were performed

according to the Guidelines for Proper Conduct of Animal

Experiments issued by the Science Council of Japan. The

experimental protocols of the present study were also

reviewed and approved by the committee of Research

Facilities for Laboratory Animal Science, National Defense

Medical College (approval numbers: 12086 and 15046).

Equipment and procedures

Rats were anesthetized with urethane (1.2 g kg-1,

intraperitoneal; Sigma–Aldrich, St. Louis, MI, USA). With

a microscope, an arterial catheter (PE-50; Becton–Dickin-

son, Franklin Lakes, NJ, USA) was inserted into the left

femoral artery to measure AP, and a venous catheter (PE-

10; Becton–Dickinson) was inserted into the left femoral

vein for administration of additional anesthetics or drugs.

All catheters were heparinized (2 U ml-1). Electrodes

(EKC-20VSBL; Eiko-Kagaku, Tokyo, Japan) were placed

subcutaneously at the midchest region to record electro-

cardiograms (ECG). Stimulating electrodes were also fixed

on the bilateral masseter muscles to induce teeth clenching

movement (except for the masseter muscle stretch test and

the vasomotor response test). A 0.65-mm-thick pressure

sensor (PSM-type; Kyowa Electronic Instruments, Tokyo,

Japan) was placed on the right lower molar teeth of the rat

to measure the force of teeth clenching. The arterial

catheter was connected to a pressor transducer (DX-360;

Nihon Kohden, Tokyo, Japan). AP and ECG were recorded

using amplifiers of the polygraph system (AP-641G for AP,

AB601G for ECG, Nihon Kohden). HR was measured with

the R wave of the electrocardiogram as the trigger using a

rate meter (AT601G; Nihon Kohden). A pressor sensor to

detect the force of teeth clenching was connected to a

bioamplifier (AP601G; Nihon Kohden). All analog signals

were digitalized using an analog–digital converter (Pow-

erLab; ADInstruments, Dunedin, New Zealand). Digital-

ized values were then obtained at a sampling rate of 1000

samples per second. The observed values and stimulation

signals were displayed and recorded on a personal com-

puter (Satellite223; Toshiba, Tokyo, Japan) and recorded

on a thermal arraycorder (WR1000; Graphtec, Kanagawa,

Japan). Teeth clenching was generated by electrical stim-

ulation of the bilateral masseter muscles of rats at

18–20 mA using electrical stimulators (Electronic stimu-

lator and Isolator SS-102J; Nihon Kohden). Electrical

stimulation of the masseter muscles was delivered for

periods of 30 s at 1 Hz using a 0.4-s pulse duration (except

for stimulus frequency experiment). Stimulation induced a

clenching force of about 4 N.

Varying the stimulus frequency

Electrical stimulation was randomly applied to the bilateral

masseter muscles of five rats at a frequency of 0.2, 0.25,

0.33, 0.5, or 1.0 Hz or continuously for periods of 30 s.

Continuous electrical stimulation was applied for periods

of 30 s at 50 Hz using 1-ms pulse durations. We then

compared changes in mean arterial pressure (DMAP) and

HR (DHR) in response to electrical stimulation of the

bilateral masseter muscles at various frequencies to con-

firm the most effective frequency as a pressor response.

Dantrolene sodium administration

Five rats were administered dantrolene sodium

(6 mg kg-1; Astellas Phama, Tokyo, Japan) intravenously

to inhibit the muscle contraction during the electrical

stimulation of masseter muscles. Dantrolene sodium is a

postsynaptic skeletal muscle relaxant that abolishes the

excitation–contraction coupling by inhibiting the release of

calcium ions via an action on the ryanodine receptor of the

skeletal muscle sarcoplasmic reticulum [10]. Several

researchers have reported that 10–30 mg kg-1 dantrolene

sodium administration has little effect on circulation or

respiration [11–13]. We administered the minimum dose of

dantrolene sodium to inhibit muscle contraction.
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SAD

We performed SAD (n = 6 rats) in accordance with pre-

vious studies [14, 15]. An incision was made on the cer-

vical midline, and the aortic nerves were cut bilaterally.

The carotid sinuses were completely isolated from the

surrounding tissue, and a 5% phenol solution was applied.

After completion of recording, 0.1 ml of phenylephrine

hydrochloride (40 lg ml-1; Sigma-Aldrich) was adminis-

tered intravenously to confirm no baroreflexive HR

response with temporal hypertension. In sham-SAD rats

(n = 5 rats), we performed an incision on the cervical

midline and the isolation of bilateral carotid sinuses, but

did not sever the nerves.

Local anesthesia of molar regions

Into the bilateral upper and lower molar regions of rats,

0.1 ml of 0.4% (n = 6 rats) or 0.8% lidocaine (Xylocaine,

Astra Zeneca, Osaka, Japan, n = 5 rats) was injected,

respectively. Meanwhile, in control rats (n = 6 rats),

0.1 ml of saline was injected into the same points.

Gadolinium chloride entrapment in masticatory muscles

A catheter (PE-50, Becton–Dickinson) was inserted into the

right ventricle through the right external jugular vein of rats,

and as previously reported [16–20], gadolinium chloride

HEPES-buffered solution (20 mM, 2.1 ml kg-1, pH

7.3–7.4, Sigma–Aldrich, n = 12 rats) or HEPES-buffered

solution (2.1 ml�kg-1, pH 7.3-7.4, n = 5 rats) was admin-

istered into the right ventricle of the rats. Subsequently, the

right and left external jugular veins were ligated for 10 min

to trap the solution in the bilateral masticatory muscles. In

the masseter muscle stretch test (n = 6 rats), which was

conducted to confirm the effect of gadolinium entrapment,

the unilateral masseter muscle was cut at the distal side and

stretched at 1000 g-tension for 2 min before and after

entrapment of the gadolinium chloride HEPES-buffered

solution (20 mM, 2.1 ml kg-1, pH 7.3–7.4) in the bilateral

masticatory muscles. Hayes and Kaufman [17] reported that

entrapment of gadolinium chloride (5 mM, 1 ml) in the

lower limbs attenuated pressor responses to contraction and

to tendon stretch; however, higher concentrations

(10–25 mM, 1 ml) caused sufficient attenuation of the

responses in both decerebrate and a-chloralose-anesthetized

cats. Furthermore, Nakamoto and Matsukawa [19] showed

that the entrapment of gadolinium chloride HEPES-buffered

solution (20 mM, 2.1 ± 0.3 ml kg-1, pH 7.3–7.4) in the

lower limbs blunted the increases in mean arterial pressure

(MAP) to 74–78% in anesthetized rats. Based on these

previous studies, we determined the dose of gadolinium

chloride in the experiment.

TRG-block

Rats were fixed on the stereotaxic apparatus (SR-6R; Nar-

ishige, Tokyo, Japan), and two holes of approx. 1 mm in

diameter were formed at the surface of the parietal bone.

Then, cannulae for implantation in the brain (C315ISPCL/

C315GSPCL; Plastic One, Roanoke, VA, USA) were

inserted into the right and left trigeminal ganglia (TRG) in

accordance with the description of Paxinos and Watson’s rat

brain atlas [21]. Subsequently, in the TRG-block rats, 1 ll of

2% (n = 8 rats) or 8% lidocaine (n = 7 rats) was injected

into the bilateral trigeminal ganglia. Meanwhile, the control

rats (n = 6 rats) were injected with 1 ll of saline.

Hexamethonium chloride administration

A venous catheter (PE-10; Becton–Dickinson) was inserted

into the right femoral vein. Then, through the venous

catheter, the continuous infusion of phenylephrine

hydrochloride (4–5 lg kg-1�min-1, or 12–13 lg kg-1 -

min-1) was started at the intravenous administration of

hexamethonium chloride (1 or 10 mg kg-1; MP Bio-

chemicals, Santa Ana, CA, USA) (each group, n = 8 rats)

using a syringe pump (Fusion 200; CHEMYX, Stafford,

TX, USA) to maintain AP. We then compared DMAP or

DHR in response to electrical stimulation of the bilateral

masseter muscles of rats before and at 10 min after hex-

amethonium administration. In the vasomotor response test

(n = 6 rats), continuous infusion of phenylephrine

hydrochloride (12–13 lg kg-1 min-1) was started at hex-

amethonium chloride administration (10 mg kg-1) to

maintain AP. Subsequently, we compared DMAP before

and 10 min after hexamethonium administration at a bolus

injection of phenylephrine (40 lg ml-1, 0.1 ml) to confirm

the contractility changes of the systemic arteriole.

Atropine methyl nitrate administration

Seven rats were administered atropine methyl nitrate

(ChromaDEX, Irvine, CA, USA) at doses of 10, 100, and

1000 lg kg-1 intravenously at 30-min intervals. We then

compared DMAP and DHR in response to electrical stim-

ulation of the bilateral masseter muscles before and at

10 min after each administration of atropine methyl nitrate.

Statistical analysis

All measured values are expressed as mean ± SE. The

statistical significance of observed changes was assessed

using the paired or unpaired Student’s t test, or analysis of

variance (ANOVA) followed by the Tukey–Kramer post

hoc test. Significant differences were determined at

p\ 0.05.
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Results

There were no significant differences in baseline MAP or

HR in any of the experimental groups in the present study

(Table 1). However, SAD treatment significantly increased

baseline MAP from 90 ± 4 to 99 ± 4 mmHg (p\ 0.01)

(Fig. 4a).

Figure 1 shows the results of the stimulus frequency

experiment. Pressor response tended to increase with

stimulus frequency. However, there were no significant

differences in DHR. The results showed that 1.0 Hz is the

most effective frequency of electrical stimulation for the

pressor response. Figure 2 shows representative recordings

of AP and HR in a rat in response to electrical stimulation

of the bilateral masseter muscles at 1.0 Hz.

Figure 3 shows the results of the dantrolene sodium

administration experiment. Dantrolene sodium almost

completely suppressed the masticatory muscle contraction

(Fig. 3a), and completely abolished the pressor response

(Fig. 3b). However, there were no significant differences in

DHR.

Figure 4 shows the results of the SAD experiment. SAD

treatment significantly increased baseline MAP. However,

it did not enhance the pressor response (Fig. 4a). There

were no significant differences in the pressor response

between sham-operation and SAD treatment (Fig. 4b).

There were also no significant differences in DHR.

Figure 5 shows the results of the local anesthesia of

molar regions. In the 0.4% lidocaine group, the pressor

response was significantly reduced to 27 ± 23% at 30 min

after treatment. However, there were no significant differ-

ences in DHR. In the 0.8% lidocaine group, the pressor

response was also significantly reduced to 27 ± 10% at

30 min after treatment. However, there were no significant

differences in DHR. In the control group, there were no

significant differences in DMAP or DHR.

Figure 6a shows the results of the gadolinium chloride

entrapment in masticatory muscles experiment. In the

gadolinium chloride group, the pressor response was sig-

nificantly reduced to 62 ± 7% of the non–trapped state at

30 min post-entrapment. However, there were no signifi-

cant differences in DHR. Furthermore, there were no sig-

nificant differences in the teeth clenching force of the rats

before and 30, 60, and 90 min after the gadolinium chlo-

ride entrapment (3.8 ± 0.3 vs. 3.9 ± 0.3 vs. 4.1 ± 0.3 vs.

4.0 ± 0.2 N). On the other hand, in the control group, there

were no significant differences in DMAP or DHR. In the

masseter muscle stretch test, the pressor response during

Table 1 Baseline MAP and HR

in the experiments
Protocol n MAP (mmHg) HR (beats/min)

Stimulus frequency 5 91 ± 4 397 ± 8

Dantrolene sodium 5 101 ± 1 410 ± 10

SAD

Sham 5 88 ± 2 404 ± 14

SAD 6 99 ± 4 382 ± 16

Local anesthesia of molar regions

Vehicle (saline) 6 85 ± 5 384 ± 14

0.4% Lidocaine 6 82 ± 3 356 ± 16

0.8% Lidocaine 5 90 ± 2 369 ± 11

Gadolinium chloride entrapment in masticatory muscles

Vehicle (HEPES-buffered solution) 5 93 ± 2 358 ± 7

Gadolinium chloride 12 91 ± 3 358 ± 12

Masseter muscle stretch test 6 86 ± 3 379 ± 9

TRG-block

Vehicle (saline) 6 90 ± 4 392 ± 14

2% Lidocaine 8 94 ± 4 393 ± 14

8% Lidocaine 7 95 ± 2 374 ± 13

Hexamethonium chloride

1 mg kg-1, iv 8 93 ± 3 393 ± 8

10 mg kg-1, iv 8 91 ± 3 379 ± 8

Vasomotor response test 6 87 ± 2 403 ± 23

Atropine methyl nitrate 7 90 ± 2 427 ± 5

All values are expressed as mean ± SE. Baseline MAP and HR were measured and averaged for 30 s in the

experiments

n number of rats, MAP mean arterial pressure, HR heart rate, SAD sinoaortic denervation, TRG-block

trigeminal ganglion block
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the masseter muscle stretch was significantly reduced to

21 ± 8% at 30 min post-entrapment (Fig. 6b). However,

there were no significant differences in DHR.

Figure 7 shows the results of the TRG-block experi-

ment. In the 2% lidocaine group, the pressor response was

significantly reduced to 26 ± 9% at 10 min post-lidocaine

injection. However, there were no significant differences in

DHR. In the 8% lidocaine group, the pressor response was

completely abolished at 10 min post-lidocaine injection.

Furthermore, DHR was also almost completely abolished at

10 min post-lidocaine injection. On the other hand, in

control group, there were no significant differences in

DMAP or DHR. In order to confirm the spread of the

injected solution into the trigeminal ganglia, after com-

pletion of recording, 1 ll of hematoxylin solution (Mayers

hematoxylin solution; Wako Chemicals, Osaka, Japan) was

bilaterally injected through each cannula. The ganglia were

then enucleated to observe the solution spread in the gan-

glion area (Fig. 8).

Figure 9 shows the results of the hexamethonium chlo-

ride administration experiment. In the hexamethonium

chloride (1 mg kg-1) group, the pressor response was

significantly reduced to 31 ± 11% at 10 min post-hexam-

ethonium administration. However, there were no signifi-

cant differences in DHR (Fig. 9a). On the other hand, in the

hexamethonium chloride (10 mg kg-1) group, the pressor

response was completely abolished at 10 min post-hex-

amethonium administration. Furthermore, DHR was also

almost completely abolished at 10 min post-hexametho-

nium administration (Fig. 9b). In the vasomotor response

test, there were no significant differences in the increase in

MAP with bolus injection of phenylephrine hydrochloride

(40 lg ml-1, 0.1 ml) before and at 10 min post-adminis-

tration of hexamethonium chloride (10 mg kg-1) under the

continuous intravenous administration of phenylephrine

hydrochloride (Fig. 9c, d). However, baroreflexive HR

response was significantly attenuated at 10 min post-ad-

ministration of hexamethonium chloride. These results

show that there were no changes in vasomotor activity,

even in the hexamethonium—(10 mg kg-1) and phenyle-

phrine infused rats.

Figure 10 shows the results of the atropine methyl

nitrate administration experiment. There were no signifi-

cant differences in DMAP, regardless of the variations in

the dose of atropine methyl nitrate. However, DHR

increased significantly in proportion to the dose of atropine

methyl nitrate.

Discussion

Teeth clenching and muscle contraction

In the present study, the pressor response was dependent on

the teeth clenching force generated by electrical stimula-

tion of masseter muscles. However, the pressor response
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was abolished by muscle relaxation with dantrolene

sodium. These results indicate that muscle contraction and

the teeth clenching force are necessary for the pressor

response, and other electrical effects scarcely contribute to

the pressor response. Based on these results, we proposed

that the contraction of masticatory muscles directly causes

a pressor response that is proportionate to the teeth

clenching force and have designated this response the

‘‘teeth clenching-induced pressor response’’ [22–25]. The

neural pathways or the mechanisms of the pressor response

have not yet been elucidated. In the present study, we

aimed to analyze the reflex arcs, the neural mechanisms

and the reflex characteristics of the pressor response.

Before analyzing the neural reflexive tracts, we deter-

mined the most effective frequency for electrical stimulation

of masseter muscles. Figure 1 shows a comparison of the

increases in MAP in response to various stimulus frequen-

cies, and the most effective frequency was 1 Hz. Based on

our previous studies [22, 23], we used the most effective

electrical stimulation (18–20 mA, 1 Hz) for muscle con-

traction to analyze the neural reflexive pathways.

Exercise pressor response

Static contraction of skeletal muscles is known to evoke

efferent sympathetic responses, resulting in what is termed

the exercise pressor response [26–29]. It is presumed that the

afferent pathway of the exercise pressor response may be

group III and group IV afferent nerve fibers [30]. The ter-

minals of group III fibers are mainly located in the adventitia

of arteries, and the terminals of group IV fibers are also

located in vascular wall, endoneurium, and perimysium in

skeletal muscles [31]. Hayes and Kaufman [17] showed that

the entrapment of gadolinium, as a mechanoreceptor blocker

of group III muscle afferents in the lower limbs, significantly

attenuated the exercise pressor reflex during static contrac-

tion of triceps surae muscle or stretching of calcaneal

(Achilles) tendon, and that gadolinium had no effect on the

responses of group IV muscle afferents, many of which are

metabolically sensitive, in both decerebrate and a-chlo-

ralose-anesthetized cats. Group III muscle afferents, many of

which are mechanically sensitive, terminate within mainly

the surrounding tissues of vessels around the myotendinous
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junctions of skeletal muscles [31–35]. Nakamoto and Mat-

sukawa [19] showed that systemic injection of gadolinium

or lidocaine injection into the myotendinous junction of

triceps surae muscle blunted the stretch-induced increases in

HR and MAP in anesthetized rats. These observations sug-

gest that group III muscle afferents primarily monitor

mechanical events during muscle exercise. However, Mat-

sukawa et al. [18] showed that intravenous administration of

gadolinium affected neither the baseline values nor the ini-

tial increases of HR and MAP at the onset of voluntary static

exercise in conscious cats, and concluded that the initial

cardiovascular adaptation at the onset of voluntary exercise

is predominantly induced by feed-forward control of central

command descending from higher brain centers, but not by a

muscle mechanoreflex. It is likely that feed-forward regu-

lation of the cardiovascular system is somewhat involved

with teeth clenching-induced pressor response in conscious

rats. Abe et al. [36] showed that intravenous administration

of gadolinium significantly reduced the water drinking-in-

duced pressor response to approx. 48% and also significantly

reduced the pressor response by electrical stimulation to the

hypoglossal nerve to approx. 43% in conscious rats. Based

on these studies, we blocked the muscle mechanoreceptors

using gadolinium and assessed the teeth clenching-induced

pressor response. Gadolinium suppressed the pressor

response to approx. 62%. We therefore propose that the

pressor response is partly evoked by muscle

mechanoreceptors.

Receptors and afferent pathway of the pressor

response

The present study showed that the pressor response was

completely abolished by dantrolene administration or
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Fig. 5 Comparisons of changes in mean arterial pressure (DMAP)

and heart rate (DHR) in response to electrical stimulation of the

bilateral masseter muscles before and after administration of local

anesthesia to the bilateral upper and lower molar regions. *p\ 0.05,

**p\ 0.01 (two-way ANOVA, followed by the Tukey–Kramer post

hoc test)
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Fig. 6 a Comparisons of

changes in mean arterial

pressure (DMAP) and heart rate

(DHR) in response to electrical

stimulation of the bilateral

masseter muscles before and

after entrapment of gadolinium

chloride in masticatory muscles.

*p\ 0.05 (two-way ANOVA,

followed by the Tukey–Kramer
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DMAP and DHR in response to

stretching of the unilateral

masseter muscles before and

after gadolinium chloride

entrapment in masticatory

muscles in six rats (the

verification test for the effect of

gadolinium chloride to the

mechanoreceptors in

masticatory muscles).
#p\ 0.05, ##p\ 0.01 (one-way

ANOVA, followed by the
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Fig. 7 Comparisons of changes in mean arterial pressure (DMAP)

and heart rate (DHR) in response to electrical stimulation of the

bilateral masseter muscles before and after the bilateral trigeminal

ganglia block (TRG-block). *p\ 0.05, **p\ 0.01 (two-way

ANOVA, followed by the Tukey–Kramer post hoc test)
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TRG-block (Figs. 3, 7, respectively). These results indicate

that the pressor response originates in the muscle con-

traction and propagates through the trigeminal afferent

nerves. This evidence suggests that the stimuli of teeth

clenching exercise could be input to the muscle

mechanosensitive receptors or chemoreceptors

[18, 19, 26, 30, 31, 36], and pressure on the teeth may be

sensed by periodontal membrane [37–39]. We blocked

neural activity in periodontal membrane with local anes-

thesia (0.4 or 0.8% lidocaine), resulting in approx. 73%

blocking of the pressor response. The blocking effects were

not enhanced with a higher concentration of lidocaine.

These results indicate that the afferent fibers from the

molar regions are responsible for the pressor response. We

then blocked the mechanoreceptors in masticatory muscles

with gadolinium, resulting in approx. 38% blocking of the

pressor response. We confirmed the effect of gadolinium

chloride by the masseter muscle stretch test. These results

indicate that teeth clenching stimulates periodontal mem-

brane, and the mechanoreceptors in masticatory muscles,

and deliver afferent signals through the trigeminal afferent

nerves to the cardiovascular center in brain. We believe

that the trigeminal efferent nerves (motor nerves of the

masticatory muscles) were not responsible for the pressor

response, because rats were anesthetized and the voluntary

jaw movements completely disappeared.

Efferent pathway of the pressor response

We next aimed to determine the efferent arc of the

pressor response. Autonomic ganglion block with

10 mg kg-1 hexamethonium completely abolished both

the pressor and HR responses (Fig. 9b). Hexamethonium

did not reduce a1 receptor-mediated vasomotor response

(Fig. 9d). These results indicate that the efferent pathway

for the pressor response is mediated through sympathetic

nerves.

In contrast to the pressor response, the HR response to

teeth clenching appeared somewhat complicated. Teeth

clenching did not significantly affect HR (Fig. 1). Dan-

trolene administration or local anesthesia of the molar

regions did not produce significant changes in DHR.

However, both the TRG-block and the autonomic ganglion

block completely abolished the teeth clenching-induced

HR response (Figs. 7, 9b, respectively), showing that the

interception of afferent or efferent tract abolishes the HR

responses. These results indicate that teeth clenching acti-

vates the afferent tracts of the reflex and that the efferent

responses are mediated through the autonomic nervous

system. To clarify the effects of the parasympathetic

efferent pathway, we blocked the muscarinic receptors

using atropine methyl nitrate, resulting in the significant

increases in HR (Fig. 10). We therefore conclude that teeth

clenching may activate both the sympathetic and

parasympathetic pathways, and the HR response is

dependent on the predominance of the sympathetic or

parasympathetic nerve activity.

Baroreflex function on the pressor response

To avoid baroreflex-mediated suppression of the pressor

response, we bilaterally denervated the sinoaortic nerves.

However, SAD did not enhance the pressor response. The

data showed that the baroreflex does not suppress the teeth

clenching-induced pressor response. Although further

examinations are needed, the pressor response might not be

suppressed by the baroreflex. The baseline MAP and the

increases in MAP were within the operating range of the

normal baroreflex. This result indicates that the baroreflex

did not function during teeth clenching exercise. While we

did not analyze the mechanism of the baroreflex suppres-

sion, there are several pertinent examples. It is known that

resetting the operating point of the baroreflex to a higher

pressure induces increased AP during exercise [40–44]. On

the other hand, various diseases, such as hypertension,

cardiovascular disease, obesity, and obstructive sleep

apnea, decrease baroreflex sensitivity [45–49]. We specu-

late that the teeth clenching-induced pressor response

might not disrupt the blood pressure control system in

brain.

Central tracts of the pressor response

Trigeminal mesencephalic nucleus (Vmes) neurons are the

primary afferents of the masticatory muscle spindles or

Hematoxylin solution

Fig. 8 Spread of hematoxylin solution on the surfaces of trigeminal

ganglia enucleated after completion of recording
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periodontal membrane, and are crucial for the control of

jaw movements [50–54]. On the other hand, Koeda et al.

[55] reported that electrical stimulation of lingual nerve, a

branch of the trigeminal nerve, or the spinal trigeminal

nucleus (Vsp) evoked elevation in blood pressure and

hypothesized that these elevations of blood pressure are

induced by the sympathetic pressor response via Vsp, the

inter mediolateral cell column of spinal cord, and sympa-

thetic trunks. It is possible that both Vmes and Vsp neurons

are involved with the teeth clenching-induced pressor

response. In the present study, the central tracts of the

pressor response, which comprise trigeminal ganglia to the

sympathetic and parasympathetic center containing the

spinal tracts, have not yet been analyzed. Consequently,

these points will be the focus of future investigations.

Conclusions

We confirmed that both periodontal membrane and the

mechanoreceptors in masticatory muscles are the receptors

for the teeth clenching-induced pressor response, and that
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Fig. 9 a, b Comparisons of

changes in mean arterial

pressure (DMAP) and heart rate

(DHR) in response to electrical

stimulation of the bilateral

masseter muscles before and at

10 min after hexamethonium

chloride administration (1,

10 mg kg-1, each n = 8).

Decreases in basal MAP in

response to hexamethonium

administration were

compensated to control levels

by the continuous infusion of

phenylephrine hydrochloride

(see ‘‘Methods’’). c,

d Comparisons of MAP and HR

following phenylephrine

hydrochloride (40 lg ml-1,

0.1 ml) injection before and at

10 min after hexamethonium

chloride (10 mg kg-1)

administration, and the

comparisons of DMAP and

DHR at the peak pressor

response in six rats (the

vasomotor response test).

Decreases in basal MAP in

response to hexamethonium

administration were

compensated to control levels

by the continuous infusion of

phenylephrine (see ‘‘Methods’’).

PE additional test

administration of phenylephrine

hydrochloride, A peak of the

pressor response following

phenylephrine hydrochloride

injection, *p\ 0.05,

**p\ 0.01, N.S. not

statistically significant (paired

Student’s t test)
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the afferent and efferent pathways of the pressor response

pass through the trigeminal afferent nerves and sympa-

thetic nerves, respectively.
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