[Protocol]

1. EMG recording & signal filtration
From an ionic mechanism of synapses, the region of the postsynaptic membrane forms a sink for the current of the depolarizing potential [1,2,3,4], so that a negative potential field should be produced in the external medium around the endplate with reference to a distant point. This might possibly be detected using a monopolar recording method if the frequency range of low-cut filter of the recording system is extended to near DC. From this perspective, surface EMGs were recorded from eight sites (0-7) of muscle in monopolar manner using traditional disc electrodes aligned straight. The subject is a 23 years old male. The signals were amplified through an analogue filter ranging from 0.5 Hz to 10 kHz and lead to a computer system. The sampling rate was 20kHz and the sampling number was 10,000 points (then the recording period for one trial was 0.5 second). The EPP component was extracted from the raw EMG recordings by removing the action potential component using high-cut digital filter (2nd dimension Butterworth filter). The cut-off frequency of the filter was set to 10-30 Hz.

2. Muscle anatomy

EMGs were recorded from four muscles, the masseter muscle, temporalis muscle, brachioradialis muscle and palmaris longus muscle, in response to their quick contractions. Anatomy of these muscles [5] is presented in the section " Muscle anatomy" of the video, where the whitish region indicates the tendon, and the reddish region, the muscle fiber: small black circles on the muscles in the video indicate the approximate position where the electrodes were placed, and the number from 0 to 7 correspond to their recording traces from the top to the bottom on the display.

3. Recording of masseter muscle signals

  Figure 1-b is a typical sample of monopolar EMGs from eight sites over the left masseter muscle (0-7 in Fig. 1-a), with reference to the tip of the nose, in response to the quick clenching of chewing gum on the ipsilateral side. When the action potential component was eliminated from eight raw EMGs (trace-0 to trace-7) using a high-cut digital filter with a cut-off frequency of 10Hz, the slow wave component appeared clearly in the traces, which is superimposed on each raw EMG. The slow wave deflected positive or negative depending on the traces and the polarity changed across trace-3 or trace-4. This slow wave might be a potential reflecting the EPP, and the trace showing the most negative deflection must correspond to the site locating the neuromuscular junction [6]. In these recordings, the slow wave component deflected most negative in trace-6, indicating that the neuromuscular junction of the masseter muscle is located at its inferior part close to the mandibular ramus, which is approximately the same as results obtained by another method utilizing the conduction manner of the motor unit action potential [7,8].

    When the cut-off frequency of the high-cut digital filter was set to 30Hz, the slow wave component exhibited an interesting aspect, oscillation (Fig.1c): the oscillation emerged gradually with increase in the cut-off frequency and became obvious at about 30Hz. (From here, the slow wave extracted through the high-cut digital filter with a cut-off frequency of 10Hz is called a "base wave", and that extracted through the filter with a cut-off frequency of 30Hz, a "30Hz-filtered wave".) The interval between neighboring positive peaks of the oscillation was measured: in this subject, the average (∓ standard deviation) between the peaks observed clearly was 31.7 (∓ 6.5) msec (44 samples of 16 recordings). 
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Figure 1

  a: Schematic re​presentation of eight recording sites (0-7)​ over the left masseter muscle. b,c: Typical sample of simultaneous monopolar recordings of the masseter muscle EMG at the eight recording sites referenced to the tip of the nose in response to ipsilateral gum clenching. Low frequency component separated from the raw EMGs through a high-cut digital filter with a cut-off frequency of 10Hz and 30Hz was superimposed on each trace in b and c, respectively. Numbers 0-7 on the traces correspond to those in a. It is noticeable that the slow wave in b, which seemes to reflect the EPP is monotonous, whereas that in c exhibits oscillation. (The final part of the traces for the low frequency component in b and c lacks sufficient data for digital processing in the calculation.) Asterisk means the reference point (R.P.) for the recording.
4. EPP oscillation in other muscles

The deflection manner of the base wave and the oscillation of the 30Hz-filtered wave were examined in monopolar EMGs of other muscles, including the temporalis muscle, brachioradialis muscle and palmaris longus muscle of the same subject. Figure 2a is a sample of EMGs of eight sites over the anterior portion of the temporalis muscle in response to a quick gum clenching on the ipsilateral side, where the 30Hz-filtered wave was superimposed on each raw EMG. The strong negative deflection of the base wave was observed in traces for the upper sites. (The 30Hz-filtered wave includes the base wave simultaneously.) Different from the case of the masseter muscle, its time course showed a slight aberration between traces, which might be due to the influence of current leakage from synapses located in multiple portions posterior to the recording sites. However, it is certain that the neuromuscular junction of the anterior portion of the temporalis muscle is located at its upper region. The 30Hz-filtered wave in the upper two traces exhibited clear oscillation, and the phase reversed across trace-3, which is approximately the same as the polarity reverse of the base wave. The average (∓ standard deviation) of the interval between neighboring positive peaks in the oscillation was 35.3 (∓ 7.3) msec (40 samples of 15 recordings).

Fig. 2b is a sample of raw EMGs and their 30Hz-filtered waves of eight sites over the brachioradialis muscle in response to a quick extension of the wrist, and Fig. 2c, an equivalent sample for the palmaris longus muscle in response to a quick flexion of the wrist. Although the time course of the base wave suggested a slight influence of synaptic currents of other neighboring muscles in either case, the locations of the neuromuscular junction in the brachioradialis muscle and the palmaris longus muscle could be roughly estimated to exist at their middle portion, somewhat close to the elbow. The 30Hz-filtered wave in either EMG recording also exhibited clear oscillation that was observed especially in the traces, in which the base wave deflected largely negative: the phase of the oscillation also shifted at the trace in which the polarity of the base wave changed from negative to positive. The average (∓ standard deviation) of the interval between neighboring positive peaks was 32.7 (∓ 7.3) msec (42 samples of 15 recordings) for the brachioradialis muscle, and 37.1 (∓ 7.2) msec (35 samples of 16 recordings) for the palmaris longus muscle, which were not so different from values for the masseter muscle and the temporalis muscle. (Average of the frequency of the oscillation for the masseter muscle, temporalis muscle, brachioradialis muscle, and palmaris longus muscle in this subject was respectively 31.6Hz, 28.3Hz, 30.5Hz, and 27.0Hz, if converted.)
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Figure 2

  Typical sample of 30Hz-filtered waves for the temporalis muscle (a), brachioradialis muscle (b), and palmaris longus muscle (c), in response to quick gum clenching, quick extension of the wrist, and quick flexion of the wrist, respectively. 30Hz-filtered waves for either muscle are superimposed on their raw EMGs. Approximate recording sites (0-7) over the corresponding muscle are schematically shown on the left side of each recording: asterisk on each figure is the reference point (R.P.) in the recording. In either EMG recording, oscillation of the 30Hz-filtered wave was clearly observed, especially in traces showed strong negative deflection of the base.

[Discussion]

The EPP oscillation would substantially be a reflection of intermittent group discharges of α-motor neurons. Although the discharge pattern could be built up in the higher central nervous system [9], it seems to be more natural and probable that it would be a result of a feed-back action of proprioceptive organs, such as muscle spindles and Golgi tendon organs on the α-motor neuron activity. A simple idea is that reciprocal effects between muscle spindles and tendon organs construct the rhythmic group discharges, because nerves for spindles fire when a muscle is relatively inactive (stretched) whereas those for tendon organs fire when the muscle is strongly active (contracted). In other words, intermittent suppressive feedbacks with a short period occur repeatedly from tendon organs to maintain a suitable level of muscle contraction, which is set by γ-neurons that innervate muscle spindles. EPP oscillation indicates that muscle contraction is adjusted in an intermittent manner.

Various types of abnormal tremors are known in humans. They are classified, for example, as resting tremors, postural tremors, intention tremors, and kinetic tremors, depending on their physiological situations: most well known disease accompanying the abnormal tremor is Parkinson disease. They occur involuntarily and unwillingly with a frequency of about 5-10 Hz. Although these frequencies are slower than the frequency of 27.0-31.6 Hz for the EPP oscillation observed in this study, the abnormal tremors must be caused substantially by this EPP oscillation that becomes slower and difficult to cease by any reason.

[Materials]

	Name        Type
	Company
	Catalog Number
	Comments

	Analogue filter
A/D converter
	Nihon Kohden
National Instrument
	MEG6100
PCI-MIO-16E-4
	& pre-,mainamplifier
PCI board for computer

	Connection interface
	National Instruments
	BNC-2120
	8ch BNC adaptor

	Disc electrodes
	Nihon Kohden
	NS-11
	Ag/AgCl (Φ8mm)

	Electrode past
LabVIEW (Digital filter)
Chewing gum
	Sanshin
National Instruments

Lotte
	SA-5

V. 8.0

Green gum
	Semi-fluid carbon past

Programming language

Test food in clenching
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