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 32 

Abstract 33 

In animals, sodium and calcium-mediated persistent inward currents (PICs), which produce 34 

long-lasting periods of depolarization under conditions of low synaptic drive, can be activated in 35 

trigeminal motoneurons following the application of the monoamine serotonin. Here we examined if 36 

PICs are activated in human trigeminal motoneurons during voluntary contractions and under 37 

physiological levels of monoaminergic drive (e.g., serotonin and norepinephrine) using a paired 38 

motor unit analysis technique. We also examined if PICs activated during voluntary contractions are 39 

larger in participants who demonstrate involuntary chewing during sleep (bruxism), which is 40 

accompanied by periods of high monoaminergic drive. In control participants, during a slowly 41 

increasing and then decreasing isometric contraction, the firing rate of an earlier-recruited masseter 42 

motor unit, which served as a measure of synaptic input to a later-recruited test unit, was consistently 43 

lower during de-recruitment of the test unit compared to at recruitment (ΔF = 4.6 ± 1.5 imp/s). The 44 

ΔF, therefore, is a measure of the reduction in synaptic input needed to counteract the depolarization 45 

from the PIC to provide an indirect estimate of PIC amplitude. The range of ΔF values measured in 46 

the bruxer participants during similar voluntary contractions was the same as in controls, suggesting 47 

that abnormally high levels of monoaminergic drive are not continually present in the absence of 48 

involuntary motor activity. We also observed a consistent “onion skin effect” during the moderately-49 

sized contractions (< 20% of maximal), whereby the firing rate of higher-threshold motor units 50 

discharged at slower rates (by 4-7 imp/s) compared to motor units with relatively lower thresholds. 51 

The presence of lower firing rates in the more fatigue-prone, higher-threshold trigeminal 52 

motoneurons, in addition to the activation of PICs, likely facilitates the activation of the masseter 53 

muscle during motor activities such as eating, non-nutritive chewing, clenching and yawning. 54 

 55 

Key words: motoneurons, pain, sleep bruxism, plateaus 56 

57 
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Introduction 58 

 Jaw muscles are involved in both simple and complex oral-motor behaviors, such as eating, 59 

drinking, talking and breathing, as well as non-functional activities such as tooth grinding and 60 

clenching.  These muscles can be characterized into either jaw-closing or jaw-opening muscles.  In 61 

this study we focused on the properties of motoneurons innervating the jaw-closing masseter muscle.  62 

The masseter muscle is a multipennate structure with different compartments having various 63 

proportions of muscle fibre types and directions, with each compartment activated in different ways 64 

depending upon the motor task (Gaudy et al. 2000; Nordstrom and Miles 1991; Ogawa et al. 2006; 65 

van Eijden and Turkawski 2001).  Motoneurons innervating the masseter muscle are located dorsally 66 

and laterally in the rostral and middle thirds of the trigeminal motor nucleus (Westberg and Kolta 67 

2011).  These motoneurons receive excitatory glutamatergic and inhibitory glycinergic/GABAergic 68 

inputs from premotor neurons located in areas surrounding the principal motor nucleus (Anaclet et al. 69 

2010; Nakamura et al. 2008; Katakura and Chandler 1990; Turman and Chandler 1994) . In addition, 70 

trigeminal motoneurons receive direct serotonergic inputs from the nuclei raphe obscurus, raphe 71 

pallidus and raphe dorsalis (Kolta et al. 1993; Li et al. 1993), as well as norepinephrine inputs from 72 

the locus subcoerulus, A5 and A7 cells and sparse innervation from the locus coeruleus (Fenik et al. 73 

2002; Fort et al. 1990; Schwarz and Peever 2010).  74 

 Similar to motoneurons innervating the limb muscles, trigeminal motoneurons display 75 

bistable membrane properties such as plateau potentials and burst oscillations where long-lasting 76 

periods of depolarization can occur under low levels of synaptic drive (Hsiao et al. 1998).  These 77 

properties are mediated by voltage-activated, sodium and calcium persistent inward currents (PICs) 78 

that are in turn, facilitated by serotonin and norepinephrine receptors located on the motoneuron 79 

(Schwarz et al. 2008).  For example, application of serotonin can induce a negative slope region in 80 
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the current-voltage relationship of trigeminal motoneurons that is subsequently abolished when the 81 

persistent L-type Ca2+ and Na+ currents are blocked with nimodipine and tetrodotoxin respectively 82 

(Hsiao et al. 1997, 1998).  Given the demonstration of strong PIC activation in animals, we examined 83 

if trigeminal motoneurons in the human also exhibit indirect evidence of PIC activation by using a 84 

paired motor unit analysis technique developed for limb muscles (Gorassini et al. 2004).  Evidence 85 

for PIC activation, namely motor unit activity that persists under levels of synaptic drive lower than 86 

that needed to initially recruit the motor unit (i.e., self-sustained activity), was examined during 87 

isometric, voluntary contractions onto a bite bar (Türker et al. 2004).  88 

Motor units innervated by trigeminal motoneurons are recruited in an orderly fashion, with 89 

small motor units having small spike amplitudes and twitch tensions being recruited at lower bite 90 

forces than larger motor units (Goldberg and Derfler 1977; Yemm 1977). Once securely recruited, 91 

masseter motor units can fire steadily for at least 5 min during a static contraction (Farella et al. 92 

2011).  Motor unit firing rates increase linearly with increasing force, with higher threshold units 93 

having a larger range of firing rate modulation than lower threshold units and with most units 94 

reaching a plateau in firing near 30imp/s (Derfler and Goldberg 1978; Lund et al. 1979).  In this study 95 

we examined further the relationship between firing rate and recruitment threshold, specifically if 96 

masseter motor units display an "onion skin effect", a phenomenon where higher-threshold units fire 97 

at lower rates than lower-threshold units (De Luca and Hostage 2010; De Luca and Erim 1994).  The 98 

onion skin effect has been observed in various motor units from the upper and lower limbs with the 99 

parent motoneuron originating in the spinal cord (De Luca and Hostage 2010; Kanosue et al. 1979; 100 

Monster and Chan 1977; Tanji and Kato 1973). We wanted to examine here if the onion skin effect 101 

was present in motor units innervated by motoneurons located in the pons.  102 
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 Lastly we indirectly examined, via ∆F measurements, whether individuals with bruxism who 103 

experience involuntary (self-sustained) teeth grinding and clenching during sleep (Lobbezoo et al. 104 

2006) display persistent increases in monoaminergic drive to their trigeminal motoneurons. During 105 

sleep, muscles are typically atonic; however, there are periods of rhythmic masticatory muscle 106 

activity characterized by phasic (teeth grinding) and tonic (clenching) bursts of activity  (Anaclet et 107 

al. 2010; Kato et al. 2007, 2011) that coincide with  the presence of microarousals (Halasz et al. 108 

2004; Quattrochi et al. 2000 ).  Interestingly, the discharge of neurons in the raphe nuclei, locus 109 

coeruleus, subcoeruleus and A5/A7 cells, which release PIC-facilitating serotonin and norepinephrine 110 

to the trigeminal motoneuron pool, increase during microarousals (Leung and Mason 1999; Sakai and 111 

Crochet 2001; Takahashi et al. 2010). Individuals with bruxism experience increased numbers of 112 

microarousals during sleep (Kato et al. 2001, 2003, 2011), and likely increases in monoaminergic 113 

drive to trigeminal motoneurons. Thus, we examined with paired motor unit analysis if participants 114 

with bruxism display larger estimates of PIC amplitude during voluntary contractions compared to 115 

non-bruxing controls to determine if tonically elevated levels of monoaminergic drive to trigeminal 116 

motoneurons are present in bruxters, even in the absence of microarousals and rhythmic masticatory 117 

muscle activity. Parts of the data from this paper have been published in abstract form (Yavuz et al. 118 

2010).  119 

 120 

 121 

 122 

123 
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Methods 124 

Participants 125 

Protocols were approved by the Human Ethics Committee of Ege University in accordance 126 

with the Declaration of Helsinki. All participants provided informed written consent prior to the 127 

experiment. Nine non-Bruxer (NBrux) control participants and 13 Bruxer (Brux) participants were 128 

examined [NBrux = 26 ± 3.7 years (range 24 to 35), 2 males; Brux = 22 ± 3.1 years (range 19 to 29), 129 

5 males, p = 0.02].  Although the Brux group was significantly younger by 4 years compared to the 130 

NBrux group, we do not expect this small age difference to play a large role in our estimates of PIC 131 

amplitude and motor unit firing properties. Brux participants were assessed by a clinician (author 132 

AS). Because overnight observation was not performed, evidence for well-developed/stiff and 133 

tired/painful (especially in the morning) masseter muscles was used to diagnose sleep bruxism, in 134 

addition to examining evidence for flat and highly polished occlusal surfaces (bruxofacets). The level 135 

of bruxism was then scaled from 0 to 5 using a Visual Analogue Scale with 0 = no bruxing, 1 = no 136 

pain and no tooth abrasion, 2 = light pain and no tooth abrasion, 3 = mild pain and some tooth 137 

abrasion, 4 = severe joint pain and tooth abrasion and 5 = continuous bruxing. Participants having a 138 

click within the joint and deviant or limited jaw openings were excluded to rule out joint pain that 139 

was not mediated by bruxism (Dworkin and LaResche 1992). There were 5 Brux-2, 3 Brux-3 and 5 140 

Brux-4 participants in this group.  141 

 142 

Motor Unit Recordings 143 

Each participant sat in a dental chair adjusted for height so that the horizontal plane of his/her 144 

upper dental arch was aligned with the upper bite plate of a custom-built mastication apparatus 145 

(Türker et al. 2004). Bite plates were coated with a semi-rigid dental impression material (3M 146 
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Express™, 3M ESPE, St. Paul, MN, USA) that was moulded to each participant’s teeth to ensure that 147 

contact force and jaw position were similar across participants.  The bite bar was coupled to a 148 

handmade force transducer [Kyowa (KFG-5-120-C1-11) strain gauge] to monitor the force profiles of 149 

the bite.  Participants were given a visual display of their exerted bite force on a computer screen.  A 150 

triangular line was drawn on a transparency and overlain on the computer screen. The participants 151 

were instructed to produce a force profile that followed the drawn line with the offset, vertical and 152 

horizontal scales of the computer display adjusted to match the initial level, strength and speed of the 153 

contraction respectively.  The strength and acceleration of the contraction was adjusted to ensure that 154 

at least two motor units (a control and test unit, see Estimation of PIC Amplitude below) were 155 

recruited during the ascending phase of the contraction.  The strength of the contraction was 156 

expressed as a percentage of their maximum voluntary contraction (%MVC), which was obtained by 157 

averaging the bite force from three maximum contractions.  On average, the peak of the contractions 158 

was 15-20% MVC, lasted for 15-20 s, with a rate of contraction/relaxation of 1-2% MVC/s . 159 

Intramuscular electrodes were used to record single motor unit action potentials in the 160 

masseter muscle.  TeXon® insulated (except for their tips) silver bipolar wire electrodes (100 µm 161 

diameter with insulation; 70 µm core diameter) were inserted into the deep masseter muscle using a 162 

sterile 25G needle. The needle was then withdrawn, leaving the fish-hooked wires in the belly of the 163 

muscle (Prasartwuth et al. 2008). Surface electromyography (EMG) was recorded from the masseter 164 

muscle, amplified by 1000x and bandpass filtered between 20Hz and 500Hz.  Intramuscular EMG 165 

signals were amplified by 300x and high-pass filtered at 100Hz.  EMG and force signals were 166 

amplified using a CED1902 Quad-system and digitized using a CED Power1401-8 channel converter 167 

and Spike 2 (Version 6.07) software using a sampling rate of 20 kHz for the intramuscular EMG, 168 
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2kHz for the surface EMG and 2kHz for the force signal.  A lip-clip (see Türker et al. 2004 for 169 

details) was used as a ground. 170 

 171 

Data Analysis 172 

Data were analyzed offline using spike discrimination software (Spike 2, Cambridge 173 

Electronic Design, Cambridge, UK).  Single motor unit action potentials were selected by first setting 174 

a horizontal threshold that was at least 3 standard deviations above background noise.  The selected 175 

motor units were then visually sorted based on waveform shape.  When possible, the same two units 176 

were tracked for every participant (NBrux participants: 39/45 motor unit pairs, Brux participants: 177 

56/65 motor unit pairs).  178 

 179 

Estimation of PIC Amplitude (∆F) 180 

The amplitude of PIC activation was estimated using the paired motor unit analysis technique 181 

(Gorassini et al. 2002, 2004) as follows.  The times of occurrences for the single motor unit action 182 

potentials obtained in Spike 2 were exported via a text file to Matlab for further analysis in a custom-183 

written Matlab program (The MathWorks, Inc, Natick, MA, USA).  The instantaneous firing rates of 184 

the units were then calculated as the reciprocal of each interspike interval.  The firing rate profile of a 185 

lower-threshold control motor unit was used as a measure of the synaptic input to the motoneuron 186 

pool and specifically, to a relatively higher-threshold motor unit, termed the test unit.  To calculate 187 

the firing rate of the control unit at recruitment and derecruitment of the test unit, a fifth-order 188 

polynomial was used to smooth the firing rate profile.  The smoothed firing rate of the control unit at 189 

recruitment and derecruitment of the test unit was determined automatically, and the ∆F measurement 190 

was calculated as the difference in smoothed firing rate of the control unit when the test unit was 191 
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derecruited compared to when it was recruited, i.e.  ∆F = Fderecruitment-Frecruitment.  The ΔF, 192 

therefore, corresponds to the reduction in synaptic input needed to counteract the depolarization from 193 

the PIC and provides an indirect estimate of PIC amplitude.  194 

For each participant, 5 contraction trials were selected to calculate the mean ΔF.  Only 195 

contraction trials with symmetrical force profiles were included to ensure equal rates of increases and 196 

decreases in synaptic input to the motoneurons.  Contractions with abrupt increases or decreases in 197 

the force profile, which can effect recruitment and de-recruitment of motor units (Nordstrom and 198 

Miles 1991), were omitted.  Only trials where the control unit fired for at least 2s before the test unit 199 

was recruited were included to ensure that the PIC was fully activated in the control motoneuron 200 

given that the calcium component of the PIC can take at least 500ms to activate (Li et al. 2004; 201 

Moritz et al. 2007). This ensured that any changes in firing rate of the control motor unit only 202 

reflected changes in synaptic input onto its motoneuron and not from abrupt depolarizations produced 203 

during PIC activation.  In total, 45 contraction trials (5 x 9 participants) were used to calculate the 204 

mean ∆F for the Non Bruxer group and 65 trials (5 x 13 participants) were used to calculate the mean 205 

∆F for the Bruxer group.   206 

 207 

Common Synaptic Drive to Control and Test Units 208 

To ensure that the firing rate of the control motor unit approximated the synaptic input to the 209 

test motor unit, we needed to ensure that both units were receiving a common synaptic drive (De 210 

Luca and Erim 1994) by determining if both units were being modulated in a similar manner. To do 211 

this, the smoothed firing rate of the control unit (fit with a 5th order polynomial) was plotted against 212 

the smoothed firing rate of the test unit and the coefficient of determination (r2) of the rate-rate plot 213 

was measured.  Only trials where r2  ≥ 0.7 were used, ensuring that at least 70% or more of the rate 214 
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modulation of the test unit could be accounted for by the rate modulation of the control unit.  Fifteen 215 

of the 110 unit pairs analyzed had r2 values below 0.7, which may have resulted from recording units 216 

from different functional compartments in the masseter muscle (see Introduction). 217 

 218 

Onion Skin Effect 219 

To measure the onion skin effect, we compared the relationship between the mean firing rate  220 

and recruitment thresholds for the control and test motor units in a pair from the 9 NBrux 221 

participants.  As mentioned earlier, the higher-threshold test motor units were recruited at least 2s or 222 

more after the control units during the ascending phase of the contraction. The recruitment threshold 223 

for all motor units was measured as the force at which the motor unit began to fire, expressed as a % 224 

of MVC. Mean firing rates were calculated in a time period when both the control and test motor 225 

units were active during the contraction. This ensured that firing rates were measured during 226 

equivalent levels of synaptic drive. In addition, firing rates were only measured after the units were 227 

securely recruited. For example, slow start-up firing rates of the test motor unit were excluded.  In 10 228 

of the 45 NBrux contractions analyzed, a second test motor unit (test-2) that was recruited after the 229 

first test unit (test-1) was also analyzed and compared to the original control and test-1 motor units.  230 

One participant was excluded as an outlier because the average force, expressed as a % of MVC, was 231 

2 times higher than the rest of the participants, most likely due to an underestimation of the true MVC 232 

in this participant. In total, the mean firing rate and recruitment threshold of 40 control, 40 test-1 and 233 

10 test-2 motor units were measured.  234 

To determine if motor units within a pair that had large differences in recruitment thresholds 235 

also had large differences in mean rates (and vice versa for motor units with small differences in 236 

recruitment thresholds), the difference in mean firing rate between the two units in a pair (e.g., test-1 237 
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minus control, test-2 minus control and test-2 minus test-1) was plotted against the difference in 238 

recruitment threshold between the two units in a pair and a correlation coefficient (r) was calculated 239 

(60 motor unit pairs in total). Differences in firing rates and recruitment thresholds were measured 240 

between motor unit pairs for each participant, rather than comparing values across all motor units in a 241 

group, in order to reduce inter-subject variability that can influence the onion skin effect (De Luca 242 

and Hostage 2010).  243 

 244 

Statistics 245 

All statistics were performed using SigmaPlot 11 software (Systat Software). Values 246 

presented in the text and in Figs. 1C and 1D are means ± standard deviation (SD) and data in Figs. 247 

2C, D and 4C are presented as means ± standard error (SE). Normality for the distribution of ΔF, 248 

recruitment threshold and mean firing rate values was tested with the Shapiro-Wilk test. One-way 249 

ANOVA was used on normally distributed data (e.g., mean firing rates of control, test-1 and test-2 250 

units), whereas a one-way ANOVA on ranks was used for non-normally distributed data (e.g., 251 

recruitment thresholds between control and test units). Post hoc Student’s t-tests (Bonferroni 252 

corrected) and Dunn's test were used to determine if there were differences in the mean ΔF values 253 

and motor unit firing properties (e.g., mean rates, difference in recruitment times of control and test 254 

units, etc., see Table 1) between the NBrux and Brux groups.  Linear regression analysis was used to 255 

determine if the differences in recruitment thresholds between control and test units varied linearly 256 

with the difference in their mean firing rates and if there was a relationship between ΔF values and 257 

the peak %MVC force produced during a contraction for both the NBrux and Brux participants.  258 

Significance was set to p ≤ 0.05. 259 

260 
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Results 261 

ΔF: Non-Bruxer Control Participants 262 

 In the 9 non-bruxer (NBrux) control participants, estimates of PIC amplitude activated in 263 

masseter motoneurons were obtained using the paired motor unit analysis technique.  Briefly, the 264 

firing rate of a lower-threshold control unit was used as a measure of the synaptic input to a higher-265 

threshold test unit during a triangular voluntary contraction (Fig. 1A).  As demonstrated for this 266 

NBrux participant, the higher-threshold test unit (middle graph) was derecruited at a much lower 267 

level of estimated synaptic input (i.e., firing rate of control unit, bottom graph) compared to when it 268 

was recruited, to give an estimated PIC amplitude (ΔF) of 3.8 imp/s.  That is, to counter-act the added 269 

depolarization from the PIC to derecruit the test unit, the synaptic input to the test motoneuron had to 270 

be reduced by an amount that produced a decrease in the firing rate of the control unit by 3.8 imp/s. 271 

To determine if the firing rate of the test motor unit was modulated in a similar manner as the control 272 

motor unit, and thus, receiving the same synaptic drive as the control motor unit, the smoothed firing 273 

rate of the test unit was plotted against the smoothed firing rate of the control unit (Fig. 1B).  The 274 

coefficient of determination for the rate-rate plot was high (r2=0.96), indicating that 96% of the 275 

modulation of the test unit could be accounted for by the modulation of the control unit, and that the 276 

use of the control unit as a measure of synaptic input to the test unit was justified.  The rate-rate plot 277 

also shows the hysteretic firing pattern of the test motor unit where, during the descending 278 

(relaxation) phase of the contraction (white circles), the test motor unit continued to fire at levels of 279 

synaptic input well below the level needed to recruit it (at asterisk), indicative of self-sustained firing 280 

due to the sustained depolarization provided by the PIC.    281 

When plotting the smoothed firing rate of the control unit when the test unit was recruited 282 

against the smoothed firing rate of the control unit when the test unit was derecruited for all 283 
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contraction trials (n = 45, Fig. 1C, different symbol for each NBrux participant), all data points fell 284 

below the parity line indicating that the test units were derecruited at lower levels of synaptic input 285 

than when they were first recruited. The mean ΔF measured for masseter motoneurons was 4.6 ± 1.5 286 

imp/s (SD) (Fig. 1D) and is in line with ΔF values reported in different muscles of the upper and 287 

lower limbs [tibialis anterior: 3.9 ±1.2 imp/s, soleus: 3.1±1.5imp/s (Gorassini et al. 2002; Udina et al. 288 

2010), biceps brachii: 3.8±1.7imp/s (Mottram et al. 2009)].     289 

 290 

Onion Skin Effect 291 

  We also examined in the Non-Brux participants if masseter motor units display an onion skin 292 

effect, i.e., if the lower-threshold control motor units had a higher mean firing rate compared to the 293 

higher-threshold test (test-1 and test-2 units, see “Onion Skin Effect” in Methods) motor units.  When 294 

plotting the firing rates of sequentially recruited control (black circles) and test units (test-1: open 295 

circles, test-2: grey circles, Figs. 2A and B), the lower-threshold control motor units typically had a 296 

faster mean firing rate compared to the higher-threshold test-1 or test-2 motor units. A noticeable 297 

onion skin effect was observed in 8 of the 9 NBrux participants. When averaged across the NBrux 298 

group, the control, test-1 and test-2 motor units had sequentially higher thresholds of recruitment 299 

(Fig. 2D) and correspondingly, lower mean firing rates (Fig. 2C, see values in legend).    300 

 To determine if the pairs of motor units with larger differences in recruitment thresholds also 301 

had larger differences in mean firing rates, the difference in recruitment threshold (∆RT) between 302 

sequentially recruited units in a pair (e.g., test-1minus control, test-2 minus control or test-2 minus 303 

test-1, Fig. 3A) was plotted against the corresponding difference in mean firing rate between the two 304 

units in a pair (Fig. 3B).  There was a significant, linear relationship between the difference in mean 305 
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rate between units in a pair with an increasing difference in their recruitment thresholds (r =0.43, p = 306 

0.0007).     307 

 308 

ΔF: Bruxer Participants 309 

 ΔF measurements were obtained from bruxer participants (Brux) to determine if the 310 

involuntary chewing and teeth clenching present in this group during sleep were associated with 311 

larger estimates of PICs compared to control participants, even during awake conditions. The ΔF 312 

values obtained from the Brux participants were all within the range of values obtained in the control 313 

NBrux group, as shown for the two example  Brux-2 and Brux-4 participants in Figs. 4A and 4B 314 

(Brux-2 = 4.1 imp/s; Brux-4 = 5.8 imp/s). The mean ΔF in the Brux group (4.5 ±1.2 imp/s) was not 315 

significantly different than the mean ΔF in the control NBrux group (4.6 ±1.6 imp/s, p = 0.83) with a 316 

similar range of ΔF values in each group (Fig. 4C).   However, the Brux-4 group, who have severe 317 

joint pain and tooth abrasion, had ΔF values that were all higher than the mean ΔF of the NBrux 318 

controls (5.6 ± 0.5 imp/s, gray triangles in Fig. 4C), but this difference was not significant (p = 0.19), 319 

likely owing to a small number of participants in this group (n = 5).  320 

In all, the firing rate profiles of the motor units in the Brux and NBrux groups were similar 321 

during the isometric contractions with no differences in mean rates of the control and test motor units 322 

measured throughout the contraction (Table 1). In addition, the control and test motor units were 323 

modulated in a similar manner in both groups, with a mean r2 value of ~0.81 in the smoothed rate-324 

rate plots. There was at least 3 seconds of separation between the recruitment time of the control and 325 

test motor units in both groups and the test unit was active for at least 3 seconds during the ascending 326 

phase of the contraction (Table 1), two important requisites when estimating PIC amplitude with 327 

paired motor unit analysis, as outlined in the Discussion. On average, the Brux group reached higher 328 
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peak forces in terms of %MVC during the isometric contraction compared to the NBrux group (Table 329 

1), although the difference was not significant. Moreover, when plotting the size of the ΔF against the 330 

peak force reached during a contraction (Fig. 4D), there was no relationship between the two for 331 

either group (NBrux: r = 0.22, p = 0.15; Brux: r = 0.15, p = 0.27).  332 

 333 

334 
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Discussion 335 

Similar to animal studies following the application of serotonin or serotonin receptor agonists 336 

(Hsiao et al. 2005), PICs are activated in human trigeminal motoneurons as estimated by recording 337 

pairs of motor units in the masseter muscle. Unlike the animal experiments recorded in vitro, there is 338 

likely sufficient endogenous levels of serotonin and/or norepinephrine in the awake human to allow 339 

for activation of PICs during voluntary contractions. Excessive monoaminergic drive to trigeminal 340 

motoneurons was likely not present in the awake bruxer participants, who present with involuntary 341 

chewing and teeth clenching during sleep, as indicated by estimates of PIC amplitudes that were 342 

similar to the non-bruxing controls.  Lastly, similar to motoneurons in limb muscles, trigeminal 343 

motoneurons display a consistent onion effect where, during moderately sized contractions of 20% 344 

MVC or less, lower-threshold motor units discharge at higher rates (by 4 to 7 imp/s) compared to 345 

higher-threshold units.  346 

 347 

Validity of ΔF Measurements 348 

 Estimating the amplitude of a PIC via paired motor unit analysis relies on how well the 349 

control motor unit reflects the level of synaptic input onto the test motor unit since any discharge of 350 

the test unit occurring at levels of synaptic input below that needed for recruitment can be attributed 351 

to PIC activation. We assume that a PIC is also activated in the control unit but this should not affect 352 

its ability to monitor synaptic drive. For instance, after recruitment of a PIC, the firing rate of a 353 

motoneuron is linearly related to the injected or synaptic current it receives (Bennett et al. 2001a,b; 354 

Gorassini et al. 2004; Hsiao et al. 1997, 1998). Because of this, the firing rate of one motoneuron 355 

(control) that receives the same input as another (test) can be used as a measure of input to both 356 

motoneurons. The contractions employed in this study were designed to maximize the possibility that 357 
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the firing rate of the control motor unit indeed reflected the degree of synaptic input to its 358 

motoneuron and to the test motoneuron as well. For example, we only used trials where the control 359 

motor unit was active for at least 3 seconds before the test unit (see Table 1) to ensure that the PIC in 360 

the control unit was fully or nearly fully activated given that it can take ~500 ms for the slow calcium 361 

component of the PIC to activate (Li et al. 2004, 2007; Moritz et al. 2007). After PIC activation, any 362 

changes in the firing rate of the control motor unit (motoneuron) should mainly reflect changes to its 363 

synaptic input and not from an added depolarization during PIC activation, which can occur near the 364 

time of recruitment (Li et al. 2004; Udina et al. 2010).  Likewise, we only chose trials where the test 365 

unit was active for at least 3s during the ascending phase of the contraction (Table 1), again to ensure 366 

that the PIC was fully and securely activated.   367 

As mentioned above, if two motoneurons receive the same synaptic input, then the firing rate 368 

of one motoneuron (or motor unit) can be used as a measure of input to the other. One indication that 369 

both motoneurons are receiving common inputs is that their firing rates are modulated in a similar 370 

manner during a muscle contraction. For this reason, we plotted the relationship between the 371 

smoothed firing rates of the control and test motor units and on average, 80% of the modulation in 372 

firing of the test motor unit could be accounted for by the modulation in firing rate of the control 373 

motor unit (r2 = 0.8 on average, Table 1). The firing rates of the control and test motor units also 374 

closely followed the trajectory of the force profiles (see Figs. 1, 3 and 4), indicating that the units 375 

were firing within a sensitive range of their input-output properties. In trigeminal motoneurons, the 376 

relationship between firing rate and injected current remains linear up to ~50imp/s (Hsiao et al. 1997) 377 

when recorded in vitro, whereas the firing rate of trigeminal motoneurons or motor units continue to 378 

increase with increasing force up until ~30 imp/s when recorded in vivo (Lund et al. 1979). The peak 379 

firing rates of the control units during the ≤ 20% MVC contractions performed in the current study 380 
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were ≤ 30 imp/s, indicating that the control motoneurons fired in a range that was sensitive to 381 

changes in synaptic input. In summary, the firing behaviour of the control motor unit in relation to the 382 

test motor unit and bite force suggests that it was a good approximation of synaptic input to the test 383 

motor unit, enabling a reasonable estimation of PIC amplitude and its presence in trigeminal 384 

motoneurons, similar to that found in animal studies.  385 

 386 

Role of PICs in Masseter Motoneuron Activity 387 

 During motoneuron discharge, CaPICs require long periods (e.g., > 500ms) of depolarization 388 

to fully activate because the afterhyperpolarization (AHP) that follows the spike of the action 389 

potential effectively holds the membrane potential below firing threshold to slow down full activation 390 

of the voltage-dependent CaPIC (Li and Bennett 2007). Although NaPICs are deactivated and 391 

reactivated quickly enough to aide in repetitive firing of the motoneuron (Li et al. 2004), the 392 

contribution of the CaPIC is likely more pronounced during prolonged activation of the masseter 393 

motoneuron due its slow activation properties. Examples of prolonged activation of the masseter 394 

muscle include involuntary teeth clenching and grinding during sleep in bruxers (Yoshimi et al. 2009) 395 

and voluntary teeth clenching and yawning in non-bruxers (Farella et al. 2008). However, the 396 

masseter muscle is most active during eating and non-nutritive chewing (Farella et al. 2008) where 397 

burst durations are ~500ms (Kato et al. 2011; Po et al. 2013). Even though the CaPIC may not be 398 

fully activated during these brief periods of activation, it still may facilitate motoneuron activity. For 399 

example, CaPICs have been proposed to mediate the voltage-dependent facilitation of short (~800 400 

ms) locomotor drive potentials in the decerebrate cat (Brownstone et al. 1994).  Additionally, because 401 

the CaPIC is activated subthreshold to firing, the acceleration in membrane potential produced during 402 

CaPIC activation helps to produce high discharge rates at the onset of firing, resulting in the 403 
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potentiation of force production in the muscle (i.e., catch property: Burke et al. 1970). Thus, the 404 

NaPIC and CaPIC likely aide in the recruitment, discharge and synaptic amplification of masseter 405 

motoneurons during both brief and prolonged motor activity. 406 

  407 

Onion Skin Effect 408 

In 8 of the 9 NBrux participants, the firing rates of the lower-threshold control motor units 409 

were faster than the firing rates of the higher-threshold test motor units, even near the peak of the 410 

~20% MVC contraction. The discrepancy in firing rates between motor units of different thresholds 411 

could be mediated by differences in how a given synaptic input is transduced in the motoneuron. For 412 

example, in the higher-threshold motoneurons with lower input resistance (higher conductance), only 413 

the top of the synaptic input profile may have reached the axon hillock to produce lower firing rates 414 

compared to the lower-threshold motoneurons where a larger portion of the synaptic current reaches 415 

the axon hillock to produce faster firing. This of course assumes that the motoneuron pool receives 416 

equal amounts of a given synaptic input, which may be the case for descending inputs that drive 417 

voluntary contractions but can vary for activation of the motoneuron pool by primary spindle 418 

afferents (Heckman and Binder 1993a,b; Powers and Binder 1995). If the synaptic drive to the 419 

higher-threshold motor units increased beyond that used for the ~20% MVC contractions, the firing 420 

rates of these units would likely increase further, potentially matching or even exceeding that of the 421 

lower threshold units, especially at very high levels of contraction effort (Bigland and Lippold 1954; 422 

Grimby and Hannerz 1976; Heckman and Binder 1993a,b;  Kanosue et al. 1979; Kuo et al. 2006; 423 

Manuel et al. 2009;Tansey and Botterman 1996). 424 

The strategy of “onion skin” recruitment proposed by De Luca and colleagues helps to relieve 425 

the CNS of having to modulate the input/output properties of each motoneuron separately (De Luca 426 
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and Erim 1994; De Luca 1985).  It allows for a common synaptic drive to the recruit the motoneuron 427 

pool in an orderly fashion, whereby fatigue-resistant small motoneurons are recruited first and fire at 428 

faster rates, and fatigue-prone larger motoneurons are recruited later and fire at slower rates (De Luca 429 

and Hostage 2010). This motor control strategy helps to prevent fatigue, which is relevant to the 430 

masticatory system which must produce sustained motor activities such as chewing and talking. 431 

 432 

Amplitude of PICs activated during voluntary contractions is normal in Bruxer participants  433 

The presence of involuntary chewing and teeth clenching that occur during sleep in the Brux 434 

participants is not associated with abnormally large PICs activated during voluntary contractions 435 

under awake conditions.  It may be that large PICs are only present during periods of involuntary 436 

chewing and teeth clenching given that these involuntary motor behaviours occur during periods of 437 

microarousals when monoaminergic drive to the trigeminal motoneuron pool is high (Leung and 438 

Mason 1999; Sakai and Crochet 2001; Takahashi et al. 2010).  In line with this, drugs such as 439 

amphetamine and serotonin reuptake inhibitors, which increase levels of norepinephrine and 440 

serotonin respectively, increase episodes of involuntary activity in bruxer participants (Lavigne et al. 441 

2003; See and Tan 2003) and the amplitude of PICs in limb motoneurons (D’Amico et al. 2013; 442 

Udina et al. 2010).  Thus, the amplitude of PICs should, in future studies, be estimated during sleep 443 

when involuntary muscle activity is present. The use of non-invasive surface EMG and motor unit 444 

action potential decomposition techniques (De Luca et al. 2006; Farina et al. 2004) could facilitate 445 

recordings of motor unit activity during microarousals without disrupting sleeping patterns.   446 

 447 

 448 

Large PICs in chronic pain? 449 
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The Brux-4 group, who are characterized as having chronic pain and tooth abrasion, displayed 450 

the highest ΔF values that were consistently above the mean ΔF measured in the other Brux-2 and 451 

Brux-3 participants and in the control NBrux group. Although there was only a trend for the ΔF 452 

measured in the Brux-4 group to be higher than the ΔF measured in controls (p = 0.19, likely due to 453 

the small numbers in this group), it does suggest that the presence of chronic pain may increase the 454 

excitability of motoneuron PICs. The experimental induction of pain in the masseter muscle can 455 

induce changes in the firing behaviour of motor units and increase the number of motor units 456 

recruited during a contraction (Minami et al. 2013; Sohn et al. 2004; Tucker and Hodges 2009). In 457 

addition, there is a reduction in both the duration and amplitude of inhibitory reflex responses evoked 458 

in the masseter muscle during tonic painful stimulation (Svensson et al. 1999).  These findings, 459 

including our own, suggest that chronic pain may increase the excitability of trigeminal motoneurons 460 

to maintain muscle force, potentially by increasing the amplitude of PICs. Further studies in more 461 

Brux-4 participants or during periods of experimentally induced pain are needed to resolve this issue.   462 

 463 

Conclusions  464 

Similar to animal studies, PICs are activated in trigeminal motoneurons during voluntary 465 

contractions in the human. Both the onion skin effect and the activation of PICs likely facilitate the 466 

sustained activation of the masseter muscle which is required during motor activities such as eating, 467 

non-nutritive chewing, clenching and yawning.   468 

469 
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Figure Legends 670 

Figure 1: ΔF in Non-Bruxer participants 671 

A) Instantaneous firing rate of lower-threshold control (bottom) and higher-threshold test (middle) 672 

motor unit during isometric contraction (bite force: top trace).  Thick black line represents 5th order 673 

polynomial (smoothed rate) fit through the firing rates. Dotted vertical lines mark time of recruitment 674 

and de-recruitment of the test unit. Solid horizontal lines indicate smoothed firing rate of control unit 675 

when test unit was recruited and derecruited, with the difference between the two rates (ΔF) marked 676 

by the arrow. Insets show overlain traces of control and test motor units. B) Smoothed mean firing 677 

rate of control unit from A plotted against smoothed mean firing rate of test unit during contraction 678 

(black circles) and relaxation (open circles) phase of contraction. * marks beginning of test unit 679 

firing. C) Control unit firing rate at time of recruitment of test unit plotted against control unit rate 680 

when test unit was de-recruited for 45 contractions from the 9 NBrux participants (5 contractions per 681 

participant, different symbol for each participant).  Solid line marks slope of 1 (parity line). Mean of 682 

data is shown by the large gray circle and error bars represent SD. D) Mean ΔF’s (±SD) measured in 683 

biceps brachii, soleus and tibialis anterior muscles (black bars) compared to mean ΔF for masseter 684 

muscle (white bar).   685 

 686 

Figure 2: Mean Firing Rate and Recruitment Threshold   687 

A) Firing rate profiles of three sequentially recruited motor units during an isometric, triangular 688 

contraction in a NBrux participant (control: black circles; test-1: white circles; test-2: gray circles).  689 

B) Same as in A for a control and test-1 unit pair in another NBrux participant.  C) Group mean firing 690 

rates of early-recruited control units (18.5 ± 3.9imp/s) and later-recruited test-1 (14.9 ± 3.0imp/s) and 691 

test-2 (11.8 ± 3.7 imp/s) units from NBrux participants. Numbers of units analyzed are indicated in 692 
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each bar graph and error bars represent SE of the mean. A one-way ANOVA with post-hoc 693 

Bonferroni t-tests were used. D) Recruitment thresholds, expressed as a %MVC, for control (5.0 ± 694 

3.4 %), test-1 (8.3 ± 4.5 %) and test-2 (11.3 ± 5.4%) units. A one-way ANOVA on ranks with post-695 

hoc Dunn's test was used. * p < 0.05, ** p < 0.001 696 

 697 

Figure 3: Differences in recruitment thresholds and mean firing rates 698 

A) Calculation of recruitment threshold difference between control (bottom) and test-1 (middle) 699 

motor units during a voluntary contraction (force expressed as %MVC, top). Dashed vertical lines 700 

mark start of firing of control and test-1 units and corresponding recruitment forces for the control 701 

(RT:C) and test-1 (RT:T1) units. Arrow marks the difference in recruitment force (ΔRT) between the 702 

two units. B) Difference in mean rate between a control and test-1, control and test-2 or test-1 and 703 

test-2 motor unit pair plotted against the corresponding difference between their recruitment 704 

thresholds (n = 60 unit pairs).  A linear regression is fit through the data points (r = 0.43, p = 0.0007). 705 

 706 

Figure 4: ΔF in Bruxer Participants 707 

A) Instantaneous firing rate of a lower-threshold control (bottom) and higher-threshold test (middle) 708 

motor units during isometric contraction in Brux-2 (A) and Brux-4 (B) participants.  Same format as 709 

Figure 1. Note different scales in A and B. C) Group mean ΔF from NBrux (black bar: 4.6 ± 710 

1.6imp/s) and Brux (white bar: 4.5 ± 1.2 imp/s) participants (Student's t-test, p = 0.83).  D) ΔF plotted 711 

against peak force (%MVC) reached during each contraction for the 9 NBrux (black circles, solid 712 

line, n = 45 contractions) and 13 Brux participants (open circles, dashed line, n = 65 contractions).   713 

 714 
 715 
 716 
 717 
 718 
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 723 

 724 

 725 
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Table 1: Motor unit firing rate and contraction force characteristics  727 

Comparison of: 1) firing rate of control and 2) test motor units during entire contraction; 3) 728 

coefficient of variation (r2) between the smoothed firing rate of the control and test motor unit (range 729 

in brackets); 4) duration of time the test unit was active for during the ascending phase of the 730 

contraction; 5) time difference between the recruitment of the control and test unit and 6) peak force 731 

of the contraction (expressed as %MVC) for both NBrux and Brux groups.  Values represent mean ± 732 

SD. For mean r2, the median r2 was calculated for each participant and this value was then averaged 733 

across participants in a group. Student’s t-test was used to compare values between groups (all p > 734 

0.05).  735 

 Control 
Mean Rate 

(imp/s) 

Test 
Mean Rate 

(imp/s) 

Rate-Rate 
r2 

(range) 

Test  
Activation 

Time (s) 

Control-Test  
Recruit Diff 

(s) 

Peak Force 
(%MVC) 

NBrux 16.9 ± 3.3 13.5 ± 2.0 0.81 ± 0.1 
(0.71-0.95) 

3.7 ± 1.2 2.9 ± 1.3 12.6 ± 6.7 

Brux 16.0 ± 4.2 11.8 ± 2.3 0.81 ± 0.1 
(0.71-0.89) 

2.9 ± 0.7 3.2 ± 1.2 17.2 ± 10.5 
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