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Abstract Introduction: Electrical stimulation of the supraorbital nerve (SON) induces late reflex responses in the neck muscles; these responses are hypothesised to be polysynaptic reflexes participating in a defensive withdrawal retraction of the head from facial nociceptive stimuli. Such responses may extend to the proximal muscle of the arms. Objective: (1) to investigate reflexes in the upper limb muscles (trigemino-spinal responses, TSR) and their relationship with trigeminocervical responses (TCR); and (2) to identify the nociceptive component of such reflexes and their functional significance. Methods: Reflex responses were registered from the semispinalis capitis and biceps brachii muscles after electrical stimulation of the SON in 12 healthy subjects. The sensory (ST), painful (PT) and reflex thresholds, the latency and area of the responses, the effect of heterotopic painful stimulation (HTP), the recovery cycle as well as the effect of the expected and unexpected stimuli were measured. Results: Stable reproducible TCR and TSR responses were identified at 2.5 ^ 0.4 £ ST, which corresponded exactly to the PT in all the subjects. The TCR and TSR areas were markedly reduced after HTP. The recovery cycle of the TSR area was faster than that of the TCR. Repeated rhythmic stimulation failed to induce progressive reflex suppression. Conclusions: These results confirm the nociceptive nature of the TCR and indicate that the biceps brachii response (TSR) has the same nocifensive significance as the posterior neck muscle responses. TCR and TSR are mediated different polysynaptic pathways The presence of trigemino-cervical-spinal responses in our study clearly indicates that there is a reflex interaction between nociceptive trigeminal afferents and both upper and lower cervical spinal cord motoneurons. q 2003 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved. Keywords: Nociceptive reflexes; Trigemino-cervical reflexes; Trigemino-spinal reflexes; Reticular formation; Interneurons



1. Introduction Several studies have shown that electrical stimulation of the trigeminal nerve (supraorbital and infraorbital branches) induces early and late reflex responses in the neck muscles, termed trigemino-cervical reflexes (Sartucci et al., 1986; Rossi et al., 1989; Di Lazzaro et al., 1996; Ertekin et al., 1996, 2001; Leandri et al., 2001; Milanov et al., 2001). Late responses evoked from the posterior neck muscles (e.g. semispinalis capitis muscle) (HR3 or C3, Ertekin et al., 1996; Leandri et al., 2001) are hypothesised to be * Corresponding author. Tel.: þ 39-6-4991-4815; fax: þ39-6-445-4294. E-mail address: [email protected] (M. Serrao).



multi-synaptic reflexes which participate in a defensive withdrawal retraction of the head from facial nociceptive stimuli (Sartucci et al., 1986; Ertekin et al., 1996). These responses are more evident after intense electrical stimuli of the supraorbital branch and may extend to the proximal muscle of the arms (Broser et al., 1964). The neurophysiological data available on these late responses are, however, sparse and inconclusive. The aims of this study were: (1) to investigate reflex responses in the upper limb muscles (trigeminospinal responses) and their relationship with trigeminocervical responses after electrical stimulation of the supraorbital nerve; and (2) to better identify the nociceptive component of such reflexes and its functional significance.



1388-2457/03/$30.00 q 2003 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved. doi:10.1016/S1388-2457(03)00132-9
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2. Methods 2.1. Subjects Recordings were made from 12 healthy adults (8 M, 4 F), aged from 24 to 39 years, after written informed consent and local ethical committee approval had been obtained. 2.2. Trigemino-cervical and trigemino-spinal measurements Percutaneous electrical stimulation of the supraorbital nerve (SON) was obtained by means of bipolar surface electrodes applied to the supraorbital notch; rectangular electric shocks with a duration of 0.5 msec were used. Before the recordings, the sensory threshold (ST), the painful threshold (PT) and the reflex threshold (RT) were determined for each subject (see below). The intensity of the electrical shocks used for the electrophysiological measurements was adjusted to 1.2 £ the reflex threshold. Electromyographic signals were recorded from the semispinalis capitis muscle (SSC) by means of silver cup surface electrodes placed and fixed at the level of the C3 and C7 vertebrae on the midline, and simultaneously from the following upper limb muscles in a belly-tendon configuration: biceps brachii (BB), flexor carpii (FC) and first dorsal interosseous (FDI). The subjects were seated on a chair and several different positions were used for the head and neck in order to minimise neck muscle activity. The subjects were instead asked to contract the upper limb muscles (30% of the maximum strength) so as to facilitate the appearance of reflex responses. At least 12 –15 responses were recorded and averaged. The latency (L, msec) and the area (A, mVms) of the reflex responses were measured on the unrectified electromyographic (EMG) responses. The analysis time was 100 msec. The filter bandpass was 30 –3000 Hz. Sensitivity was set at 200– 500 mV. (Medelec, Synergy, UK). During the study, room temperature was maintained at between 22 and 248C. 2.3. Relationship between sensory threshold, painful threshold and trigeminocervical and trigeminospinal EMG responses The ST was tested by stimulation through the bipolar electrodes at a frequency of 0.5 stimulus per second, while the stimulus strength was gradually increased (Serrao et al., 2001). The threshold was taken to be the stimulus voltage when the subject began to feel each stimulus distinctly 5 £ over 5 trials. The stimulus intensity was expressed in multiples of the sensory threshold ( £ ST). Each subject’s PT was measured by asking the subject to evaluate the nature of gradually increasing stimulus intensities on a



4 point verbal scale (not painful, barely painful, PT, painful and intolerable). By stimulating the SON at a fixed sensory threshold multiples of up to a maximum of 8 £ ST, we recorded the EMG responses from the SSC and the upper limb muscles. Reflex area was normalised as a percentage of the corresponding maximum value, and the curve for the function stimulus intensity/reflex area (Inghilleri et al., 1997; Serrao et al., 2001) was calculated. 2.4. Recovery cycle of the trigemino-cervical and trigemino-spinal reflexes The excitability state of the neuronal substrate of the trigemino-cervical responses (TCR) and trigemino-spinal responses (TSR) was studied by measuring the recovery cycle of EMG suppression in SSC and BB. This experiment was conducted at 1.2 £ RT. The recovery cycle was investigated by delivering paired stimuli of the same intensity at different interstimulus intervals: 1000, 500, 300, 200, 150, 100 and 50 msec. For each time interval, a series of 10 trials was repeated at a frequency of 0.2 Hz. To prevent fatigue and habituation, the subjects rested for 5 min at the end of each series. The recovery cycle was expressed by plotting the interstimulus interval on the X axis and the area of responses to the second shock (test) as a percentage of the area of responses to the first shock (conditioning) on the Y axis (Fig. 3) (Cruccu et al., 1984). 2.5. Expected and unexpected electrical stimulation To assess whether the TCR and TSR are a part of a startle response (performed in 6 subjects), electrical pulses to the SON were delivered rhythmically (expected) and arrhythmically (unexpected). Expected stimulation consisted of 12 stimuli delivered at 15 s intervals; unexpected stimulation consisted of 12 stimuli delivered at a very low frequency (pseudorandom intervals from 10 to 15 min). Participants rested for 1 h between the two trials. 2.6. Effects of heterotopic painful stimulation The effects of heterotopic painful stimulation on the neurophysiological parameters were studied by the cold pressor test (CPT) (Willer et al., 1989; Watanabe et al., 1996; Sandrini et al., 2000). The subjects were required to dip the right hand, to a depth of 5 cm above the wrist, in a thermoregulated water bath for a period of 3 min. The water temperature was maintained at 5 – 68C. Neurophysiological measurements were recorded in the following 4 conditions: (1) control session; (2) non-painful session (dipping the hand in water at 258C); (3) painful session (dipping the hand in water at 5– 68C); and (4) aftereffect (3 – 8 min after removing the hand from the water at 5 – 68C). The patients were randomly assigned to a control
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session, a painful or non-painful session. To avoid any possible sensitisation of the skin receptors, the hand was dried after removal from the water and a resting period of more than 20 min was included between each sequence, except when the after effects were evaluated.
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2.5 ^ 0.4 ST (Fig. 1), which corresponds exactly to the painful threshold in all the subjects (Table 1). The effects of increasing stimulus intensity on the TCR and TSR are shown in Fig. 2. The stimulus intensity/reflex area curve was sigmoidal and similarly shaped for both reflexes.



2.7. Statistical analysis Data were evaluated by analysis of variance for repeated measurements. P values , 0.05 were considered statistically significant. All values are reported as the mean ^ SD.



3. Results Stimulation of the SON induced a clear EMG response in the SSC and BB muscles in all the subjects (Fig. 1). No consistent EMG responses were evoked in the FC and FDI muscles. The mean latency and the mean area of the TCR and TSR were respectively 40.7 ^ 5.2 msec and 4.5 ^ 3.0 mVms for the TCR, and 57.5 ^ 4.6 msec and 4.8 ^ 3.2 mVms for the TSR. An inconstant silent period (with an onset latency of 45–50 msec and duration of 35–45 msec) was recorded in 3 subjects just before the BB reflex response. EMG suppression could be seen more clearly on the raw EMG signal.



3.2. Recovery cycle of the trigeminocervical and trigeminospinal reflexes Paired stimuli induced almost total suppression of the mean TCR area from the 50 to 200 msec interstimulus interval, but recovered 57% of its baseline EMG activity level at the 1000 msec interstimulus interval. The recovery cycle of the TSR area was faster. The test TSR was reduced at the 50– 100 interstimulus interval, but progressively recovered its baseline EMG activity level from 150 to 1000 msec (Fig. 3). 3.3. Expected and unexpected electrical stimulation TCR and TSR responses showed none of the characteristics of a startle response. Repeated rhythmic stimulation failed to induce progressive suppression. TCR and TSR responses to unexpected stimuli matched responses to standard (expected) electrical stimulation. 3.4. Effects of heterotopic painful stimulation



3.1. Relationship between sensory threshold, painful threshold and trigeminocervical and trigeminospinal EMG responses The relative stimulus intensities which induced the TCR and TSR by stimulation of the SON are shown in Table 1. A stable reproducible TCR and TSR were identified at



No significant differences were observed between the non-painful and the control sessions in any of the neurophysiological parameter values (Table 2). During the CPT, the mean area of the TCR was approximately 40% smaller than the baseline value, while that of the TSR was approximately 30% smaller than the



Fig. 1. Trigemino-cervical and trigemino-spinal responses (arrows) evoked at 2.5 ST in a representative subject. The reflex responses corresponded to the PT.
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Table 1 Relative stimulus intensities which induced the TCR, TSR and the pain threshold Subjects



TCR threshold (threshold units)



2£ 2.5 £ 2.5 £ 3£ 2.6 £ 3£ 2.4 £ 2£ 2.5 £ 2.5 £ 3£ 2.5 £



1 2 3 4 5 6 7 8 9 10 11 12



TSR threshold (threshold units)



2£ 2.4 £ 2.5 £ 2.8 £ 2.5 £ 3£ 2.5 £ 2£ 2.5 £ 2.5 £ 3£ 2.5 £



Pain threshold (threshold units) Barely painful



Painful



Intolerable



2£ 2.5 £ 2.5 £ 3£ 2.5 £ 3£ 2.5 £ 2£ 2.4 £ 2.5 £ 3£ 2.5 £



4.5 £ 5£ 5£ 5£ 4.5 £ 5£ 4.5 £ 5£ 4£ 4£ 5£ 4.5 £



8£ 8£ 7£ 8£ 7.5 £ 8£ 7£ 7.5 £ 8£ 8£ 8£ 7.5 £



The TCR and the TSR threshold corresponded to the pain threshold in all the patients (barely painful).



baseline reflex value (Table 2). The mean TCR area increased slightly immediately following the CPT, but remained approximately 34% lower than the baseline value. Similar behaviour was observed for the mean TSR reflex area (Table 2). 4. Discussion It has been shown that electrical stimulation of the supraorbital branch of the trigeminal nerve induces early and late responses in neck muscles; these responses probably have a different functional significance (Sartucci et al., 1986; Di Lazzaro et al., 1996; Ertekin et al., 1996,



2001; Leandri et al., 2001). While the early responses are mediated by non-nociceptive afferents and functionally resemble the R1 component of the blink reflex (Shahani and Young, 1972), the late responses have been related to movements of head retraction as a protective mechanism against a nociceptive stimulus on the face (Sartucci et al., 1986; Ertekin et al., 1996). In this study, we demonstrated that SON stimulation induces a stable, reproducible response in the BB muscle which was strictly related to the response of the posterior neck muscles. In fact, the reflex threshold of both the TCR and TSR corresponded to the painful threshold in all the subjects



Fig. 2. Function stimulus intensity/reflex area. Stimulus intensity is expressed as a multiple of sensory threshold. The reflex area of the TCR (triangles) and TSR (squares) are expressed as a percentage of maximum values. The mean pain threshold is indicated by a vertical dashed line. Both functions were sigmoidal and similarly shaped. Bars: standard deviation.
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Fig. 3. Mean recovery cycles of the TCR (triangles) and TSR (squares) evoked by paired shocks given at 1.2 £ RT stimulus intensity in 12 subjects. Both functions were separate and shaped differently. Bars: standard deviation.



(Table 1). When the stimulus was increased, the size of the TCR and TSR responses increased in parallel with the painful sensation (Fig. 2). Moreover, these reflexes were inhibited by activation of the ‘diffuse noxious inhibitory control’ (DNIC), which is known to inhibit nociceptive neurons in the spinal and trigeminal dorsal horns and to play an important role in pain processing (Willer et al., 1989; Bouhassira et al., 1995; Villanueva and Le Bars, 1995; Rossi et al., 2003). Taken together, these results confirm the nociceptive nature of the trigemino-cervical reflexes and indicate that the biceps brachii response (trigemino-spinal reflex) has the same nocifensive significance as the posterior neck muscle response. In this perspective, a painful stimulus on the face will activate the extensor neck and proximal limb muscles so as to move the head away from the nociceptive source and raise the arm to protect the face. In our study, the TCR and the TSR seem to be mediated by different central neural circuits. In fact, using



the recovery cycle to investigate the central neural substrates (Cruccu et al., 1984; Inghilleri et al., 1997; Serrao et al., 2001), we showed that the TCR and the TSR responses have different excitability patterns (Fig. 3). Although both the TCR and TSR recovered slowly, which indicates that the underlying neural network is polysynaptic, the recovery cycle of the TCR is markedly slower than that of the TSR, thereby suggesting a longer neural pathway with more synapses. This finding may be explained by considering that head movements need to be coordinated with a number of complex motor activities as a result of a variety visual, acoustic and vestibular stimuli. A polysynaptic pathway might provide the neural network required for highly integrated motor responses influenced by converging sensory inputs. Although the anatomical site in which these responses are integrated can only be hypothesised on the basis of previous experiments, some interesting considerations may be made.



Table 2 Mean ^ SD of the neurophysiological measurements (TCR latency and area, TSR latency and area in control and other interference conditions in 12 normal subjects)a



TCR TSR a b



Latency (ms) Area (mVms) Latency (ms) Area (mVms)



Control



Non-painful session (258C)



Painful-session (CPT; 58C)



After-effect



40.7 ^ 5.2 4.5 ^ 3.0 57.5 ^ 4.6 4.8 ^ 3.2



40.3 ^ 5.7 4.6 ^ 3.9 58.1 ^ 4.8 4.7 ^ 3.9



41.4 ^ 5.8 2.8 ^ 2.2b 58.1 ^ 4.1 3.5 ^ 1.9b



40.4 ^ 4.6 3.0 ^ 2.8b 58.8 ^ 4.3 3.6 ^ 2.0b



TCR, trigemino-cervical reflex; and TSR, trigemino-spinal reflex. P , 0.05, significance of difference between control and other trials was calculated by paired t test.
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First, several studies have documented the convergence of trigeminal afferents onto wide dynamic range (WDRs) neurons in both the brain-stem and upper cervical cord (Sessle et al., 1986; Lambert et al., 1992; Angus-Leppan et al., 1997). In a recent report (Rossi et al., 2003), we showed that nociceptive reflexes such as the cutaneous silent period (CSP) and the withdrawal flexor response (WFR), similarly to the TCR and TSR, were inhibited by DNIC and are thought to be mediated by the WDR neurons (Rossi et al., 2003). Thus, the WDR neurons may be the first neural centre in which the TCR and TSR nociceptive afferents are processed and integrated, as we postulated for the CSP and the WFR. Second, in view of the similarity between head and limb responses, it would be interesting to investigate whether the TCR and TSR are integral parts of the normal startle response or share the same efferent pathways to produce protective muscle responses. In our study, the TCR and TSR responses did not manifest any other of the characteristics of the startle response and, unlike the normal startle response, they did not readily habituate either. Whereas the startle reflex disappeared with repeated presentation of the stimulus, the TCR and the TSR persisted. Thus, there is evidence that the trigemino-cervical and trigemino-spinal responses are functionally separate from the generalised startle response. However, the TCR and TSR appear at the same latencies and share the same cranio-caudal progression as the motor responses involved in the startle reflex. In this regard, it may be hypothesised that the anatomical neuronal pathways mediating both the startle reflex, TCR and TSR are partially the same. Interneurons located in the reticular formation and the reticular-spinal pathways are the most likely candidates for this integrative role. The anatomical substrate for the startle reflex is well established in both animals and humans (Davis et al., 1982). The motor activation pattern is generated in the brain-stem by the nucleus reticularis pontis caudalis and is transmitted through the reticulospinal tract directly to anterior horn cells (Davis et al., 1982). In primates, a variety of head movements have been elicited by stimulation of different regions within the reticular formation (Cowie and Robinson, 1994; Cowie et al., 1994). In cats, microinjection of a cholinergic agonist into the pontine reticular formation resulted in a peculiar modification of posture comparable to the motor responses elicited by SON stimulation (Luccarini et al., 1990). Thus, in humans and in animals the ponto-medullary reticular formation is implicated not only in the control of arousal level and the sleep-awake cycle, but represents one of the main sources of generalised motor drive (Mori et al., 1995; Kably and Drew, 1998). It may be hypothesised that a neural centre, in the reticular formation, is involved in the coordination of the neck and proximal limb muscles responses, including that of the TCR and TSR.



We recorded a silent period in the BB muscle preceding the excitatory response in 3 subjects. Although this response was inconstant on the raw EMG recordings, it appeared at a fixed onset latency of 45 –50 msec. This inhibitory response resembles the inhibitory reflexes mediated by the ‘propriospinal’ interneurons described by other authors (Burke, 2001; Pierrot-Deseilligny, 2002) and may be implicated in motor control. In conclusion, the presence of trigemino-cervical-spinal responses in our study clearly indicates that there is a reflex interaction between nociceptive trigeminal afferents and both upper and lower cervical spinal cord motoneurons. Further studies on animal and human models are warranted to elucidate trigemino-spinal anatomical connections and their functional significance in nociception and motor control.
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