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Abstract Several recent studies with transcranial
magnetic stimulation (TMS) have demonstrated changes
in motor evoked potentials (MEPs) in human limb
muscles following modulation of sensory afferent inputs,
but little is known about the regulation of the human
tongue motor control. To test the effect of local anes-
thesia (LA) of the lingual nerve and topical application
of capsaicin stimulation on tongue MEPs. Fourteen
volunteers participated (21-30 years) in two randomized
sessions; before, during a nerve block of the lingual
nerve or topical capsaicin application (30 pl 5%) on the
tongue, and after anesthesia or pain had subsided. EMG
electrodes were placed on the tongue and the first dorsal
interosseous (FDI) muscle (control). EMG signals were
amplified, filtered (20 Hz-1 kHz), and sampled at 4 kHz
(Nicolet, USA). TMS were delivered with a figure-
of-eight coil (Magstim 200, UK). Scalp sites at which
EMG responses were evoked in the relaxed tongue or
FDI at the lowest stimulus strength were determined,
i.e., motor threshold (7). MEPs were assessed using
stimulus—response curves in steps of 10% 7. Eight
stimuli were presented at each stimulus level. The
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proximal hypoglossal nerve was activated by TMS
delivered over the parieto-occipital skull distal to the
right ear. Eight stimuli were delivered at 50% of maxi-
mum stimulator output. ANOVAs were used to analyze
latency and peak-to-peak amplitudes. Capsaicin evoked
mild pain (2.8£0.5), and a strong burning sensation
(6.2%0.4) on 0-10 visual analogue scales. MEP ampli-
tudes in tongue and FDI were not influenced by capsa-
icin (P >0.44) but by stimulus strength (P <0.001). MEP
latencies in tongue (8.9+0.2 ms) and FDI (22.4+
0.4 ms) were not affected by capsaicin (P >0.19).
Hypoglossal nerve stimulation evoked a short-latency
(3.6 £0.9 ms) response (mean amplitude 65+9 pV); but
was unaffected by capsaicin (P> 0.54). LA did not have
any effect on FDI MEPs but was associated with a sig-
nificant facilitation of tongue MEPs at T+ 50% and
T+60% about 50 min after the nerve block in the
recovery phase. Also in this condition, the direct motor
responses evoked by hypoglossal nerve stimulation
remained constant. No direct effect of a strong burning
sensation could be shown on peripheral or central cor-
ticomotor pathways to the relaxed tongue musculature,
however, LA of the lingual nerve (cranial nerve V) seems
able to induce a delayed change in corticomotor control
of tongue musculature (cranial nerve XII) possibly
related to unmasking effects at the cortical level but not
completely excluding excitability changes at the brain
stem level.

Keywords Motor control - Trigeminal physiology -
Local anesthesia - Capsaicin pain - Transcranial
magnetic stimulation

Introduction

Transcranial magnetic stimulation (TMS) is a widely
used, non-invasive and painless technique to study the
corticomotor control and plasticity of the motor cortex
(Abbruzzese and Trompetto 2002; Rothwell 1997).
Relatively, few studies have used TMS to examine the
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control of the tongue musculature (Fadiga et al. 2002;
Katayama et al. 2001; Meyer et al. 1997; Muellbacher
et al. 1994, 1998, 2001) and virtually no studies have
attempted to study the modulation of tongue motor
evoked potentials (MEPs) (Svensson et al. 2003). A ra-
pid and controlled coordination of sensory and motor
function is essential for a number of complex orofacial
behaviors involving the tongue musculature, such as
swallowing, mastication, respiration and speech (Hiie-
mae and Palmer 2003; Sawczuk and Mosier 2001; Smith
1992) and it can be expected that the corticomotor
pathways must adjust rapidly to changes in somatosen-
sory inputs. However, the effect of, for example, sensory
deprivation using local anesthetic nerve blocks or sen-
sory perturbation with painful stimuli for the regulation
of corticomotor pathways to the tongue musculature has
not yet been described.

Transcranial magnetic stimulation studies on the
corticospinal pathways have shown that ischemic nerve
blocks generally are associated with immediate in-
creases in MEP amplitudes (Brasil-Neto et al. 1992;
Cohen et al. 1993; Ridding and Rothwell 1997; Wer-
hahn et al. 2002; Ziemann et al. 1998a, b), although
decreases in MEP amplitudes can be observed distal to
the ischemia of the forearm or leg (Cohen et al. 1993).
Recently, Duque et al. (2005) investigated the effect of
digital anesthesia of the index finger and the thumb on
the amplitude of MEPs in the first dorsal interosseous
(FDI) and noted a dramatic decrease (29%) in maximal
voluntary contraction possibly as a result of a lack of
proper sensory feedback during the task. However, the
amplitude of the FDI MEPs remained unchanged
(Duque et al. 2005).

Transcranial magnetic stimulation studies on the
effect of repetitive innocuous electrical stimulation of the
peripheral nerves have consistently shown increases in
MEP amplitudes in hand muscles (Miles 2005; Ridding
et al. 2000) However, painful somatosensory stimulation
with topical application of capsaicin on the skin signif-
icantly reduced the amplitude of the MEPs in the (FDI)
muscle 20-30 min after the application of capsaicin and
then progressively returned to baseline values (Farina
et al. 2001). Another study on the effect of sensory
perturbation using painful electrical stimulation of the
arm showed an inhibition of the MEP amplitudes
(Urban et al. 2004).

Few studies have addressed the issue of sensory
deprivation or perturbation on MEPs in the orofacial
region. Romaniello et al. (2000) investigated the effect of
hypertonic saline-evoked muscle pain and capsaicin-
evoked skin pain on the excitability of the trigeminal
motor pathways using TMS (Romaniello et al. 2000).
Muscle and skin pain did not induce significant effects
on the amplitude or latency of the masseter MEPs,
however, the masseter muscle requires a pre-contraction
in order to obtain MEPs which may, in part, have
masked an inhibitory effect. A recent TMS study showed
that MEPs in the lower facial region were facilitated
during anesthesia of the region whereas innocuous

repetitive electrical stimulation was unable to modulate
the MEP amplitudes (Yildiz et al. 2004). Nevertheless,
the study by Yildiz et al. (2004) suggests the potential for
a rapid modulation and plastic changes in the cortico-
motor control of orofacial muscles.

The aim of the present study was to test how sensory
deprivation or perturbation of the sensory nerves of the
tongue can affect the corticomotor control of tongue
musculature using TMS and MEP recordings.

Materials and methods
Subjects

This study was carried out in 14 healthy volunteers (10
women and 4 men, right-handed) aged 20-31 years
(mean age 23.6+3.0 years). The subjects reported no
medical, physical or psychological problems. Informed
consent was obtained in accordance with the guidelines of
the Helsinki Declaration. The study was carried out in the
Orofacial Pain Laboratory at the Department of Clinical
Oral Physiology, University of Aarhus, Denmark with
the approval of the Local Ethics Committee.

Recording of MEPs

The subjects sat upright and relaxed in a dental chair
with the head supported by a headrest. EMG activity
was recorded from the right side of the tongue and the
right FDI muscle. Disposable self-adhesive silver chlo-
ride electrodes (Medtronic, USA, Type 9013S0211)
were placed on the dorsal surface of the tongue (2-3 mm
from midline, 10 mm from tongue tip) with an inter-
electrode distance of 2 cm. Disposable surface electrodes
(Medicotest, Denmark, Type 720-01 K) were placed over
the FDI (muscle belly-caput metatarsale I). The EMG
signals were amplified, filtered (20 Hz-1 kHz), sampled
at 4 kHz (X, Nicolet Biomedical, Denmark) and stored
on disk for off-line analysis. A total of 300-ms EMG
activity was recorded with 100 ms pre-stimulus and
200 ms post-stimulus.

Transcranial magnetic stimuli (Magstim 200, The
Magstim Co. Ltd., Whitland, UK, peak magnetic field =
2 T) were delivered with a 5-cm diameter figure-of-eight
coil to the left side of the scalp. The coil of the stimulator
was oriented 45 obliquely to the sagittal midline so that
the induced current flowed in a plane perpendicular to
the estimated alignment of the central sulcus. Three
markings on the coil helped to identify the position in
relation to the scalp sites. The scalp sites at which EMG
responses were evoked in the tongue or FDI muscles at
the lowest stimulus strength were determined. The
motor threshold was measured in the relaxed muscles
with the use of a descending and ascending method of
limits and was defined as the minimum stimulus inten-
sity that produced five discrete MEPs clearly discernible



on the monitor from background EMG activity (tongue
MEP >5 pV and FDI MEP > 50 uV).

The MEPs were assessed using stimulus—response
curves (Devanne et al. 1997; Ridding and Rothwell
1997; Svensson et al. 2003). The curves were constructed
in steps of 10% of motor threshold (7), from 7—-10% to
T+60% or until a plateau in MEP amplitude was
achieved. Eight stimuli were presented at each stimulus
level with an inter-stimulus interval of about 15 s.
Stimuli were delivered at sites over the scalp identified
on a snugly fitting, flexible cap and related to the vertex
(Cz) in accordance with the 10-20 electroencephalo-
graphic electrode placement system.

The proximal hypoglossal nerve was activated by
transcranial magnetic stimuli delivered over the parieto-
occipital skull distal to the right ear (Meyer et al. 1997).
A series of eight stimuli were delivered at 50% of max-
imum stimulator output.

Experimental pain and anesthesia

Tonic pain was induced by capsaicin (30 pl 5%) applied
topically in an adhesive bandage on the midline of the
dorsum of the tongue, 15 mm from the tip. This procedure
has previously been shown to cause a steady, burning type
of pain (Baad-Hansen et al. 2003; Romaniello et al. 2000).
Subjects were asked to rate the quality of the pain using a
10-cm visual analogue scale (VAS). TMS was undertaken
when the subject felt a constant level of pain.

Anesthesia of the right side of the tongue was induced
by local anesthetic block (Carbocaine, 0.5 ml, Astro-
Zeneca) of the lingual nerve in the lingual mucosa 2 mm
apical to the gingival margin in the right third mandib-
ular molar region. Subjects were asked to rate pain in
the tongue when pinched with tissue forceps on left and
right sides 1 cm from the tip. TMS was performed when
the subject felt no pain upon pinching on the right side
of the tongue.

Protocol

The experiment was performed on two separate sessions.
The order of experimental pain and anesthesia was
randomized between sessions. The recording procedure
was the same during both sessions. The tongue and FDI
muscles were in resting condition throughout the pro-
cedures. MEPs were measured (1) immediately prior to
experimental pain or anesthesia, (2) during constant
pain or anesthesia and (3) after pain or anesthesia had
subsided. The onset latency and peak-to-peak amplitude
were measured on non-rectified, averaged MEPs.

Statistical analyses

The MEP onset latencies and amplitudes were compared
using two-way ANOVAs with repeated factors: stimulus
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intensity and conditions (baseline, intervention, post-
baseline). When appropriate, the ANOVAs were fol-
lowed by post hoc Tukey tests to compensate for mul-
tiple comparisons. All data are presented as mean values
and standard errors of mean. The level of significance
was set at P <0.05.

Results
General characteristics

Transcranial magnetic stimulation applied to the scalp
between 8-9 cm lateral and 2-3 cm anterior to the inter-
auricular line produced clear MEP responses with
latencies between 6 and 10 ms in the tongue musculature
of all the subjects tested. The motor thresholds ranged
between 31 and 56% output. The optimal scalp site for
MEP responses with latencies between 18 and 26 ms in
the FDI was 6-7 cm lateral and 1-2 cm anterior to the
inter-auricular line. The motor thresholds for the FDI
MEPs ranged between 30 and 70% output.
Transcranial magnetic stimulation at 50% output
delivered over the parieto-occipital skull distal to the
right ear in order to activate the proximal hypoglossal
nerve produced short-latency responses in the tongue
musculature with a latency in the range of 3.2-4.2 ms.

Effect of capsaicin

Topical application of capsaicin to the tongue-evoked
mild pain (VAS=2.8+0.5), and a strong burning sen-
sation (VAS=6.2+0.4). After recording of the MEPs
and removal of the capsaicin plaster, it took 3542 min
(26-55 min) before the pain and burning had disap-
peared and the final series of MEP recordings could be
done.

The motor threshold at baseline for tongue MEPs
(43.9+£2.7%) and FDI MEPs (39.9+2.2%) did not
change significantly in response to the capsaicin appli-
cation (ANOVA, P>0.204). The latency of the tongue
(8.9+£0.2 ms) and FDI MEPs (22.4+0.4 ms) was not
influenced by condition or stimulus intensity (ANOVA,
P>0.190). The amplitude of the tongue MEPs and FDI
MEPs at baseline was unaffected by condition (ANO-
VA, P>0.436) but increased at higher stimulus intensi-
ties (ANOVA, P<0.001) (Fig. 1).

Transcranial magnetic stimulation applied to the
hypoglossal nerve did not cause any significant changes
in the baseline-to-peak amplitudes at baseline (65+
9 uV) (ANOVA, P=0.650).

Effect of local anesthesia
Unilateral administration of local anesthesia (LA) on

the right side was after 5-10 min associated with a sig-
nificant reduction in the VAS scores to pinch-stimuli
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Fig. 1 Amplitudes of MEPs in the tongue and FDI muscles (mean
values, n=14) before, during and after application of capsaicin on
the tongue (a, b) and local anesthesia (LA) (¢, d). All stimulus—
response curves show highly significant effects of stimulus intensity

from 4.2+0.3cm to 0.4+£0.3 (ANOVA, P<0.001).
The recovery of the pinch-evoked pain sensation
(VAS=4.4%0.5) took 51+3 min (35-73 min).

In accordance with the capsaicin session, the motor
thresholds at baseline for FDI MEPs (39.6 +1.9%) did
not change during the LA session (ANOVA, P>0.713),
however, the motor thresholds for tongue MEPs during
LA (44.9+1.8%) were slightly, but significantly
higher than at baseline (43.7+1.9%) and at recovery
(43.9£1.8%) (ANOVA, P=0.007).

The latency of the tongue MEPs in the LA session did
not depend on condition or stimulus intensity (ANOVA,
P>0.688). The latency of the FDI MEPs was unaffected
by condition (ANOVA, P=0.702), but was 1-2 ms
shorter at the highest stimulus intensities (ANOVA,
P <0.001). The amplitudes of the FDI MEPs were sig-
nificantly influenced by stimulus intensity (ANOVA,
P<0.001) but not by condition (ANOVA, P=0.867).
Also, the tongue MEPs were influenced by stimulus
intensity (ANOVA, P<0.001) and with a significant
interaction between stimulus intensity and condition
(ANOVA, P=0.025). Thus, at T+50% and T+ 60%
the tongue amplitudes at recovery were significantly
higher than at baseline and during LA (Tukey,
P<0.038) (Fig. 1).

Transcranial magnetic stimulation applied to the
hypoglossal nerve in the LA session did not cause any
significant changes in the baseline-to-peak amplitudes at
baseline (59+7 uV) (ANOVA, P=0.834).
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significantly larger MEPs after LA compared to before and during
values (Tukey, P>0.05)

Discussion
Methodological considerations

Our MEP findings are consistent with recent data on the
latency and stimulus-response functions of the MEPs
elicited by TMS in the tongue musculature (Fadiga et al.
2002; Meyer et al. 1997; Muellbacher et al. 1994, 2001;
Rodel et al. 2003; Svensson et al. 2003). For example,
Muellbacher et al. (1994) studied the central and
peripheral motor pathways to the lingual muscles using
TMS. They found that TMS produced MEPs in the
tongue musculature bilaterally with an average onset
latency of 8.6-8.8 ms and with amplitudes in the range
of 0.7-5.6 mV; the contralateral side having significantly
larger amplitudes than the ipsilateral side. We chose
only to record MEPs from the contralateral side and
these amplitudes were smaller (Fig. 1). The difference in
amplitude could be due a slight pre-contraction in the
studies of Muellbacher and colleagues. In contradis-
tinction, in the current study, subjects were asked to
relax the tongue musculature as much as possible which,
therefore, may have reduced the amplitudes of the
MEPs.

We used stimulus-response curves as a measure of
the cortical excitability of the tongue motor area. Other
studies, including our own (Svensson et al. 2003), have
also used cortical mappings where multiple sites on the



scalp are systematically stimulated at constant intensity.
However, the two techniques may be measuring very
similar phenomena. The reason for this is that it is not
possible to distinguish changes in the area of the motor
output zone of constant excitability from changes in
excitability of the zone of constant area (Ridding et al.
2000). Due to time restraints we therefore decided only
to determine stimulus—response characteristics.

In the present study, MEPs in the FDI were used as a
control and the findings that the amplitude of the MEPs
increased and the latency decreased as the stimulus
intensity was increased are in agreement with several other
TMS studies in hand muscles (e.g., Burke et al. 1993;
Kaneko et al. 1996). The latency gain at higher stimulus
intensities may be due to the absence of D-waves at low
stimulus intensities (see, e.g., Kaneko et al. 1996).

Effect of local anesthesia

The present finding that LA of the lingual nerve was
associated with a significant facilitation of tongue MEPs
is in general agreement with TMS studies on limb
muscles that demonstrate increases in MEPs during
ischemic blocks (Brasil-Neto et al. 1992; Cohen et al.
1993; Ridding and Rothwell 1997; Werhahn et al. 2002;
Ziemann et al. 1998a, b). Furthermore, a recent study on
MEPs in the lower facial muscles also showed a signif-
icant facilitation of MEPs during topical anesthesia of
the region (Yildiz et al. 2004).

We noted a significant increase in motor threshold for
tongue MEPs during the period with LA, however, this
minor change (about 1% increase) was not associated
with changes in the amplitudes of the tongue MEPs. The
motor threshold for tongue MEPs did not differ between
the baseline and the recovery phase of tongue anesthesia
which may indicate that a general change in neuronal
membrane excitability can be excluded as a major factor
causing the observed increases in motor excitability
(Ziemann et al. 1998a).

The additional finding that direct stimulation of the
hypoglossal nerve was unaffected by the LA seems to
support the notion that transient sensory deprivation
may be associated with changes at the cortical level, and
not at the spinal or brainstem level (Werhahn et al. 2002;
Ziemann et al. 1998a, b). However, it should be noted
that there is neuroanatomical evidence for direct con-
nections between the trigeminal sensory nucleus and the
ipsilateral hypoglossal nucleus, which potentially could
influence the present findings (Zhang et al. 2001). Fur-
thermore, a normal motor response to magnetic stimu-
lation of the hypoglossal nerve may not entirely rule out
excitability changes at the brain stem level due to the
spread of the magnetic pulse and the relatively short
distance between the cranial nerves and the motoneu-
rons (Résler et al. 1991). MEPs to electrical stimulation
may therefore be required to exclude changes at the
brain stem level (Di Lazzaro et al. 1998) and in fact,
Werhahn et al. (2002) demonstrated that an ischemic
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nerve block caused marked excitability changes in hand
muscles with TMS, but not with transmastoidal electri-
cal stimulation indicating that the site of this effect is,
indeed, cortical.

It has been suggested that when tonic afferent input is
deprived, a number of neuroplastic changes can be
triggered at the cortical level (Werhahn et al. 2002;
Yildiz et al. 2004; Ziemann et al. 1998a, b). The expla-
nation for such functional changes has been discussed
extensively but is thought to involve an unmasking of
previously silent neural connections (see, e.g., Weiss
et al. 2004). The most likely mechanism for unmasking is
disinhibition of the previously silent connections (Weiss
et al. 2004). The timing of this potential cortical disin-
hibition and subsequent facilitation of MEPs seems to
lag behind the onset of anesthesia because moderate
levels of anesthesia can be detected after 15 min but this
does not coincide with significant increases in MEPs in
the lower facial muscles (Yildiz et al. 2004). Significant
increases in MEPs can first be detected after 35 and
80 min after application of the topical anesthesia. Our
findings also suggested that the increases in tongue
MEPs occurred at a later stage following the local
anesthetic block of the lingual nerve. It took between 35
and 73 min before the VAS scores of the pinch had
returned to baseline values but we did not test other
stimulus modalities and it may, therefore, be possible
that some degree of LA was still present. Alternatively, a
complete nerve block may have a different time course
than topical anesthesia regarding the potential to trigger
and maintain cortical disinhibition. Further studies will
be required to describe the timing of the effects in more
detail but such studies may only need to use high-
intensity TMS stimuli because there appears to be no
effect at lower intensities (Fig. 1). It could also be argued
that a control injection would be required to test for
natural variations in time but we argue that the FDI
MEPs serve this function and remained remarkable
stable over time. This is in accordance with our previous
studies on facilitation of the tongue MEPs by a tongue-
training task, but no changes in control FDI MEPs
(Svensson et al. 2003).

Effect of capsaicin-evoked pain

The current study failed to demonstrate a significant
effect of a robust burning sensation (VAS scores about
6), however, the actual painfulness of the capsaicin
application was rated relatively low (VAS scores about
3). Thus, there is the possibility that stronger and more
painful stimuli are required to effectively alter the cor-
ticomotor pathways. In the study of Farina et al. (2001),
the topical application of capsaicin on the hand-evoked
pain scores that never exceeded 3 on the VAS, which
therefore suggests that the lack of changes in tongue
MEPs in this study cannot be explained by stimulus
intensity. Rather, these findings indicate that there are
differences in the corticomotor integration of trigeminal
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and spinal sensory afferent inputs. Further support to
this notion is derived from the TMS study on lower
facial muscles and repetitive electrical stimulation for 10
or 30 min because this distinct transcutaneous stimulus
evoked twitching of the lower facial muscles and a clear
perception but no changes in MEPs when assessed up to
30 min after the stimulation (Yildiz et al. 2004). Finally,
the lack of changes in tongue MEPs could be due to the
variability of the TMS technique and low power.
However, our set-up was capable of demonstrating an
effect of LA in the same group of subjects and we have
previously shown that 7 days with a 1-h tongue pro-
trusion training task causes a significant facilitation of
tongue MEPs in a group of 11 subjects (Svensson et al.
2003) and more recently, that a single day with a 1-h
tongue protrusion task is sufficient to produce a signif-
icant facilitation of tongue MEPs (P. Svensson et al.,
submitted). The role of sensory inputs in the acquisition
of orofacial motor skills and associated cortical plas-
ticity also needs investigation since many face MI neu-
rons receive orofacial sensory inputs (Martin et al. 1997,
Murray and Sessle 1992; Yao et al. 2002a, b) and these
inputs may be important, indeed perhaps crucial, during
motor learning. Further studies are warranted to
examine the potential influence of, for example, simul-
taneous painful input on the tongue training-evoked
cortical plasticity of tongue MEPs.

In conclusion, no direct effect of a strong burning
sensation could be shown on peripheral or central cor-
ticomotor pathways to the relaxed tongue musculature,
however, LA of the lingual nerve (cranial nerve V) seems
able to induce a delayed change in corticomotor control
of tongue musculature (cranial nerve XII) possibly re-
lated to unmasking effects at the cortical level but not
completely excluding excitability changes at the brain
stem level.
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