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Excitability of motor cortex inhibitory circuits in
Tourette syndrome before and after single dose

nicotine
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Summary

The pathophysiology underlying the involuntary tics of
Gilles de la Tourette syndrome (GTS) remains unknown.
Here we used transcranial magnetic stimulation (TMS)
to examine the excitability of two different inhibitory sys-
tems in the human motor cortex: short interval intracor-
tical inhibition (SICI) and short interval afferent inhibition
(SAI) in 10 healthy non-smoking controls and eight
untreated non-smoking patients with GTS. Compared with
the healthy control group, both SICI (measured atarange of
conditioning intensities) and SAI were reduced in patients.
This is consistent with the suggestion that reduced excitab-
ility of cortical inhibition is one factor that contributes to
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the difficulty that patients have in suppressing involuntary
tics. In addition, the reduced SAI indicates that impaired
intracortical inhibition may not be limited to the motor
cortex but also involves circuits linking sensory input
and motor output. A single dose of nicotine reduced tic
severity as assessed by blind video scoring in the majority
of patients. In addition, it abolished the difference between
patients and controlsin SICI and SAL There was no effect of
nicotine, and no difference between controls and patients in
measures of motor or SICI threshold. This indicates that
cholinergic input can modulate the efficiency of SICI and
SAI differently in GTS and healthy controls.
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Introduction

The pathophysiology of Gilles de la Tourette syndrome (GTS),
a developmental disorder characterized by several motor and
one or more phonic tics present for >1 year, is little understood.
Simple tics often relieve internal sensory urges felt in the area
of the tic (premonitory sensations) (Bliss, 1980), while more
complex tics such as echophenomena respond to the percep-
tion of external stimuli. These clinical observations suggest
that GTS is a sensorimotor disorder where the sensitivity to
external stimuli might be increased, and unwanted sensory,
motor or emotional stimuli cannot be sufficiently suppressed
(Ziemann et al., 1997; Greenberg et al.,2000). This may lead to

tics and perhaps other features of GTS such as habitual motor
responses to sensory cues (Leckman, 2002).

There are few electrophysiological studies of GTS. Some
have used pre-movement EEG analysis to reveal differences
in cortical activity preceding involuntary tics and volitional
movement (Obeso ef al., 1982; Karp et al., 1996). More
recently Ziemann et al. (1997) emphasized possible deficien-
cies in some forms of cortical inhibition. In the motor cortex,
they found that patients had reduced short interval intracor-
tical inhibition (SICI) and a short cortical silent period (CSP).
The former is thought to reflect excitability in GABAa-ergic

© The Author (2005). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org



Page 2 of 9 M. Orth et al.

inhibitory systems, whereas the latter may use a GABAb-
ergic pathway. The authors suggested that reduced activity in
inhibitory systems could be one factor that leads to reduced
suppression of involuntarily triggered movements.

The first aim of the present project was to confirm this
observation in more detail. Ziemann et al. (1997) measured
SICI using a paired-pulse transcranial magnetic stimulation
(TMS) paradigm with only one conditioning stimulus intens-
ity (CSI). However, we and others recently pointed out that
this could produce misleading results since the amount of
SICI is dependent on the CSI (Ilic et al., 2002; Butefisch
et al., 2003; Orth et al., 2003). If the relationship between
intensity and amount of SICI differs in patients and controls,
a single measure can give an erroneous estimate of the max-
imum sensitivity of SICI. Therefore, in this study, we meas-
ured SICI at a range of conditioning intensities to test the
hypothesis of Ziemann et al. (1997) more securely.

The second aim of the project was to extend the measures to
another form of cortical inhibition. If some tics are an unsup-
pressed response to sensory urges, then we might expect to see
abnormalities in inhibitory pathways that specifically link
sensory input and motor output. One such pathway that can
be tested in humans is short interval afferent inhibition (SAI:
Tokimura et al., 2000) in which a transient sensory input leads
toarapid and short-lasting inhibition of motor cortex. We added
this test to our electrophysiological study of GTS patients.

The third aim of the project was to test whether any of these
physiological measures would be of use in a clinical setting.
Clinical evaluation of GTS is notoriously difficult because of
the variability of tics, and this includes the assessment of any
change in tic severity with treatment. Thus, it would be very
useful to have a complementary objective measure that could
be used to evaluate the effectiveness of new therapeutics. We
therefore tested whether differences between patients and
healthy controls in measures of cortical inhibition could be
normalized by effective clinical treatments. The treatment
we chose was nicotine. Several studies have suggested that
nicotinic drugs, such as nicotine itself, the psychoactive alkal-
oid in tobacco, or mecylamine may influence tics particularly
in conjunction with haloperidol (McConville etal., 1991, 1992;
Silver et al.,2001a,b). In addition, nicotine is easy to apply and
isabsorbed rapidly when given as achewing gum. This allowed
for repeated measurements on the same day after a single nic-
otine dose. Nicotine also has the advantage of being safer to test
on healthy control subjects than some of the dopaminergic
blocking drugs that are also used to treat Tourette patients
such as haloperidol. We evaluated the clinical response
using video ratings and investigated whether the TMS meas-
ures of motor cortex excitability changed following nicotine.

Material and methods
Patients and control subjects

Nine patients (six men, mean age 31.3 years, range 19-48) with a
DSM-1V diagnosis of GTS and 10 control subjects (seven men, mean
age 32.6 years, range 24-38) were recruited. In GTS patients, the

Table 1 Demographic and clinical features of
Gilles de la Tourette syndrome patients

Patient Gender, age DCI (%) YGTSS (%) Co-morbidity
(years)

1 M, 31 41 21 None

2 F, 27 76 66 None

3 F, 33 66 67 None

4 M, 48 47 45 None

5 M, 19 59 52 ADHD

6 M, 30 58 45 ADHD

7 F, 20 52 40 None

8 M, 43 56 33 ADHD, OCD
9 M, 31 62 40 None

DCI = diagnostic confidence index; YGTSS = Yale Global
Tic Severity Scale; ADHD = attention deficit hyperactivity disorder;
OCD = obsessive—compulsive disorder; M = male; F = female.

severity of tics was rated on the day of the experiments using the
Yale Global Tic Severity Scale (Leckman et al., 1989); the lifetime
history of symptoms indicative of GTS was captured using the dia-
gnostic confidence index (DCI; Robertson ef al., 1999) (Table 1). All
patients and all control subjects were non-smokers, and no patient
was on medication at the time of the study.

Patients gave informed written consent according to the Declara-
tion of Helsinki, and the Joint Ethics Committee of the Institute of
Neurology and the National Hospital for Neurology and Neuro-
surgery approved the study protocol.

Nicotine assay

Before and ~1.5 h after beginning to chew a nicotine gum (2 mg,
Nicotinell, Novartis, West Sussex, UK), 5 ml of venous blood were
drawn. Samples were centrifuged at 5000 r.p.m. on a benchtop
centrifuge and serum separated into a clean screw top container.
Samples were stored at —80°C until they were analysed for nicotine
concentration using gas chromatography as described (Feyerabend
and Russell, 1990). We had planned to include a placebo condition
in which patients were given a non-pharmacologically active gum,
but the highly distinctive taste of the nicotine gum meant that
patients were readily able to distinguish between the placebo and
‘real’ gums, so that this approach was abandoned.

Electromyography recordings

Surface EMGs were recorded from the right first dorsal interossoeus
(FDI) muscle using silver/silver chloride disc surface electrodes
(1 cm diameter) in a belly tendon montage. The EMG signal was
amplified and analogue filtered (30 Hz to 3 kHz) with a Digitimer
D150 amplifier (Digitimer Ltd, Welwyn Garden City, UK). Data
(sampling rate 4 kHz) were digitized for off-line analysis using
Signal software (Cambridge Electronic Devices, Cambridge, UK).
Peak to peak amplitude of motor evoked potentials (MEPs), the
area under the curve of the MEP and the silent period duration
were measured with in-house software.

Transcranial magnetic stimulation

Patients and controls were seated in a comfortable chair. They were
asked to relax as much as possible. Patients had tics throughout the



experiments but were asked not to suppress their tics. Magnetic
stimuli were given with a hand-held figure-of-eight coil (outer
winding diameter 9 cm) connected to a High Power Magstim
200 stimulator (Magstim Co., Whitland, Dyfed, UK). This stimu-
lator generates a magnetic pulse with monophasic waveform and
in the brain induces a current with posterior—anterior flow when
the coil handle is positioned at an angle of 45° pointing backwards.
The optimal spot for right FDI stimulation was marked with a felt-
tipped pen.

Motor thresholds

Resting motor threshold (RMT) was defined as the minimum intens-
ity needed to evoke an MEP of >50 pV in five out of 10 consecutive
trials in the relaxed FDI. Active motor threshold (AMT) was defined
as the minimum intensity needed to evoke an MEP of >200 puV in
five out of 10 trials in the tonically active FDI (~20% of maximal
contraction as assessed visually on an oscilloscope). Thresholds
were approached from above threshold in steps of 1% stimulator
output. Once no MEPs could be elicited, the intensity was increased
in steps of 1% stimulator output until a minimal MEP was observed.
This intensity was taken as motor threshold.

Paired pulse paradigm

In each individual, a test stimulus intensity was chosen that elicited
an MEP of 0.5-1.5 mV amplitude. The conditioning pulse intensity
was varied (60, 70, 80 or 90% of AMT) resulting in four different
experimental blocks. With each conditioning pulse intensity and in a
randomized order, the 2 and 3 ms interstimulus intervals (ISIs) and
the 12 and 15 ms ISIs were examined. The former examine SICI
and the latter ICF. With an interval of 4 s between trials, 10 conditi-
oned MEPs were collected for each ISI, and in each experimental
block a total of 20 unconditioned MEPs were recorded. The order of
data collection for each conditioning pulse intensity was randomized
between subjects. Trials recorded while the patients contracted the
hand muscles or those coinciding with a tic were excluded on-line.
No trials were excluded in the off-line analysis. The average of the
amplitudes of each conditioned MEP was expressed as a percentage
of the average unconditioned MEP amplitude in the same session.
Subjects were asked to refrain from caffeine on the day of the
experiment. No major irregularities of sleep, mood or other factors
could be elicited by direct questioning.

Cortical silent periods

CSPs were recorded from the tonically active right FDI with the
subjects squeezing an object between the thumb and index finger at
~20% of maximum force output. Ten trials at a fixed test stimulus
intensity of 150% AMT were collected in each subject with an
interval of 4 s between trials. In each individual trial, the duration
of the CSP was measured from the beginning of the MEP evoked by
the test stimulus to the resumption of (any level of) sustained EMG
activity. In addition, the area under the MEP was determined and a
ratio of CSP duration/MEP area calculated (Orth and Rothwell,
2004). The gain of the recordings was set to 1 mV/V in order
to measure the end of the CSP, and in a second channel was set
to 10 mV/V in order to measure the size of the MEP. Gain settings
were the same for all experiments.
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Short interval afferent inhibition by somatosensory
input from the median nerve

SAI of the motor cortex was examined as previously described
(Tokimura et al., 2000). In brief, a test MEP of ~1 mV peak-to-
peak amplitude was elicited in the FDI by TMS. A paired pulse
paradigm examined the influence on MEP size of a supra-threshold
electrical stimulus given to the median nerve through bipolar elec-
trodes. The electrical stimulus to the median nerve was delivered at
an intensity just above the threshold to elicit a visible contraction in
the thenar muscles and preceded the TMS pulse to the FDI hot spot
by 14, 18, 20, 22, 24, 26 or 29 ms. Twenty trials of the MEP elicited
by TMS alone and 10 trials of conditioned MEPs for each ISI were
collected. The amplitude of the MEP in the FDI was measured with
in-house software. The average amplitude of the conditioned MEP
was expressed as a percentage of the average amplitude of the test
MEP alone. Trials recorded while the patients contracted the hand
muscles or those coinciding with a tic were excluded on-line. No
trials were excluded in the off-line analysis.

Video-recordings

Videos were recorded before and after patients chewed the nicotine
gum. Patients were seated comfortably in a quiet room for several
minutes Video and audio recordings were then made first of the full
frontal body view and then of the head and shoulders only. For each
view, patients were filmed for 2 min sitting in the chair with the
examiner in the room, for 2 min reading aloud and for 2 min sitting
in the chair with no examiner present, so that the total time of the
videotaping was 12 min. One of the authors (M.M.R.) who did not
know the patients and was blinded to the treatment conditions rated
the video recordings.

First, the tic severity on each of the two videos for each patient
was compared using global clinical impression (GCI); a differ-
ence was rated as one video being ‘better’ and the other ‘worse’, or
as ‘no difference’. Next, for each video, the total number of motor or
phonic tics was counted during the 2 min of full body and head and
shoulder view with and without the examiner in the room. The total
number of motor and phonic tics was related to time and expressed
as tics/min. The data were analysed using the Modified Rush Video
Scale (MRVS) (Goetz et al., 1999). The MRVS consists of five tic
domains: the number of body areas involved with tics; motor tic
severity; phonic tic severity; frequency of motor tics; and frequency
of phonic tics. Within each of the domains, the severity is rated on a
scale from O to 4. The sum of the five domain scores provides a total
tic impairment score (0-20).

Data analysis

For baseline data examining SICI or ICF, we examined whether
there was a main effect of ‘intensity’ (60, 70, 80 or 90% AMT)
on the amount of SICI or ICF. This was tested using analysis of
variance (ANOVA) statistically. For SICI, ICF or SAI inhibition, we
tested whether there was a main effect of ‘ISI” on the size of the
conditioned MEP using ANOVA. To test whether controls differed
from GTS patients, we also used an ANOVA model examining the
main effect of ‘condition’ on the size of the conditioned MEP. In the
same way, we statistically evaluated the CSP data. We repeated this
analysis with the data recorded after nicotine.

In both controls and GTS patients, the data before and after
nicotine were paired observations. Therefore, in order to examine
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whether nicotine had an effect on the size of the conditioned MEP, or
on the CSP data, we used a repeated measures ANOVA, with ‘time’
and ‘intensity’ as within-subject factors and ‘group’ as between-
subjects factor.

In order to assess the correlation of SICI, or SAI, with clinical
data, i.e. tic severity, or nicotine serum concentrations, we used
linear regression analysis.

A statistical difference in the ANOVAs was followed by a
post hoc paired ¢ test analysis. Mauchley’s test was used to test
for sphericity in the repeated measures ANOVAs, and the
Greenhouse—Geisser correction applied to the degrees of freedom
if necessary. Statistical significance levels were set to P = 0.05. All
statistical analysis was performed using SPSS 11 for Windows
software package.

Results
Motor thresholds

Control subjects and GTS patients had similar mean AMTs
and RMTs (Table 2). Nicotine had no effect on thresholds
(Table 2).

Intracortical inhibition and facilitation

The theoretical threshold for SICI and ICF was extrapolated as
described (see Material and methods; Orth et al., 2003). This

Table 2 Motor thresholds

RMT AMT
Nicotine - + - +
Controls 38.7 (6.2) 38.7 (5.7) 29.3 (6.8) 29.3 (6.8)
GTS 41.8 (8.1) 41.7 (8.2) 30.9 (6.9) 30.6 (6.8)

There was no significant difference between the motor thresholds
of patients with Gilles de la Tourette syndrome (GTS) and
controls. Data are means (SD) from nine GTS patients and 10
controls. RMT = resting motor threshold; AMT = active motor
threshold.
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was not possible in one control subject for SICI and in two
control subjects for ICF because the data were too variable.
The threshold of both SICT and ICF expressed as a percentage
of each individual’s AMT was similar in controls and GTS
patients, and was unaffected by nicotine (Fig. 1A and B).

We went on to examine how SICI or ICF varied at different
CSIs (60, 70, 80,90% AMT). An increase in the CSI increased
the effectiveness of both SICI and ICF (Fig. 2A-D). We
analysed the data from SICI or ICF separately in two three-
way repeated measures ANOVAs, with ‘time’ and ‘intensity’
as within-subject factors and ‘group’ as between-subject
factor. For SICI, there was, as expected, a main effect of
‘intensity’ [F(3,51) = 15.9, P < 0.001] but also a significant
interaction between ‘time’ and ‘group’ [F(1,17) =5.871, P =
0.027]. This was due to the significantly greater amount
of SICI in controls than in GTS patients before nicotine
[two-way ANOVA, main effect of ‘group’ on the data of
Fig. 2A; F(1,68) =6.9, P =0.011]. After nicotine, both groups
behaved similarly (two-way ANOVA, main effect of ‘group’
on the data of Fig. 2B: not significant). We then examined the
effect of nicotine in controls and GTS patients separately. This
revealed that nicotine did not have a significant effect when
either group was tested alone (two-way repeated measures
ANOVA).

We performed a similar analysis for ICF. There was a
significant increase of the amount of ICF with increasing
CSIs [repeated measures ANOVA, main effect of ISI,
F(3,51) = 3.8, P = 0.015]. There was no significant effect
of nicotine (no main effect of ‘time’, P > 0.05, no interaction
of ‘group’ and ‘time’).

Short interval afferent inhibition

In controls and GTS patients, a supra-threshold electrical
stimulus to the median nerve at the wrist before the TMS
pulse to the FDI hot-spot reduced the mean amplitude of
the test stimulus predominantly at ISIs of 20, 22 and 24 ms
(Fig. 3A). Figure 3B shows the time course of SAI after nic-
otine. It appears that the initial difference between GTS

1.004

0.754

0.504

0.25+

ICF threshold/AMT w

0.00
nicotine - + - +
controls GTS

Fig. 1 Thresholds for SICI and ICF. There was no difference between the ratios of the theoretical thresholds for SICI or ICF, respectively,
and AMT between patients with GTS and control subjects. In both groups, these ratios remained similar in the presence of nicotine
(black bars) compared with baseline values (open bars). Values are means = SD, n = 9 for controls and GTS patients for SICI; n = 8

for controls and n = 9 for GTS patients for ICF.
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Fig. 2 SICI and ICF with different CSIs. (A) Control subjects and GTS patients had increasing amounts of SICI with increasing CSI (main
effect of intensity, repeated measures ANOVA, P < 0.001) but patients had less SICI (main effect of group, ANOVA, *P = 0.011). (B)
Nicotine markedly reduced the difference between GTS patients and controls. (C) With increasing CSI, the amount of ICF increased (main
effect of intensity, repeated measures ANOVA, P = 0.015); however, there was no statistical difference between GTS patients and controls.
(D) With nicotine, controls had more ICF than without but this difference was not significant. Values are means * SEM, n = 9 for GTS

patients, n = 10 for controls.

patients and controls in the amount of inhibition was abolished
after nicotine. Since the early period of inhibition is more likely
to have a partly cortical origin than later timings (Tokimura
et al., 2000), we assessed the maximum amount of afferent
inhibition in each individual. At baseline, GTS patients had
significantly less inhibition than controls [ANOVA, F(1,17) =
9.7, P = 0.006, Fig. 3C]. Nicotine had a different effect on
GTS patients and controls; a two-way repeated-measures
ANOVA with ‘time’ as within-subject factor and ‘group’ as
between subject factor revealed a significant interaction
between ‘group’ and ‘time’ [F(1,17) = 8.0, P = 0.012, Fig.
3C]. Following nicotine, the difference between controls and
GTS patients disappeared (no main effect of group, P > 0.1).
We then analysed the effect of nicotine separately in controls
and GTS patients. This revealed that there was no significant
effect of nicotine on maximal SAI in controls or GTS
patients (Fig. 3C).

Cortical silent periods

We analysed the duration of the CSP and the MEP area,
and calculated the ratio (duration)/(MEP area) as described
previously (Orth and Rothwell, 2004). We analysed data

using a two-way repeated measures ANOVA, with ‘time’
as within-subject factor and ‘group’ as between-subject
factor. This revealed that nicotine increased the MEP
area [F(1,17) = 5.081, P = 0.038, Fig. 4A] with a similar
effect in both groups (no significant interaction between
‘group’ and ‘time). There was a tendency for MEP area
to be smaller in GTS patients, but this was not significant
(no main effect of ‘group’, Fig. 4A). There was no signi-
ficant difference between the groups and no significant
effect of nicotine on either CSP duration or the ratio (dura-
tion)/(MEP area) (Fig. 4B and C), although CSP duration
was slightly shorter in patients as reported by Ziemann
et al. (1997).

Behavioural effect of nicotine

No participant had side effects from the nicotine chewing
gum or the TMS. No blood sample taken before the
nicotine chewing gum contained nicotine. After the chewing
gum, controls had mean nicotine plasma concentrations of
4.4 ng/ml (SD 1.26). This was similar to GTS patients (mean
4.2, SD 1.62). The analysis of the videos revealed that on
G, tics were better following nicotine in six patients, while
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Fig. 3 Short interval afferent inhibition curves. (A) In the absence
of nicotine, both controls and GTS patients showed significant
inhibition at ISIs of 20, 22 and 24 ms (repeated measures
ANOVA, P = 0.001). (B) In the presence of nicotine, the amount
of inhibition was similar in controls and GTS patients. (C) The
analysis of the cortical inhibitory effects at maximum inhibition
reveals that patients had less inhibition than controls (*P = 0.006).
Nicotine had a different effect in controls and GTS patients
(repeated measures ANOVA, interaction between ‘group’ and
‘time’, P = 0.012). In the presence of nicotine, controls had less
inhibition while GTS patients had more inhibition, but these
effects were not significant. Values are means = SEM, n = 9
for GTS patients, n = 10 for controls.

in two patients there was no change and one patient was
worse. MRVS total scores revealed a mild but significant
improvement of the objective tic video analysis [mean
11.2 (SD 1.7) before versus 10 (1.4) after nicotine, paired
samples ¢ test, = 3.1, P = 0.016].
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Fig. 4 Cortical silent period. (A) Nicotine increased the MEP size
(repeated measures ANOVA, P =0.038) but the effect was similar
in controls and GTS patients. (B and C) Silent period duration (B)
and the ratio (MEP size/CSP duration) (C) were similar between
controls and GTS patients, and there was no significant effect

of nicotine. Values are means * SD, n = 9 for GTS patients,

n = 10 for controls.

Correlation of clinical parameters with TMS
parameters and nicotine readings

We expressed the nicotine-induced change of electro-
physiological parameters, i.e. SICI and SAI, or tic severity
as judged by video scores, as a percentage of baseline (pre-
nicotine) measures (see Table 3). The percentage change of
SICI or SAI did not correlate with the percentage change of
tic severity (linear regression analysis). We then correlated
the percentage change of either SICI, SAI or tic severity with
serum nicotine concentration. This revealed that there was no
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Table 3 Effect of nicotine on electrophysiological parameters and tic severity in individual GTS patients
Patient SICI SICI nicotine SAI SAI nicotine Tics GCI MRVS Nicotine
(%change) (ng/ml)
1 61.4 67.6 79 41.8 Better 9.1 5.2
2 58.9 553 47 49.9 Better 9.1 7.2
3 28.4 66.4 51.4 26.3 Better 20 2.4
4 325 22.1 61.1 50.1 Same 8.3 2.3
5 110.4 67.6 70.4 48.2 Better 16.7 5.4
6 116.6 53.4 56.5 21.2 Same 0 2.9
7 21.8 14.4 37.1 52.9 Better 0 4.5
8 49.4 43.9 34.6 30.9 Better 30 4.4
9 70 459 25.5 35.2 Worse 0 3.3
Pooled controls 32.5 (15) 35 (18.6) 26 (18.1) 38.6 (21.8)

SICI and SAI are expressed as a percentage of unconditioned MEP. Values represent the maximum SICI obtained with different
conditioning stimulus intensities, or the maximum SAI with different interstimulus intervals as described in Material and methods. The
data of controls were pooled for comparison; values are the means (SD). SICI = short interval intracortical inhibition; SAI = short latency
afferent inhibition; GCI = global clinical impression= MRVS: modified Rush Video Score.

correlation of any of these parameters. Next, we looked at
those patients that improved by GCI on tic rating. Improve-
ment of any of the electrophysiological parameters did not
correlate with clinical change (Table 3).

We went on to evaluate the responses of individual patients.
To this end, we took the maximum SICI or SAI of controls and
calculated the mean and the SD. We then rated the patients’
maximum measures of SICI or SAl aseither ‘normal’ or ‘abnor-
mal’ (greater than the mean plus 1 SD; see Table 3). Atbaseline,
six patients had ‘abnormal’ SICI and six patients had ‘abnor-
mal” SAI; only one patient had both ‘normal’ SICI and SAI
(see Table 3). We then repeated this with the data after nicotine.
First, we looked at how many patients were now in the ‘normal’
pre-nicotine range; four patients were now ‘normal’ for SICI
and five for SAIL. Only one patient still had both ‘abnormal’ SICI
and SAI, but only two patients had both ‘normal” SICI and SAI
(Table 3). We then calculated the mean and SD of controls after
nicotine and rated the patient data. This showed that five
patients were now in the ‘normal’ range for SICI, and all
patients were now in the ‘normal range’ for SAL

Discussion

The present study shows that the excitability of SICI is reduced
in GTS patients at all intensities of conditioning stimulus. In
addition, we show that a measure of inhibitory interactions
between afferent input and motor ouput, SAI, is also reduced.
A single dose of nicotine, at serum nicotine levels similar to
those seen after smoking a single cigarette, adjusts electro-
physiological measures of the excitability of circuits within
the motor cortex to normal levels in GTS and reduces tics.

Baseline (pre-nicotine) electrophysiology

in GTS patients

As reported previously (Ziemann et al., 1997), we found that
in the basal state (pre-nicotine), motor thresholds of untreated
and non-smoking GTS patients were similar to those of

controls and that SICI was smaller than normal. In addition,
the duration of the CSP tended to be shorter in patients than
in controls, but this was not significant in our group of indi-
viduals. The shorter CSP duration was accompanied by a
smaller MEP size in patients so that the ratio of CSP dura-
tion/MEP size was similar in patients and controls (Orth and
Rothwell, 2004).

Our results extend previous data in two ways. First we
distinguished between the threshold intensity needed to pro-
duce SICI and the amount of SICI at suprathreshold intens-
ities of conditioning shock (Orth et al., 2003). This showed
that patients had normal thresholds for SICI, but that recruit-
ment of inhibition at suprathreshold intensities was reduced.
It is thought that TMS pulses recruit SICI by exciting axons
and that this secondarily leads to synaptic release of inhib-
itory neurotransmitters. Thus, normal thresholds in the pres-
ence of decreased recruitment would be compatible with the
idea that in GTS, axonal excitability is normal whereas the
recruitment of synaptic inhibition in the SICI circuit is
reduced. Effectively, the motor system might use SICI to
shape patterns of motor output. If the sensitivity of this sys-
tem were reduced, then a given input would lead to less
effective output, and hence less effective shaping of the
motor command.

The second new result was that our electrophysiological
measure of inhibitory interactions between sensory input and
motor output, SAI, was reduced in the baseline state in
patients. Again this is consistent with a reduced efficiency
of synaptic inhibition. Given the possible influence of sensory
inputs in triggering the release of tics, our electrophysiolo-
gical data suggesting impaired sensory motor inhibition may
be a direct physiological reflection of increased access of
sensory input to motor output in GTS. In essence, we imagine
that sensory input can influence motor output through a vari-
ety of channels, some inhibitory and some excitatory. If the
motor system needs to reduce the possibility of sensory input
triggering movement, then it may be necessary to shift the
balance of excitability towards inhibition. If some of the
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inhibitory pathways (such as SAI tested here) are less
responsive than normal, a given input will lead to less effect-
ive suppression of sensory influences than expected, and may
contribute to release of involuntary movements.

However, it is important to note that a deficit in these two
inhibitory pathways at rest does not preclude the possibility
that input from other areas of the brain can compensate for
their function, at least temporarily. It is very clear, for
example, that patients can sometimes perform at extremely
high levels of efficiency despite this lack of inhibition.
Patients can also suppress their tics with effort of will and,
in these conditions, imaging studies show activation of cir-
cuits linking striatum, frontal lobe and those cortical areas
involved in movement execution (Peterson et al., 1998; Stern
et al., 2000). EEG-coherence analysis indicates that move-
ment inhibition increases cortico-cortical coupling more in
GTS patients compared with normal controls, suggesting that
the increased activity may compensate for abnormal input
into the motor cortex (Serrien et al., 2005). The degree to
which patients are able to suppress their tics may thus reflect
the balance between underlying deficits and adaptive, com-
pensatory changes in other parts of cortico-subcortical net-
works involving the basal ganglia, motor and pre-motor
cortex, thalamus and pre-frontal cortex. Much as tics take
a waxing and waning course in intensity, and can occur in
bouts, the interactions between different parts of these
cortico-subcortical networks, and ultimately their influence
on shaping motor output, are not static but change continu-
ously. Curiously, many patients experience that engaging in
specific tasks can abolish their tics, and the preceding urges,
altogether and thus enable them to perform normally in highly
complex and demanding motor activities; it seems therefore
that activity in brain areas relevant to attention such as the
prefrontal cortex may have a particularly strong compen-
satory influence on motor output via complex neuronal
networks.

Effects of single nicotine dose

The present data confirm that a single nicotine dose in GTS
can reduce tic severity in the majority of the patients tested.
However, while significant, the improvement was small and
it is not certain that this will be clinically meaningful. In
addition, the highly distinctive taste of the nicotine chewing
gum meant that we were not able to include a blinded control
condition so that a placebo effect could have contributed to
the clinical effect that we observed. Therefore, while our data
are in agreement with previous studies showing that modu-
lation of the acetylcholine system may be promising as a
treatment for GTS (Silver et al., 2001a,b), we do not think
that our data provided conclusive evidence to recommend
nicotine chewing gum. This study, assessing the short-term
effect of a single low dose of nicotine, was not intended to
evaluate nicotine as a treatment for tics; this needs to be the
subject of further research. Thus, although it is interesting to
note that overall the electrophysiological data were consistent

with the clinical results, we also found that there was no
correlation in individual patients between improvements in
clinical and electrophysiological scores. This suggests either
that there is too much variation in the scoring systems to
obtain significance with the numbers of patients that we
examined, or that other factors, such as a placebo effect,
may have influenced the clinical response. Further studies
are needed to address these questions perhaps using other
agents with an established effect on tics such as dopamine
receptor antagonists.

While it is conceivable that the clinical effect of nicotine
may be due to a placebo effect, we think it is unlikely that
such a placebo effect could account for the effect on SICI or
SAI that we measured because clinical and electrophysiolo-
gical effects did not correlate. However, placebo may
increase release of striatal dopamine (de la Fuente-
Fernandez et al., 2001), suggesting that placebo may in
some circumstances even be able to modify physiological
measures. Future studies will be required to address this
point.

The electrophysiological data suggest (i) that these two
inhibitory pathways in the motor cortex can be modulated
by cholinergic inputs; and (ii) that this effect differs between
GTS patients and normal controls. There is good evidence
from in vitro studies in tissue of animals and humans for
cholinergic modulation of inhibitory pathways in the brain.
Nicotinic and muscarinic acetylcholine receptors (AchRs) are
widely distributed throughout the human CNS (Kimes et al.,
2003; Podruchny e al., 2003) and the effects mediated at these
receptors not only have direct synaptic effects themselves but
also modulate synaptic transmission at GABAergic and
glutamatergic synapses (McCormick and Prince, 1985; Lena
etal.,1993; Jones and Yakel, 1997; Lena and Changeux, 1997;
Fisher et al., 1998; Xiang et al., 1998; Zhong et al., 2003).
Indeed, recent in vivo experiments in humans have shown
that the muscarinic antagonist scopolamine reduced SAI,
consistent with cholinergic modulation of inhibitory transmis-
sion (Di Lazzaro et al., 2000). Although Di Lazzaro et al.
(2000) did not find any effect of scopolamine on SICI, they
did not test for nicotinic effects on either SICI or SAIL

If the effects on SICI and SAI in the present experiments
are due to a cholinergic action of nicotine on the excitability
of two classes of inhibitory interactions in the motor cortex,
then the fact that differences between patients and controls
can be improved by administration of nicotine suggests that
there is no structural deficiency in these connections in
patients. This would be consistent with the normal threshold
for recruitment of inhibition. This implies that the deficien-
cies in GTS are likely to be caused by a subtle loss of neur-
omodulatory function in cortical circuits.

Our finding that cholinergic stimulation can remove the
neurophysiological differences between GTS and controls
does not necessarily indicate that GTS is primarily due to
cholinergic deficits. Others, for example, have suggested a
role for dopamine. However, since both transmitters can serve
as neuromodulators, it is conceivable that one can substitute



to some extent for the other or that the functional cholinergic
deficit in GTS patients is a consequence of abnormal neur-
omodulation by dopamine. Clearly, further studies are needed
to address this issue more fully.

In conclusion, we show that in GTS patients, inhibitory con-
trol over motor output was reduced. This was not restricted
to SICI, a measure of motor—-motor inhibition, but included
SAI thus supporting clinical observations indicating a role
for sensory symptoms in provoking tics. Nicotinic modulation
of inhibitory cortical pathways differed between controls and
GTS patients and provides further insight into possible mech-
anisms that underlie these physiological changes.
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