
colleagues7 described 2 dystonia-related KMT2B mis-
sense variants that were each transmitted from a pheno-
typically normal parent. Future studies are required to
decisively answer the questions of incomplete pene-
trance and variable expressivity in KMT2B-associated
disease. Until then, we propose that pathogenicity
should be ascribed only to those nontruncating KMT2B
variants that show a clear-cut segregation pattern or
were proven to be de novo.

Regarding the phenotypes, the patients presented here
tended to have a later symptom onset than the previously
described KMT2B-mutated individuals (mean 22.3 years,
range 7-43 years; mean age of onset in the original
cohorts 5.8 years, range 1-23 years).6,7 This might be
related to the milder impact of missense mutations when
compared with full monoallelic loss of KMT2B as seen in
most original cases.6,7 A finding of special interest is that
the current cases differed from those previously
reported6,7 in that they experienced normal psychomotor
development and showed no evidence of accompanying
neurological or systemic complications. This raises the
intriguing possibility that KMT2B mutation should also
be given consideration in the differential diagnosis of
more pure, “idiopathic”-appearing generalized dystonia.
Clues to KMT2B diagnosis might be early dystonia onset
in the lower limbs and eventual spread to the trunk and
cranio-cervical region with pronounced speech involve-
ment. Regarding the latter, KMT2B-associated dystonia
might resemble DYT-THAP1.3

We employed WES for mutation analysis, a still
underevaluated tool in dystonia diagnostics. WES ena-
bles the interrogation of multiple candidate genes in a
fast and cost-efficient manner,14 suggesting that this
tool should be considered an appropriate test for rou-
tine diagnostic work-up of etiologically unexplained
generalized dystonia.5

To conclude, our study extends the KMT2B muta-
tional spectrum and offers further evidence for a caus-
ative role of KMT2B rare missense variants in the
pathogenesis of generalized dystonia. In the face of
large numbers of rare nonsynonymous KMT2B alleles
appearing in the ExAC population, the careful appli-
cation of variant interpretation checklists is warranted
to help distinguish pathogenic missense changes from
innocuous background variation.
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ABSTRACT
Background: Tourette syndrome is a hyperkinetic neuro-
developmental disorder characterized by tics.
Objective: Assess the neuronal changes in the asso-
ciative/limbic GP associated with Tourette syndrome.
Methods: Neurophysiological recordings were performed
from the anterior (associative/limbic) GPe and GPi of
8 awake patients during DBS electrode implantation
surgeries.
Results: The baseline firing rate of the neurons was
low in a state-dependent manner in both segments of
the GP. Tic-dependent transient rate changes were
found in the activity of individual neurons of both seg-
ments around the time of the tic. Neither oscillatory
activity of individual neurons nor correlations in their
interactions were observed.
Conclusions: The results demonstrate the involvement
of the associative/limbic pathway in the underlying
pathophysiology of Tourette syndrome and point to
tonic and phasic modulations of basal ganglia output
as a key mechanisms underlying the abnormal state of
the disorder and the expression of individual tics,
respectively. VC 2017 International Parkinson and Move-
ment Disorder Society

Key Words: Tourette syndrome; deep brain stimula-
tion (DBS); globus pallidus; neurophysiology; hyperki-
netic disorders

Tourette syndrome (TS) is a childhood-onset neuro-
developmental disorder characterized by motor and
vocal tics.1 The underlying mechanism of TS is still
largely unknown; however, multiple lines of evidence
have linked it to malfunctions in the cortico-basal gan-
glia pathway2,3 and specifically to reduced inhibition
within the striatum, the primary input nucleus of the
basal ganglia (BG).3-5 The striatum controls the output
of the BG through two pathways: the direct pathway
to the output nucleus of the BG, the globus pallidus
internus (GPi), and the indirect pathway to the GPi
through the globus pallidus externus (GPe).6,7 These
pathways are further subdivided into functional path-
ways that convey motor information primarily to the

posteroventral GPi (pGPi) and associative/limbic infor-
mation to the anteromedial GPi (aGPi).8

Currently, there are scant neurophysiological data
from TS patients. Extracellular neuronal recordings
performed during pallidotomy surgery revealed a
decreased overall firing rate in the pGPi of TS patients
complemented by phasic firing rate changes around
the time of the tic.9 DBS targeting the aGPi in TS
patients provides a rare opportunity to directly
observe neuronal activity in the associative/limbic
domains of the BG. The current study focuses on link-
ing the activity of GPe/GPi neurons in these domains
with TS pathophysiology.

Patients and Methods
The data were collected from 8 patients, aged 19 to

55 years (37 6 14, mean 6 standard deviation [SD])
who underwent surgery for the bilateral implantation
of DBS electrodes in the aGPi, as treatment for TS
(Supplementary Table S1). Patients were selected using
strict inclusion and exclusion criteria according to the
European guidelines for TS10,11 (see also the Supple-
mentary Material). Full clinical details and surgery
outcomes are described in previous works.2,13 The sur-
gery was performed under local anesthesia and seda-
tion (Supplementary Table S1) while the patients were
awake. The target for electrode implantation (aGPi)
was defined as 12 mm lateral, 6 to 9 mm anterior, and
0 to 3 mm superior to the midcommisural point. Up to
five microelectrodes were used to record the neuronal
activity along the trajectory for mapping purposes.
Recording took place from 10 mm above target to
4 mm beneath target in 0.5- to 1.0-mm steps. The
electrode signal was bandpass filtered (160–5,000 Hz),
and sampled at 20 or 25 kHz (V3.15; inomed Medi-
zintechnik GmbH, Emmendingen, Germany). Move-
ment during neuronal recordings was monitored by
simultaneous electromyogram (EMG) recordings, sam-
pled at 2 kHz. EMG recordings were available only in
three surgeries (patients V, K, and O). In addition, a
simultaneous video recording of the face was available
in one surgery (patient K).

A full description of the data preprocessing and
analysis can be found in the Supplementary Material.

Results
Firing Rate and Pattern

A total of 235 single neurons were recorded from
8 awake TS patients during neurophysiological map-
ping for placement of DBS electrodes in the aGPi. The
neurons were identified as GPe (n 5 77) or GPi
(n 5 158) neurons based on their location and trajecto-
ry history, including border cells and low background
activity between the GPe and GPi (Fig. 1). The firing
rates were 48.25 6 3.4 and 50.9 6 2.6 spikes/s
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(mean 6 standard error of the mean) for GPe and GPi
neurons, respectively. The firing rate distributions
were positively skewed, indicating that the firing rate
of most neurons was even lower, with a small subpop-
ulation of high-frequency discharge neurons (Supple-
mentary Fig. S1). Although the firing rates were
similar between GPe and GPi neurons, the firing pat-
terns of the neurons in each nucleus were different.
Both the coefficient of variation (CV) and the Fano
factor (FF) were higher in GPe neurons, in line with
their typical pauses, as compared to GPi neurons
which presented Poisson-like values of CV and FF

(�1; Supplementary Fig. S1). Three of the patients
received Propofol during the surgery, which was
halted or lowered 15 minutes before the recordings.
The neuronal activity in these patients was not statisti-
cally different from the activity in the other patients
(Supplementary Fig. S2).

Different pathologies of the BG, most notably Par-
kinson’s disease (PD), are associated with enhanced
oscillatory activity. We found no significant oscilla-
tions in the spike trains of neither GPe nor GPi neu-
rons using power spectral estimation methods
(Supplementary Material).

FIG. 1. Recording track. (A) An example of the recording electrode track overlaid on (i) sagittal and (ii) axial MRI for purposes of illustration. Blue,
GPe; red, GPi. (B) Examples of neurons recorded from several locations along one track. The electrode depth is shown in relation to the location of
the stimulation electrode implantation site (0 mm).
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Neuronal Interactions

Neuronal activity in the GPe/GPi of the normal non-
human primate is uncorrelated.14,15 However, positive
correlations between these neurons appear in PD
patients16,17 and in the primate model of the disorder.15

To examine whether changes in firing synchrony play a
role in the pathophysiology of tics, we examined the
correlation in spike firing between simultaneously
recorded neurons. Cross-correlation functions were cal-
culated between the spike trains of 63 pairs (GPe, 18;
GPi, 45) of simultaneously recorded single neurons.
The activity of the neurons was found to be uncorrelat-
ed as none of the cross-correlation functions had signifi-
cant peaks. We calculated the Pearson product-moment
correlation coefficient between the spike trains of each

pair of neurons. The average correlation coefficient for
the whole population of pairs was zero with narrow
margins (0.00 6 0.03, mean 6 SD). Coherence was used
to study the degree of neuronal interaction as a function
of frequency. Mean coherence between all simulta-
neously recorded pairs was flat, with no significant peak
at any frequency (Supplementary Fig. S3).

Tic-Related Changes in Neuronal Activity

The expression of tics was associated with altered
neuronal activity throughout the GP (Fig. 2A). Tic
times were identified using EMG recordings from 3
patients (patients V, O, and K; patient K in addition
had a video recording). Mean firing rate of each neu-
ron during 1.5 seconds (–0.5 second !1 1 second)
around tics onset was compared to the mean firing
rate of the neuron during the rest of the time (using
100-ms time windows). A large fraction (44.1%; 15
of 34) of the GPe neurons significantly changed their
firing rate around the time of the tic (two-sample t
test; 10 of 15 with P< 0.01 and 5 of 15 with
P< 0.05; Fig. 2B). Similarly, 41.7% (15 of 36) of the
GPi neurons significantly changed their firing rate
around the time of the tic (6 of 15 with P<0.01 and
9 of 15 with P< 0.05; Fig. 2C). In both nuclei, half of
the responding neurons (8 of 15 GPe, 7 of 15 GPi)
displayed a decrease in activity around the time of the
tic. The fraction of neurons displaying tic-related
activity was significantly higher than expected by the
distribution of changes around random time events (z-
score: GPe, P< 0.05; GPi, P< 0.01). In contrast to the
significant firing-rate changes of individual neurons,
mean response of GPe as well as of GPi population to
tics was not significantly different from baseline activi-
ty (paired-sample t test: P>0.05; Fig. 2B,C, bar plot).
Thus, despite phasic tic-related changes in the firing
rate of individual neurons, mean firing rate of both
nuclei did not phasically change during tic occurrence.

Discussion
In this study, we examined neuronal activity in the

anterior (associative/limbic) GPe and GPi in TS
patients. The baseline firing rate was low and the fir-
ing rate distribution of the neurons was skewed. In
addition to the tonic reduction in the firing rates, a
large fraction of the neurons displayed phasic tic-
dependent changes. These changes included transient
increases and decreases in activity in both segments of
the GP. In contrast to other BG-related disorders,
oscillatory activity of individual neurons as well as
abnormal synchronization between neurons were not
observed.

No studies of the associative/limbic (anterior) GPi or
any part of GPe tonic activity during TS have been pre-
viously conducted. Tonic activity changes in the motor
(posterior) GPi during TS have been partially addressed

FIG. 2. Tic-related changes in firing rate. (A) An example of simulta-
neously recorded EMG (top) and GPe neuron (bottom) around the
time of a tic. (B,C) Mean firing rate around tic time (0.5 seconds pre
tic onset – > 1 second post tic onset) for GPe (B) and GPi (C) neurons
(calculated on data from 3 patients). Each dot represents one neuron.
Colored dots represent neurons that displayed significant firing rate
changes around the time of the tics. The bar plot represents the mean
firing rate of all neurons in each period (tics vs. no tics). [Color figure
can be viewed at wileyonlinelibrary.com]
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in previous studies of anesthetized18 and awake9

patients undergoing a mapping procedure. Our results
are in line with both studies, which found a rate
decrease in the GPi compared to rates recorded in PD
patients19 or normal nonhuman primates.15 Interesting-
ly, the reduced firing rates that we observed in the GPe
are comparable to those previously observed in awake
patients suffering from other hyperkinetic disorders,
such as dystonia18,20-23 and hemiballismus.24

Functional models of hyperkinetic movement disor-
ders have tended to focus solely on the existence of
abnormalities in the motor circuits of the BG. Here,
we found changes in the activity of the anterior (asso-
ciative/limbic) domains of both segments of the GP
resembling those observed in the motor domain.9 This
points to a clear functional interaction between the
motor and associative/limbic circuits within the cortico-
basal ganglia loop, which is consistent with the symp-
tomatology of TS that links limbic, for example, psy-
chiatric comorbidities, and motor, for example, tic
properties.25,26

Hyperkinetic disorders in general, and TS in particu-
lar, are hypothesized to be associated with enhanced
activity of the direct pathway and reduced activity of
the indirect pathway, which together leads to overacti-
vation of the cortex.6,7 In line with this assumption,
imaging studies have found abnormal activity in the GP
and enhanced excitation of the direct pathway.27-29

Our results support this assumption in that the GPi neu-
rons displayed reduced activity. However, the GPe
baseline, tonic, activity was also reduced, contradicting
the current perception of the indirect pathway involve-
ment in hyperkinetic disorders.6,7 Interestingly, this
comodulation of both segments of the GP is not unique
to TS, but has also been observed in other hyperkinetic
disorders such as dystonia20,21 and hemiballismus.24

The reduced activity in both segments can be explained
by more recent theoretical models30,31 and experimen-
tal data from animal models32,33 that point to striatal
disinhibition as a key factor driving the appearance of
tics. This disinhibition affecting striatal projection neu-
rons that contributes to both the direct and indirect
pathways is thus expected to exert increased inhibition
on both the GPe and GPi by driving their firing rates
down, which is consistent with our findings. The mix-
ture of phasic responses around the time of the tic indi-
cates that the neurons within each nuclei form a
heterogenic network, as shown in previous findings on
animal models of the disorder.32,33

Our results support and extend theoretical, clinical,
and experimental data suggesting tonic and phasic
changes in neuronal activity throughout the BG during
TS. However, our results are unique in demonstrating
that these changes affect not only motor pathways,
but also associative/limbic pathways, thus reflecting
the complexity of the disorder. The departure of our

findings from the classic perception of hyperkinetic
disorders hence calls for the development of a more
comprehensive model of BG functionality linking the
activity in different domains of the BG in general and
during hyperkinetic disorders in particular.
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ABSTRACT
Background: There is a need for patient-reported out-
come measures that capture the impact that motor
impairments have on health-related quality of life in
individuals with Huntington’s disease.
Objectives: The objectives of this study were to estab-
lish the reliability and validity of new physical function-
ing patient-reported outcome measures in Huntington’s
disease.
Methods: A total of 510 individuals with Huntington’s
disease completed 2 Quality of Life in Neurological
Disorders (Lower Extremity Function and Upper
Extremity Function) and 3 Huntington’s Disease Health-
Related Quality of Life (Chorea, Speech Difficulties, and
Swallowing Difficulties) measures. Clinician-rated and
generic self-report measures were also administered.
Results: Reliabilities for the new patient reported
physical functioning measures were excellent (all Cron-
bach’s a > .92). Convergent, discriminant validity and
known group validity was supported.
Conclusions: The results provide psychometric sup-
port for new patient-reported physical functioning mea-
sures and the fact that these measures can be used
as clinically meaningful endpoints in Huntington’s dis-
ease research and clinical practice. VC 2017 Internation-
al Parkinson and Movement Disorder Society

Key Words: Neuro-QoL; HDQLIFE; Huntington’s dis-
ease; physical functioning; chorea; motor symptoms;
health-related quality of life; patient-reported outcome
(PRO)

Huntington’s disease (HD) is a progressive neurode-
generative disorder that causes profound cognitive,
behavioral, and motor declines. The motor
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