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Neurobiology of Disease
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Dystonia is a brain disorder characterized by sustained involuntary muscle contractions. It is typically inherited as an autosomal
dominant trait with incomplete penetrance. While lacking clear degenerative neuropathology, primary dystonia is thought to involve
microstructural and functional changes in neuronal circuitry. In the current study, we used magnetic resonance diffusion tensor imaging
and probabilistic tractography to identify the specific circuit abnormalities that underlie clinical penetrance in carriers of genetic
mutations for this disorder. This approach revealed reduced integrity of cerebellothalamocortical fiber tracts, likely developmental in
origin, in both manifesting and clinically nonmanifesting dystonia mutation carriers. In these subjects, reductions in cerebellothalamic
connectivity correlated with increased motor activation responses, consistent with loss of inhibition at the cortical level. Nonmanifesting
mutation carriers were distinguished by an additional area of fiber tract disruption situated distally along the thalamocortical segment of
the pathway, in tandem with the proximal cerebellar outflow abnormality. In individual gene carriers, clinical penetrance was determined
by the difference in connectivity measured at these two sites. Overall, these findings point to a novel mechanism to explain differences in

clinical expression in carriers of genes for brain disease.

Introduction

Many genetic disorders are inherited as autosomal dominant
traits with reduced penetrance. However, it is largely un-
known why some carriers of mutant genes for disease exhibit
clinical manifestations, while other carriers of the same muta-
tion do not. Primary dystonia, a chronic brain disorder char-
acterized by sustained muscle contractions and involuntary
movements, is a typical example of this pattern of inheritance.
The most common inherited form of this disease is associated
with the DYT1 mutation on chromosome 9q34, representing a
GAG deletion within the coding area for torsinA (Breakefield
etal., 2008). The less frequent DYT6 mutation is linked to the
THAPI gene on chromosome 8q21-22 (Fuchs et al., 2009).
Both DYTI and DYT6 are autosomal dominant mutations
with incomplete penetrance. Both genotypes are associated
with symptom onset in late childhood or adolescence, and
exhibit similar clinical phenotypes.
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The histopathological basis for primary dystonia remains un-
known, although the disease is generally regarded as a disorder of
the basal ganglia and its efferent connections to the thalamus and
brainstem (Vitek, 2002; DeLong and Wichmann, 2007). How-
ever, experimental animal studies have also implicated the cere-
bellum in the pathophysiology of dystonia (LeDoux et al., 1998;
LeDoux and Lorden, 2002; Pizoli et al., 2002; Neychev et al.,
2008). Indeed, cerebellar abnormalities have been consistently
identified in functional imaging studies of DYT1 and DYT6 car-
riers (Eidelberg et al., 1998; Trost et al., 2002; Carbon et al.,
2008b; Carbon and Eidelberg, 2009). Nonetheless, these meta-
bolic changes do not differentiate affected subjects from those
without clinical manifestations.

Another approach to delineate the circuit abnormalities that
underlie dystonia has used magnetic resonance (MR) diffusion
tensor imaging (DTI) in mutation carriers. DTT studies have re-
vealed microstructural abnormalities in DYT1 and DYTG6 carriers
involving localized reductions in fractional anisotropy (FA), a
measure of axonal integrity and coherence, in white matter path-
ways subjacent to the sensorimotor cortex (SMC) and in the
dorsal pons (Carbon et al., 2004, 2008a; Delmaire et al., 2009).
The latter change was found to be greater in manifesting (MAN)
than in nonmanifesting (NM) carriers. Nonetheless, this regional
measure of altered microstructure failed to accurately classify
individual gene-positive subjects according to clinical pen-
etrance. Moreover, a major limitation of these studies has been
the inability to localize the microstructural changes to specific
neuroanatomical fiber tracts.
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In this study, we used high-field DTT to study a new cohort of
DYT1 and DYT6 mutation carriers. The resulting images were
analyzed using probabilistic tractography (Behrens et al., 2003,
2007) to generate connectivity maps of the cerebellothalamocor-
tical (CbTC) pathways. Abnormalities in fiber tract integrity were
identified at the voxel level for MAN and NM carriers and corre-
lated with regional cerebral blood flow (rCBF) recorded in the
same subjects during movement and rest. These studies revealed
the presence of discrete alterations in CbTC connectivity, which
were closely related to regional brain function. Moreover, the
observed CbTC tract changes were predictive of penetrance in
individual gene carriers.

Materials and Methods

Subjects. The following groups of subjects were studied: (1) MAN dysto-
nia mutation carriers [n = 12: 7 DYT1/5 DYT6; 5 male (M)/7 female (F),
age 42.2 = 15.2 (mean * SD)]; (2) NM dystonia mutation carriers (n =
8: 4 DYT1/4 DYT6; 5 M/3 F, age 44.0 = 17.4); (3) healthy volunteer
subjects (n = 8: 5M/3 F, age 40.3 = 19.0). Given the very low prevalence
of the DYT1 and DYT6 mutations in the general population, the likeli-
hood that any one of these healthy subjects was a carrier was negligible
(<0.1%) (Ghilardi et al., 2003). Ethical permission for all studies was
obtained from the Institutional Review Board of North Shore University
Hospital. Written consent was obtained from each subject after detailed
explanation of the procedures.

Diffusion tensor imaging. Images were acquired in a 3T GE whole-body
MR scanner with an eight-channel head coil in parallel imaging mode
with acceleration factor of 2. A single-shot spin-echo EPI sequence was
used, with one image without diffusion weighting and 55 isotropically
distributed diffusion gradient directions. The b value in the diffusion-
weighted images was 1000 s/mm?. Echo time was TE = 68.3 ms, and
repetition time was TR = 7000 ms. Images were zero filled to a matrix size
of 256 X 256, yielding an image resolution of 0.9 X 0.9 X 1.8 mm?.

Probabilistic tractography. Probabilistic tractography based on a mul-
tifiber model was applied using the FMRIB Diffusion Toolbox (Behrens
et al,, 2007). Starting from a “seed” voxel, multiple streamline samples
were followed through the brain to estimate the distribution of connec-
tions. In this study, we used four different seed masks [right and left at the
level of the superior cerebellar peduncle; right and left at the level of the
dorsal brainstem in the vicinity of the pedunculopontine nucleus (PPN)
(Olszewski and Baxter, 1982; Hazrati and Parent, 1992)] to assess the
integrity of the CbTC pathways above and below the level of decussation.
This approach was necessary because even with this method, fiber tracts
cannot be tracked reliably through major decussations (Johansen-Berg
and Behrens, 2006). Moreover, reconstructing independent fiber tracts
from all four seed masks allowed for the cross-validation of any localized
changes found in the individual pathways.

The analysis was run in MNI space. The seed masks (Fig. 1, a—d) were
generated with WFU Pickatlas (Maldjian et al., 2003). The sphere seed
masks at the lower level (center at: =14; —37; —33) had a radius of 5 mm
(81 voxels); the upper-level (center at: =9; —26; —7) seed masks had a
radius of 3 mm (19 voxels). For each seed voxel, 5000 streamline samples
were acquired. All the other parameters were set to their default (step
length = 0.5 mm, maximum number of steps = 2000, curvature thresh-
old = 0.2, which corresponds approximately to £80°). This generated
four probabilistic connectivity tracts (PCTs) for each subject (one PCT
per seed mask) in MNI space. Each PCT represented a map of the prob-
ability that a given voxel is connected to the associated seed mask.

Group differences between PCTs were evaluated with SPM5 (Wellcome De-
partment of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.
ac.uk/spm/software/spm5/). The PCTs were smoothed with an 8 X 8 X
8 mm kernel. Based on theoretical considerations, the connectivity values
were assumed to have a binomial distribution [B(, p)]. B(n, p) can be
approximated by the normal distribution if np > 10. Therefore, to adapt
the PCTs to parametric image analysis, we masked out voxels with mean
values of <10. Group differences [MAN vs normal control (NL); NM vs
NL; MAN vs NM] in the PCTs originating from each seed mask were
analyzed on a voxel basis in SPM. The resulting T-maps were thresholded
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Figure1. Reduced cerebellothalamocortical connectivity in dystonia gene carriers. The four
seed masks (below and above the decussation on each side, a— d) were placed within the major
outflow pathway of the cerebellum. PCTs were generated from each seed mask and compared
across groups. Comparison of PCTs originating from the seed masks below the decussation of
the superior cerebellar peduncle (a and b) revealed significant reductions in connectivity in the
mutation carriers in the proximal segment of the ChTC pathway, near the dentate nucleus
(clusters a, and b,). PCTs generated from seed mask ¢ above the decussation also exhibited
reduced connectivity in gene carriersin this region (c;). Comparison of PCTs originating from the
seed masks in the dorsal pons (c and d) revealed abnormal reductions in connectivity in the
nonmanifesting carriers (clusters ¢, and d,) in the subgyral white matter of the sensorimotor
cortex. The size, location, and significance level of these clusters are provided in Table 1.

at p = 0.001 (voxel level, uncorrected), and regions were considered
significant for p < 0.05, corrected at the cluster level. We also reported
uncorrected group differences at p < 0.001, if conforming to prior hy-
pothesis, and at p < 0.01 for homologous regions contralateral to signif-
icant clusters.

Connectivity values for each cluster were measured post hoc and com-
pared across groups using nonparametric tests. The Mann—Whitney U
test was used for pairwise group comparisons. The Jonckheere—Terpstra
(J-T) test was used to assess trends across the three groups, i.e., whether
the medians were ordered in a particular direction. The threshold for
significance was set at p < 0.05 for both tests. Last, a multivariate dis-
criminant analysis was performed to classify gene carriers as penetrant or
not based on connectivity values measured in clusters a,, b,, ¢,, and d,
(see Table 1). This was achieved with PLS-DA (http://cran.r-project.
org/src/contrib/Descriptions/plsgenomics.html). To confirm that group
discrimination based on the connectivity values did not occur by chance,
the results were validated by permutation testing (Eriksson et al., 2006).

Positron emission tomography. Ten DYT1 gene carriers also underwent
activation studies with '>O-labeled water (H, '°O) and positron emission
tomography (PET) (Carbon et al., 2008b). These subjects were scanned
while performing a controlled motor task (MOVE) and in a sensory-
matched condition without movement (REST). SPM correlational anal-
ysis was performed on the MOVE scans with cerebellar connectivity
values (cluster a,) as the covariate of interest. Correlations were consid-
ered significant for p < 0.05, corrected at the cluster level. We also re-
ported correlations at p < 0.001, uncorrected if conforming to prior
hypothesis.

In view of potential false positives with this general voxel-based corre-
lational approach (Kriegeskorte et al., 2009), the resulting regional cor-
relations were verified by splitting the sample so that one-half of the
MOVE scans (1 = 10) were randomly selected for SPM analysis. For each
of the significant clusters identified in the voxelwise analysis of the first
group, we then measured rCBF in the MOVE scans from the remaining
subjects and correlated these values with the corresponding cerebellar
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connectivity values. The results of the SPM analysis of the whole group
were accepted if the post hoc regional correlations in the second group
reached a threshold of p = 0.01 (Pearson correlation coefficient). Having
validated the SPM findings, we measured rCBF in each experimental
condition (i.e., the mean across runs for MOVE and REST, and for
MOVE — REST) for each significant cluster and plotted these values
against cerebellar connectivity. Last, a volume-of-interest approach
(Maldjian et al., 2003) was used to interrogate the relevant thalamic
nuclei for potential correlations between cerebellothalamic connectivity
and rCBF measured in the MOVE and REST conditions.

Simulations. Monte Carlo simulations were used to predict the pen-
etrance rate in the general population based on connectivity values of the
proximal and distal CbTC segments. Connectivity values for the proxi-
mal segment (ConA, or “a”) were chosen randomly from the empirically
determined distribution of the z-transformed data (mean = —0.38,
SD = 0.68). The integrity of the distal segment (ConB, or “b”) (mean =
—0.35,SD = 0.68) was modeled as k X ConA + random, where kis in the
range of 0-3. This procedure generated connectivity values for the two
pathway segments that are correlated to different degrees depending on
the value of k. According to our hypothesis, manifestations of disease
occur only if ConB > ConA. At a fixed k, 1000 iterations were run to
estimate the likelihood of penetrance on a stochastic basis. As k increases,
the influence of proximal segment integrity on distal segment integrity
also increases. The resulting close correlation between connectivity val-
ues for the two pathway segments would make clinical penetrance less
likely.

Results

Reduced cerebellothalamic connectivity in dystonia

mutation carriers

CbTC pathways were reconstructed for each subject using prob-
abilistic tractography based on the MR DTI data. To track the
predecussatory and postdecussatory portions of this projection
system, we positioned seed masks bilaterally in the superior cer-
ebellar peduncle and in the dorsal pons/midbrain (correspond-
ing to seeds a,b and ¢,d, respectively, in Fig. 1). Based on spatially
normalized individual connectivity maps (see Materials and
Methods), mean trajectories were displayed for the manifesting
and nonmanifesting mutation carriers and for the control sub-
jects (Fig. 2A). Voxel-based comparison of affected (MAN) gene
carriers (n = 12) and NL subjects (n = 8) revealed a significant
group difference in connectivity (Table 1) that was localized to
the cerebellar outflow pathway in the white matter of lobule VI
(Schmahmann et al., 2000), adjacent to the dentate nucleus (Fig.
2A). This regional abnormality was separately identified in all
group contrasts, independent of the seed mask used for fiber
tracking (Fig. 1, clusters a;, b;, and ¢,). The difference in connec-
tivity between the two groups was greatest in magnitude for clus-
ter a,, with significant reductions in MAN carriers relative to
controls ( p < 0.001, Mann—Whitney U test). In this region, all of
the affected carriers had connectivity values that were beneath the
lowest control value (Fig. 2 B). The affected carriers also exhibited
abnormal reductions in connectivity ( p < 0.05, Mann—Whitney
U test) on the contralateral side, in the left cerebellar white matter
(Fig. 1, cluster b,).

Connectivity in these areas was then measured in the NM
carriers (n = 8), revealing an abnormal reduction (p < 0.01,
Mann-Whitney U test) on the right side. The NM values fell
intermediately between MAN carriers and controls, with a signif-
icant decreasing trend ( p < 0.001, J-T test of trends) across the
three groups (NL > NM > MAN). The same groupwise trend
was also present on the left side (p = 0.017, J-T test). When
separately analyzed (supplemental Fig. 1, top, available at www.
jneurosci.org as supplemental material), both genotypic sub-
groups exhibited this trend (DYT1: p < 0.001; DYT6: p = 0.002,
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Figure2. Reduced cerebellar outflow in dystonia gene carriers. 4, Two-dimensional projec-
tions of the group mean P(Ts (see Materials and Methods) generated from seed masks a and b
(Fig. 1)in NLsubjects (n = 8),andin NM (n = 8) and MAN (n = 12) dystonia mutation carriers.
Reduced fiber tract integrity is evident in the proximal portion of the cerebellar outflow path-
way in the NM and MAN groups. B, Box-and-whisker plot showing connectivity values for
cluster a, (Fig. 1) in the proximal portion of the CbTC pathway. Connectivity in this region,
corresponding to dentatothalamic projections, was abnormally reduced in both MAN and NM
gene carriers ( p <<0.007and p << 0.01, Mann—Whitney U tests). Asignificant decreasing trend
(NL > NM > MAN, bold lines) was detected across the three groups ( p << 0.001, J-T test of
trends).

Table 1. Regions with significant group differences in connectivity
Coordinates”

Contrast Region Cluster’ x y z Size T, pvalue’
MAN <NL Cerebellum a, 28 —5 —38 81 575 0.043*
q 14 —5 —30 100 282 <0.01
b, -32 66 —28 8 359 <001
NM<<NL  Sensorimotor ¢, 2% =22 54 63 380  0.025*
d, —18 —40 60 23 437 <0.001"

*Corrected at the cluster level; funcorrected.

“Clusters designated by seed mask of origin (see Fig. 1 and Materials and Methods).

MNI space.

Cluster size in voxels (1voxel = 8 mm?).

%Significant regions (p < 0.05, corrected at the cluster level are displayed in bold; see Results).

J-T tests). Although this tract abnormality was present in both
MAN and NM carriers, the corresponding connectivity values
did not separate the two phenotypic groups (p = 0.19, Mann—
Whitney U test).

Relationship of altered cerebellar outflow to motor

activation responses

We next determined whether these tractographic changes are
relevant to brain function. Connectivity values from the signifi-
cant cerebellar cluster described above (Fig. 1, cluster a;) were
correlated with rCBF measured in the DYT1 carriers (n = 10)
who additionally underwent PET activation studies with '*O-
labeled water (H,'0). Voxelwise searches revealed significant
correlations between cerebellar connectivity values and rCBF
(Fig. 3) at key nodes of the cortico-striato-pallido-thalamo-
cortical (CSPTC) motor circuits and related pathways (DeLong
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to find that lower resting rCBF in the VL
nucleus was associated with greater dis-
ruption of cerebellar input to this tha-
lamic region.

In contrast to these positive correla-
tions, cerebellar connectivity correlated
negatively with motor activation recorded
in the SMC and supplementary motor
area (SMA). In both regions, lower cere-
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described in dystonia patients (Lerner et
" al., 2004; Detante et al., 2004; Carbon
and Fidelberg, 2009). Moreover, relat-
ing connectivity to independent mea-
surements of the activation response
lends credence to the relevance of the
tractographic findings to regional brain
function.
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and Wichmann, 2007) (Table 2). Connectivity correlated posi-
tively with motor activation recorded locally in the same cerebel-
lar region (Fig. 3A). Here, greater outflow pathway disruption
(reduced connectivity) was associated with lower rCBF during
the movement task. Reduced integrity of this pathway was also
associated with lower resting rCBF in the ventrolateral (VL) nu-
cleus of the thalamus (Fig. 3B), but not in neighboring thalamic
nuclei (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). In the rest state, local metabolic ac-
tivity is closely correlated with afferent synaptic activity
(Sokoloff, 1999; Lin et al., 2008). Therefore, it was reasonable

1)

1000 2000 3000 4000

Thalamocortical connectivity and

clinical penetrance

Connectivity values measured in the
. proximal segment of the CbTC pathway
did not differentiate between MAN and
NM gene carriers. We therefore searched
for other regions along this pathway in

0
connectivity

Correlations of cerebellar outflow pathway connectivity with brain activation. Voxelwise searches of the whole-brain
volume (left) revealed several discrete clusters in which cerebellar connectivity correlated significantly with rCBF recorded during
task performance (see Table 2). The displayed correlational maps were thresholded at p = 0.001 at peak voxel with a cluster cutoff
of 30 voxels. For each significant cluster, r(BF for each subject (averaged across trial runs) was plotted (middle) against the
corresponding connectivity measures. Correlations with rCBF recorded during the movement (MOVE, blue) and rest (REST, orange)
conditions (see Materials and Methods) were displayed separately for each region. We also plotted (right) motor activation
responses [A = (MOVE — REST) differences in rCBF, black] for each cluster. For both sets of plots, significant correlations ( p <<
0.01, Pearson product moment correlations) were indicated by bold lines and larger dots. A, Connectivity in the cerebellum
correlated positively with movement-related activation in the same region (MOVE: r = 0.78, p = 0.008; REST: r = 0.55, p =
0.098; MOVE — REST:r = 0.79, p = 0.006). B, Reduced cerebellar outflow tract integrity was associated with lower resting rCBF
inthe VL nucleus of the thalamus (REST: r = 0.73, p = 0.017; MOVE: r = 0.54,p = 0.11; MOVE — REST:r = —0.60, p = 0.069).
There were no significant correlations in the neighboring thalamic nuclei (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material). €, D, Cerebellar connectivity correlated negatively with motor cortical activation. The correlation was
movement specific (MOVE: r = —0.85,p = 0.002; REST:r = —0.27, p = 0.44; MOVE — REST:r = —0.63,p = 0.052) in the SMC
and task-independent (MOVE: r = —0.87, p = 0.001; REST: r = —0.76, p = 0.011) in the SMA.

1000 2000 3000 4000 which fiber tract integrity was linked to
penetrance status, either alone or in com-
bination with the proximal cerebellar out-
flow abnormalities. Connectivity maps
from the NM carriers (n = 8) were com-
pared with the controls (n = 8) to identify
potential abnormalities associated with
nonpenetrance. Voxel-based comparison
of these two groups (Table 1) revealed a
significant reduction in the distal segment
of the CbTC pathway (Fig. 4A) involving
thalamocortical projections to SMC in the
vicinity of the wrist and forearm areas. In
the right hemisphere, connectivity in this
region (Fig. 1, cluster c,) was significantly
reduced (p = 0.006, Mann—Whitney U
test) in NM carriers relative to controls
(Fig. 4B). The NM carriers also exhibited
abnormal reductions in connectivity ( p = 0.016, Mann—Whit-
ney U test) in the homologous region of the left hemisphere (Fig.
1, cluster d,).

Connectivity in this segment of the CbTC pathway was then
measured in each of the MAN carriers (n = 12; these values
assumed an intermediate position between those for the NM
carriers and the controls). Thus, mean connectivity was greater
(i.e., more intact) than for NM carriers ( p < 0.025) and only mar-
ginally different than for controls ( p = 0.064, Mann—Whitney U
tests). A significant groupwise trend (Fig. 4 B) was present on
both sides (right: p = 0.001; left: p = 0.008, J-T tests). This trend
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Table 2. Regions with significant correlations between cerebral blood flow and
connectivity

Coordinates’

Correlation  Region X y z Size® T pvalue
Positive Cerebellum 28 -5 —40 186 5.16 0.041*
Negative SMA 6 4 58 641 6.49 <0.001*
Precuneus 2 —38 52 359 5.67 0.002*
DLPFC 26 28 44 227 5.48 0.018*
mPFC 6 54 20 708 518 <0.001*
SMC -3 -34 48 30 451 <0001
SMC 44 —30 68 40 418 <0.001"
DLPFC, Dorsolateral prefrontal cortex; mPFC, medial prefrontal cortex. *Corrected at the cluster level; funcorrected.
“MNI space.
bCluster size in voxels (1 voxel = 8 mm3).
Significant regions (p << 0.05, corrected at the cluster level are displayed in bold; see Results).
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Figure 4.  Reduced thalamocortical connectivity in nonmanifesting dystonia gene carriers.

A, Three-dimensional displays of the group mean P(Ts generated from seed masks cand d (Fig.
1)inNL subjects (n = 8),and in NM (n = 8) and MAN (n = 12) dystonia mutation carriers. The
size of this fiber tract is reduced distally, most pronounced in the nonmanifesting carriers. B,
Box-and-whisker plots showing connectivity values for cluster ¢, (Fig. 1) in the distal portion of
the CbTC pathway. Connectivity in this region, corresponding to thalamocortical projections,
was reduced in NM carriers relative to controls ( p = 0.016) and MAN carriers ( p = 0.025,
Mann—Whitney U tests). A significant trend (NL > MAN > NM, bold lines) was detected across
the three groups ( p = 0.001, T test of trends).

(NL > MAN > NM) was significant for both genotypes (DYT1:
p = 0.002; DYT6: p = 0.025; J-T tests) (supplemental Fig. 1,
bottom, available at www.jneurosci.org as supplemental mate-
rial). Notably, the trend across groups for connectivity in this
region differed from that observed in the cerebellum (i.e., NL >
NM > MAN; see Fig. 2). This difference in trend suggested that
connectivity measurements from both regions may be used to
accurately classify individual gene carriers according to pen-
etrance status. To examine this possibility, we used a multivariate
discriminant analysis [partial least-squares discriminant analysis
(PLS-DA)] to categorize each subject based on connectivity mea-
sures from the proximal and distal CbTC segments. Indeed, these
measures (Fig. 5A) provided accurate discrimination of pene-
trant and nonpenetrant carriers [component 2 ( y-axis) scores:
p <0.002, Mann—Whitney U test], which was demonstrated to be
reliable by permutation testing (supplemental Fig. 3A, avail-
able at www.jneurosci.org as supplemental material). More-
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over, NM and MAN carriers were similarly discriminated for
both genotypes (DYT1: p = 0.036; DYT6: p = 0.032; Mann—
Whitney U tests). We also noted (supplemental Fig. 3B, avail-
able at www.jneurosci.org as supplemental material) that av-
erage loadings on this function for the cerebellum and SMC
were of similar magnitude but opposite sign. This suggested
that each region had a discrete influence on phenotypic ex-
pression of the mutant gene.

A model of penetrance in gene carriers

The results of the preceding data-driven analysis suggest that
cerebellar outflow tract disruption in gene carriers is associated
with disease manifestations, provided that the remainder of the
CbTC pathway is intact, and that disruption of the thalamocor-
tical segment of the pathway can abolish this effect. The CbTC
pathway normally facilitates intracortical inhibition via thalamo-
cortical projections to inhibitory interneurons in sensorimotor
cortex (Molinari et al., 2002; Daskalakis et al., 2004). Abnormal
integrity and/or maldevelopment of cerebellothalamic projec-
tions occurring in isolation is likely to reduce this source of
inhibition, resulting in increased excitability at the cortical
level. Indeed, this relationship was substantiated in our activa-
tion experiments showing that disruption of cerebellar outflow
pathways was associated with increased activation responses in
cortical motor regions. Nonetheless, the presence of an addi-
tional lesion involving the thalamocortical segment of the path-
way may limit transmission of abnormal cerebellar output signals
to the motor cortex, leading to a reduction or complete absence
of clinical manifestations.

Based on these considerations, we developed a simple model
to explain clinical penetrance in dystonia mutation carriers. If
connectivity in the proximal segment of the CbTC pathway is
represented by “a” and in the distal segment by “b,” then the
difference between the two (& = a — b) can be understood as an
index of the relative integrity of the pathways that mediate cer-
ebellocortical inhibition in mutation carriers. According to this
model, positive differences (8 > 0) reflect relative preservation of
the integrity of the proximal cerebellothalamic segment of the
CbTC pathway. In contrast, negative differences (6 < 0) reflect
disruption of this segment, with relative preservation of the distal
thalamocortical segment of the pathway. We hypothesized that
the former scenario would typify NM carriers and the latter, their
affected counterparts.

To examine this notion, we computed 6 values for each sub-
ject as the difference in mean left-right connectivity for the two
sites [6 = (a;, + ag)/2 — (b, + bg)/2] (Fig. 5B). Indeed, these
values proved to be of opposite sign for MAN and NM gene
carriers, with a significant difference between them ( p = 0.001,
Mann—Whitney U test), which was present in both genotypic
subgroups (DYT1: p = 0.036; DYT6: p = 0.032). As predicted by
the model, the NM carriers had positive & values while the af-
fected carriers had negative values (Fig. 5B, inset). We also deter-
mined whether overall penetrance rates can be predicted by the
model. This was done by randomly choosing from the range of
measured connectivity values while assuming different degrees of
intercorrelation between the two CbTC segments (see Materials
and Methods). Each trial resulted in a & value, the sign of which
determined the outcome as penetrant or nonpenetrant. Monte
Carlo simulations (Fig. 5C) revealed penetrance rates between 0.2
and 0.5, depending on the correlation coefficient assumed for the
relationship of the values for “a” and “b.” A correlation coeffi-
cient of 0.56, as measured in the DYT1 carriers and controls, was
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Figure 5. Penetrance is determined by connectivity changes at proximal and distal sites. A, PLS-DA was used to classify

individual mutation carriers as penetrant or nonpenetrant based on their measured connectivity at the four loci described above
(Fig. 1, clusters a,, b,, c,, and d,). Two significant discriminant functions accurately categorized the subjects. Component 1 (x-axis)
separated the dystonia gene carriers (DYT, n = 20) from NL subjects (n = 8) ( p << 0.00001; Mann—Whitney U test). Component
2 discriminated MAN (n = 12) from NM (n = 8) ( p = 0.002, Mann—Whitney Utest). The distribution of subject scores on the two
discriminant functions was similar for both genotypic subgroups. [See supplemental Fig. 4, available at www.jneurosci.org as
supplemental material, for validation of the PLS-DA results and for the regional loadings of the two discriminant functions.] B,
Box-and-whisker plots showing the connectivity values for the cerebellar (CER) and SMC clusters from the individual gene carriers.
For each subject, z-transformed connectivity values for each region were right-left averaged and connected by lines (DYT1, orange;
DYT®, blue). Subject differences in connectivity between regions (6 = CER — SMG; inset) were compared for the MAN and NM
carriers. Differences in & were found to be significant ( p = 0.001, Mann—Whitney U test), with positive values for the NM group
and negative values for the MAN group. ¢, Monte Carlo simulations predicting the penetrance rate in dystonia gene carriers based
on randomly chosen connectivity values for the proximal and distal ChTC pathway segments. Different values were as-
sumed (x-axis) for the correlation coefficient relating the two connectivity measures. (The details of this model and its
assumptions are presented in Materials and Methods). A correlation coefficient of 0.56, based on the regression analysis of
DYT1 carrier and control data (SMC = a- CER + b:a = 0.52, b = 0.12; r = 0.56, p = 0.01, n = 19), predicted a
penetrance rate of ~36% (see Results).

associated with an estimated penetrance rate of 0.36 (Fig. 5C, gray
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(Carbon et al., 2004; Blood et al., 2006;
Carbon et al., 2008a), while the same mea-
sure has been found to increase steadily in
healthy young subjects throughout this
phase of development (Barnea-Goraly et
al., 2005; Paus, 2005). TorsinA, the mu-
tant DYT] gene product, is normally in-
volved in a number of processes necessary
for neuronal maturation such as cell ad-
hesion, neurite extension, and cytoskel-
etal dynamics (Ferrari Toninelli et al.,
2003; Kamm et al., 2004; Hewett et al,,
2006; Nery et al., 2008). This protein is
widely expressed in neurons, with partic-
ularly high concentrations in cerebellar
Purkinje cells and in neurons of the dentate
nucleus and ventral thalamus (Augood et
al., 1999; Konakova et al., 2001). Moreover,
in the mouse, torsinA expression peaks
during the period of cerebellar matura-
tion (Xiao et al., 2004), which corre-
sponds to late childhood in humans.
Thus, maldevelopment of CbTC pathways
in DYT1 carriers is a likely byproduct of the
regional localization and abnormal func-
tioning of the mutant gene product. Simi-
larly, in DYT6, THAP domains function as
transcriptional activators and corepressors,
and as regulators of axonal development
(Chinnadurai, 2003). Indeed, in the mouse,
this gene is also expressed in cerebellar Pur-
kinje cells and in neurons of the dentate nu-
cleus and ventral thalamus (see http://mouse.
brain-map.org/brain/gene/45/thumbnails.
html). The similarity of the fiber tract abnor-
malities observed in DYT1 and DYT6 further
support the notion of a common neurodevel-
opmental mechanism for both mutations.
Reduced penetrance is a feature of
both mutations, so that 60—70% of DYT1
carriers and ~40% of DYT6 carriers are
clinically normal (Risch et al, 2007;
Saunders-Pullman et al., 2007). Nonethe-
less, scant information exists concerning
the determinants of penetrance in these
subjects. A specific gene modifier has re-
cently been identified that regulates the
effect of the DYT1 mutation in cell culture
(Kock et al., 2006). This single nucleotide
polymorphism (SNP) in the coding se-
quence for residue 216 (D216H) has
recently been found to influence the

lines).

Discussion

The abnormalities of CbTC tract integrity described in dystonia
gene carriers are likely to be developmental in origin (Marenco et
al., 2007). Clinical signs and symptoms of dystonia generally de-
velop in affected DYT1 and DYT6 carriers in late childhood or
adolescence, when maturation of thalamic and sensorimotor cor-
tical pathways is known to occur (Gogtay et al., 2004; Barnea-
Goraly et al., 2005; Paus, 2005). Indeed, reduced FA in these
regions has been observed with DTT in dystonia mutation carriers

penetrance of this gene (Risch et al., 2007). However, this
uncommon SNP reduces overall penetrance by only 3-4%. In
our simulations, connectivity values were selected at random
without taking into account such penetrance modifying ef-
fects. Even so, our model predicted a DYT1 penetrance rate of
~36%, in close agreement with published values (Risch et al.,
2007). For DYT6 carriers, in whom “a” and “b” values were
relatively independent, the penetrance rate was predicted to be
somewhat greater, as recently reported (Fuchs et al., 2009).
These observations, as well as the accurate categorization of
dystonia mutation carriers based solely on their connectivity
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values, provide compelling evidence that penetrance is deter-
mined by the degree of CbTC tract disruption present in indi-
vidual subjects.

This mechanism is consistent with existing information
concerning the development of CbTC pathways and the re-
gional localization of torsinA in the mammalian brain. In on-
togeny, the proximal and distal pathway segments emerge
from a common anlage that populates the Purkinje cell layer,
the dentate nucleus, as well as the red nucleus and portions of
the ventrolateral thalamus (Eckmiller et al., 1984; Altman and
Bayer, 1985). Therefore, it is not surprising that connectivity
values for the two CbTC segments were found to be intercor-
related, and therefore could not be treated as independent
measures in our model. Moreover, as mentioned above,
torsinA has been reported to have high expression in the cell
bodies of these projecting neurons. That developmental con-
nectivity changes can occur at either one or both of these loci
to regulate penetrance is compatible with these observations.
Along these lines, it is tempting to consider the possibility that
phenotypic variability in affected gene carriers is determined
by the somatotopic location of these changes in subrolandic
white matter. In our population, MAN and NM carriers were
distinguished in part by penetrance-related connectivity changes
in thalamocortical projection fibers subjacent to the wrist and
forearm areas of the rolandic cortex. Indeed, each of the 12 af-
fected participants in this study exhibited dystonia of this body
part, while differing widely in involvement of the rest of the body.
Because the present analysis was conducted in a standardized
stereotaxic space, only those features of tract disruption that were
common to the whole group were detected. Further analysis in
native space will determine whether subject differences in the
spatial topography of these changes account for the observed
phenotypic variability.

Needless to say, the current findings do not preclude the exis-
tence of additional abnormalities in other motor circuits. Tracts
generated from seed masks positioned along the predecussatory
and postdecussatory cerebellar outflow pathways did not capture
the disynaptic connections linking the cerebellar deep nuclei, the
VL and intralaminar thalamic nuclei, and the striatum (Hoshi et
al., 2005). Accordingly, group differences in connectivity were
not detected along this pathway. Nonetheless, the possibility re-
mains that the integrity of other critical pathways is compro-
mised in dystonia, such as those connecting the internal globus
pallidus to the thalamus and PPN (Blood et al., 2006). That said,
whole-brain searches for localized FA changes in the current
high-field (3T) DTI data failed to reveal significant regional ab-
normalities apart from those described previously at lower field
(Carbon et al., 2004, 2008a). We also cannot determine from the
data whether the distal tract abnormality involved thalamocorti-
cal projections receiving input from the cerebellum, the globus
pallidus, or both. In any event, reduced connectivity in this seg-
ment of the CbTC pathway is associated with the absence of
clinical manifestations in individuals who express a “permissive”
proximal tract abnormality on a genetic basis. It is likely that
therapeutic interventions like pallidal deep brain stimulation,
which is particularly effective for inherited dystonia (Vidailhet et
al., 2007), achieve benefit by modulating the activity of these
relatively intact distal projections. This results in a functional
state similar to that seen naturally in NM carriers. New treatment
strategies for dystonia can be designed to achieve a similar func-
tional endpoint.
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