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Abstract 

Gilles de la Tourette syndrome (GTS) is a neuropsychiatric movement disorder with reported 
abnormalities in various neurotransmitter systems. Considering the integral role of iron in 
neurotransmitter synthesis and transport, it is hypothesized that iron exhibits a role in GTS 
pathophysiology. As a surrogate measure of brain iron, quantitative susceptibility mapping 
(QSM) was performed in 28 patients with GTS and 26 matched controls. Significant 
susceptibility reductions in the patient cohort, consistent with reduced local iron content, were 
obtained in subcortical regions known to be implicated in GTS. Regression analysis revealed 
a significant negative association of tic scores and striatal susceptibility. To interrogate genetic 
mechanisms that may drive these reductions, spatially specific relationships between 
susceptibility and gene-expression patterns extracted from the Allen Human Brain Atlas were 
assessed. Correlations in the striatum were enriched for excitatory, inhibitory, and modulatory 
neurochemical signaling mechanisms in the motor regions, mitochondrial processes driving 
ATP production and iron-sulfur cluster biogenesis in the executive subdivision, and 
phosphorylation-related mechanisms that affect receptor expression and long-term 
potentiation. This link between susceptibility reductions and normative transcriptional 
profiles suggests that disruptions in iron regulatory mechanisms are involved in GTS 
pathophysiology and may lead to pervasive abnormalities in mechanisms regulated by iron-
containing enzymes.  

Keywords: Gene expression, Iron, Magnetic susceptibility, MRI, Subcortical brain; Tourette syndrome. 
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1. Introduction 

Iron is an essential trace element for the vitality of an organism. It is ideally suited for 
biochemical catalysis due to its ability to transition between two thermodynamically 
stable oxidation states (Crichton, 2016). This flexibility renders a crucial component of 
prosthetic groups (e.g., hemes and iron-sulfur clusters) involved in oxygen transport, 
mitochondrial energy metabolism, cytoskeletal integrity, and neurotransmitter 
synthesis and transport (Yehuda & Mostofky, 2010)⁠. Mediated by the blood-brain 
barrier, the acquisition of non-heme iron in the brain occurs in an age- and regionally-
dependent manner, where its deposition during a “critical period” is necessary for 
normal brain development (Beard, 2003). This deposition is sharpest in subcortical 
gray matter (GM), where it overlaps with regions that contain dense proportions of the 
neurotransmitters dopamine, γ-aminobutyric acid (GABA), and glutamate (Hallgren 
& Sourander, 1958; Hill, 1988; Li et al., 2014)⁠. The atypical homeostasis of iron during 
different periods of development may affect mechanisms that sustain neurochemical 
metabolism and myelination (Youdim et al., 1989; Bianco et al., 2010)⁠, providing a 
biological basis for abnormalities in motor and behavioral functions as exhibited by 
various neuropsychiatric and movement disorders ⁠(Beard & Connor, 2003; 
Stankiewicz et al., 2007; Yehuda, 1990). 

Gilles de la Tourette syndrome (GTS) presents an example of a disorder with 
motor and behavioral deficits as a result of fundamental alterations in the dynamics of 
cortico-striato-thalamo-cortical circuitry (Felling & Singer, 2011)⁠. It is characterized by 
multiple motor and vocal tics and a high incidence of comorbid features, such as 
attention deficit/hyperactivity disorder (ADHD), obsessive-compulsive behavior/ 
disorder (OCB/D), depression, and anxiety (Leckman, 2002)⁠. Various genetic studies 
have indicated that independent allelic variations, each to a small effect, contribute to 
the manifestation of GTS (Scharf et al., 2013; Yu et al., 2019). Acquired abnormalities 
in habit formation systems (Delorme et al., 2016; Palminteri et al., 2009; Worbe et al., 
2011) ⁠ are understood to be driven by deficits in subcortical neurochemical signaling 
(Draper et al., 2014; Fan et al., 2017; Kanaan et al., 2017) ⁠, thus leading to a burst-like 
disinhibition of thalamo-cortical output (Mink, 1996; Tremblay et al., 2015). Various 
work has indicated that patients with GTS exhibit abnormalities in the functional 
dynamics of tonic and phasic dopaminergic signaling (Grace et al., 2007; Rice et al., 
2011; Singer, 2013) ⁠. These abnormalities are compounded by alterations in the 
GABAergic (Draper et al., 2014; Kalanithi et al., 2005; Lerner et al., 2012; Tinaz et al., 
2014) ⁠, glutamatergic (Fan et al., 2017; Kanaan et al., 2017) ⁠, and endocannabinoid 
(Müller-Vahl et al., 2020) neurotransmitter systems, implying the presence of 
disturbances in the spatiotemporal dynamics of excitatory, inhibitory, and modulatory 
subcortical signaling. 
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One unifying feature exhibited by multiple neurotransmitters is that enzymes 
involved in their metabolism and the production of their receptors and transporters 
require iron for typical function. Effects of iron on the dopaminergic system are well 
recognized as its deficiency leads to deficits in the synthesis, catabolism, transport, and 
uptake of dopamine (Bianco et al., 2010; Larsen et al., 2020)⁠. Other studies have linked 
iron metabolism to glutamate and GABA, highlighting its role in both excitatory and 
inhibitory neurotransmitter metabolism and transport (Bianco et al., 2010) ⁠. 

Given these data, it seems plausible that patients with GTS may exhibit an 
abnormality in the cerebral homeostasis of iron. A link between iron deficiency and an 
increased risk of contracting neurodevelopmental psychiatric conditions is well 
established (Chen et al., 2013; Cortese et al., 2008; Degremont et al., 2021; Thomas et 
al., 2020) as is a link with other movement disorders, such as restless leg syndrome 
(Connor et al., 2009) ⁠. This notion of disturbed iron homeostasis is supported by 
preliminary studies indicating reductions of serum ferritin levels in children 
(Avrahami et al., 2017; Gorman et al., 2006) ⁠ and adults (Peterson et al., 1994) ⁠. Lower 
ferritin levels were associated with smaller striatal volumes (Gorman et al., 2006),⁠ and 
iron deficiency was suggested to be associated with increased tic severity in children 
with GTS (Ghosh & Burkman, 2017) ⁠. 

The overarching goal of this work was to investigate the role of iron in GTS 
pathophysiology and related downstream effects, based on the hypothesis that 
reduced brain-iron content manifest in adult patients with GTS. We leveraged data 
available from diverse sources to identify disease-relevant perturbations at multiple 
scales and provide biological information that is both shared and distinct across 
modalities. First, we implemented quantitative susceptibility mapping (QSM) as an in-
vivo proxy measure of brain-iron levels (Deistung et al., 2017; Liu et al., 2015; Möller et 
al., 2019; Schweser et al., 2011) within well-defined loci of pathophysiology in patients 
with GTS (N=28) and age and gender-matched controls (N=26). These data were 
complemented by a comprehensive clinical assessment battery to identify 
heterogeneity in symptomatology and by measurements of serum ferritin as a proxy 
measure of global iron. Additional QSM data from an independent sample of 85 
unmatched healthy controls were employed for supplementary analyses. Second, 
given the conserved and highly stereotyped pattern of cerebral gene expression and 
its heterogeneity within nuclei subdivisions, we used microarray data from the Allen 
Human Brain Atlas (AHBA) (Hawrylycz et al., 2012) to assess associations between 
patterns of gene expression and case-control QSM results. A similar approach has 
recently been applied to correlate gene expression and cortical iron in Parkinson’s 
disease (Thomas et al., 2021). The rationale here was that the spatial variation of 
normative gene expression exhibits a relationship with variations in an image-derived 
phenotype. As proteins form the backbone of the cellular machinery, we finally 
explored protein-protein interaction (PPI) networks and the functional enrichment of 
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genes exhibiting maximum covariance with striatal QSM results by uncovering latent 
variables via partial least squares (PLS) regression. 

2. Material and methods 

2.1. Neuroimaging study population 

Magnetic resonance imaging (MRI) acquisitions were available from a multi-
parametric investigation in 28 adult patients with GTS (18–65 years, 5 female) and 26 
adult healthy controls (18–65 years, 8 female), parts of which have been published 
elsewhere (Gerasch et al., 2016; Kanaan et al., 2017)⁠. Imaging data from 23 patients and 
26 controls were included in the final analysis following quality control (see below). 
Both groups were comparable in terms of age, gender and handedness (all right 
handed; Table 1). Further data from an independent sample of 85 adult healthy 
controls were used for supplementary investigations (Babayan et al., 2019)⁠. All 
procedures were approved by the Ethics Committees at the Medical Faculty of Leipzig 
University and Hannover Medical School. All participants gave informed written 
consent prior to their participation. 

2.2. Clinical assessment 

All patients underwent a thorough clinical assessment indexing (i) tics using the Yale 
Global Tic Severity Scale (YGTSS), including the total, motor (MS) and vocal tic scores 
(VS) (Leckman et al., 1989) ⁠, and the modified Rush Video-Based Tic Rating Scale 
(RVTRS) (Goetz et al., 1999) as well as premonitory urges using the Premonitory Urge 
for Tics Scale (PUTS) (Woods et al., 2005); (ii) OCB/D using the Yale-Brown Obsessive 
Compulsive Scale (Y-BOCS) (Goodman et al., 1989) ⁠ and the Revised Obsessive 
Compulsive Inventory (OCI-R) (Foa et al., 2002) ⁠; (iii) ADHD using the DSM4 symptom 
list for ADHD (Saß et al., 2003) and the Conners' Adult ADHD Rating Scale (CAARS) 
(Conners et al., 1999) ⁠; (iv) depression using the Montgomery Åsberg Depression 
Rating Scale (MADRS) (Montgomery & Åsberg, 1977)⁠ and the Beck Depression 
Inventory II (BDI-II) (Beck et al., 1996) ⁠; and (v) anxiety using the Beck Anxiety 
Inventory (BAI) (Beck et al., 1988) ⁠. Fourteen were classified into the GTS-only category 
(without psychiatric comorbidities), whereas the remaining patients exhibited 
additional OCB/D (N=3), ADHD (N=5), or the combination of both (N=1). Control 
subjects significantly differed from patients on the scales highlighted in Table 1.  

2.3. Measurement of serum ferritin 

Whenever possible, a 10ml blood sample was collected (N=15 patients with GTS and 
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N=18 control subjects in the “GTS sample” and N=85 subjects in the “independent 
sample”, respectively) for measuring serum ferritin in vitro as a representative measure 
of the body’s total iron reserves. The sample was first centrifuged at 24,000 rpm for a 
period of 10 min to separate hematocrit from plasma, which was subsequently stored 
in 1,000µl aliquots at −70 °C. Serum ferritin levels were quantified based on the 
electrochemiluminescence immunoassay, in which a voltage applied to a sample 
containing tagged ferritin molecules induces chemiluminescent emissions that are 
measured by a photomultiplier (Elecsys 2010, Roche Diagnostics GmbH, Mannheim, 
Germany). 

2.4. Image acquisition for QSM 

All MRI measurements were performed on a 3T MAGNETOM Verio (Siemens 
Healthineers, Erlangen, Germany) with a 32-channel head coil. Three-dimensional 
(3D) T1-weighted data were acquired using MP2RAGE (Marques et al., 2010) with 
repetition time, TR=5s; echo time, TE=3.93ms; inversion times, 0.7 and 2.5s; sagittal slab 
orientation; matrix 256×256×176; and 1mm isotropic nominal resolution (Streitbürger 
et al., 2014). Magnetic susceptibility (Δχ) weighted data were acquired with 3D flow-
compensated FLASH (flip angle 13°; TR=30ms; TE=17ms; matrix 256×256×160; 0.8mm 
isotropic nominal resolution) (Frahm et al., 1986; Haacke & Lenz, 1987).  

2.5. Image processing for QSM 

Details of the image processing pipeline are summarized in Figure 1. An overview of 
the image processing pipeline is presented in Figure 1. The tools used for 
reconstructing Δχ maps, Python Magnetic Resonance Tools (PyMRT; 
https://pypi.org/project/pymrt/) and the Berkeley Advanced Reconstruction Toolbox 
(BART; https://mrirecon.github.io/bart/), are available as open-source software 
(Metere & Möller, 2017; Uecker et al., 2021). Briefly, phase maps were reconstructed 
from multi-channel complex signals using a data-driven coil combination method 
(Bilgic et al., 2016) ⁠. It employs singular value decomposition (SVD) to compute a 
virtual body-coil reference and combines it with an implementation of iTerative 
Eigenvector-based Self-consistent Parallel Imaging Reconstruction (ESPIRiT) (Uecker 
et al., 2014). Δχ maps were reconstructed via the superfast dipole inversion approach 
(Schweser et al., 2013) ⁠ and were referenced to median cerebrospinal fluid (CSF) 
susceptibility measured within a subject-specific mask of the lateral ventricles (Straub 
et al., 2017) ⁠.  

2.6. Image quality control 

To account for potential differences in the severity of motion-related image artifacts, 
we used a step-wise, multivariate outlier-detection approach implementing a robust 
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Mahalanobis distance framework (Korkmaz et al., 2014).⁠ In particular, low-quality 
date were removed based on (i) image quality indices calculated on the magnitude 
images and (ii) susceptibility values extracted from subcortical nuclei. In general, 
Mahalanobis distance calculates how far each observation is from the center of a joint 
distribution, which can be thought of as the centroid in multivariate space. Robust 
distances are estimated from minimum covariance determinant estimators rather than 
the sample covariance. Data were regarded as outliers if the robust Mahalanobis 
distance was greater than the 97.5% quantile of the χ2 distribution (Supplementary 
Figure S1). In the first step, multivariate outliers were detected based on (i) the 
Shannon entropy focus criterion (EFC), which is an index for image ghosting and 
blurring (Atkinson et al., 1997) ⁠; (ii) the quality index 1 (QI1), which is an index for 
image degradation resulting from bulk motion, residual magnetization, incomplete 
spoiling and ghosting (Mortamet et al., 2009); and (iii) the smoothness of voxels 
calculated as the full width at half maximum (FWHM) of the spatial distribution of 
image intensity values in voxel units (preprocessed-connectomes-project). This step 
was implemented on the whole sample and identified one severely affected dataset, 
which was marked for removal (Supplementary Figure S1). To ensure that the 
remaining datasets did not contain further outliers, multivariate robust squared 
Mahalanobis distance outlier detection was additionally performed on vectors of 
median Δχ values extracted from the subcortical masks for each sample separately. 
This procedure identified four outlier datasets within the patient sample, which were 
marked for removal (Supplementary Figure S1). Following quality control, group 
comparisons of magnitude image quality metrics (signal-to-noise ratio; SNR; contrast-
to-noise ratio, CNR; foreground-to-background ratio, FBR; EFC; QI1; FWHM) revealed 
no significant differences between patients and controls (Supplementary Table S1). 

2.7. Masking of deep GM nuclei 

While the QSM data covered the entire brain, the statistical analysis focused on well-
defined iron-rich deep-GM and cerebellar nuclei, for which a dominant contribution 
to magnetic susceptibility from iron is well established (Deistung et al., 2017; Hallgren 
& Sourander, 1958; Li et al., 2014; Liu et al., 2015). Corresponding masks were 
generated via (i) automated segmentation of hybrid-contrast MP2RAGE-QSM images 
for the basal ganglia using the FMRIB Software Library (FSL) (Jenkinson et al., 2012) 
with FMRIB’s Integrated Registration and Segmentation Tool (FIRST) (Patenaude et 
al., 2011) and (ii) non-linear transformation of atlas-based masks for the brainstem 
(Visser et al., 2016) ⁠. In particular, masks of the striatum (caudate, putamen), globus 
pallidus (GP) and thalamus were obtained via the Bayesian model-based subcortical 
segmentation algorithm implemented in FSL FIRST ⁠(Patenaude et al., 2011). It was 
applied on optimized hybrid-contrast MP2RAGE-QSM images (Deistung et al., 2017; 
Feng et al., 2017) ⁠ as outlined in Figure 1 (Kanaan et al., 2018). Robust co-registration 
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between skull-stripped MP2RAGE and FLASH data was achieved using rigid-body 
linear transformation of the T1-weighted data onto N4 bias field-corrected FLASH 
magnitude data employing Advanced Normalization Tools (ANTs; 
https://github.com/ANTsX/ANTs). Given the difficulty of segmenting brainstem and 
cerebellar nuclei on T1-weighted data due to the lack of contrast and the infeasibility 
of performing manual segmentation of multiple nuclei in many subjects, we utilized 
an atlas-based registration approach to achieve delineations of brainstem and 
cerebellar nuclei. Specifically, the diffeomorphic greedy-SyN ANTs non-linear 
transformation model was used to compute a nonlinear transformation warp between 
MP2RAGE images and Montreal Neurological Institute (MNI) space. This was used to 
map each subject’s QSM data into standard space for subsequent calculation of a 
population-specific average image. The standardized QSM template exhibited high 
contrast in brainstem and cerebellar regions and was used to carefully delineate masks 
of the subthalamic nucleus (STN), substantia nigra (SN), red nucleus (RN), and dentate 
nucleus (DN) (Figure 2). All masks were delineated by the same operator and were 
subsequently warped back into native QSM space. The same atlas-based registration 
procedure was applied to obtain subject-specific masks of the lateral ventricles, which 
were used for referencing the QSM data to CSF (median values). All masks were 
thresholded at 0.5 to ensure maximal inclusion of GM tissue while limiting partial-
volume effects. Following visual inspection of all masks for quality, median 
susceptibility values from all ROIs were computed for further analysis. 

2.8. Statistical image analysis 

Group differences of median Δχ values for each region of interest were assessed using 
Mann-Whitney-Wilcoxon rank sum tests (significance threshold PFDR<0.05 after false 
discovery-rate correction). Group differences in serum ferritin values were assessed 
using Welch’s t-test to account for inhomogeneous variance (Leven’s test). The clinical 
data were decomposed into a set of low-dimensional scores using principal component 
analysis (PCA). The correlation matrix revealed sufficient complementarity for data 
reduction (Figure 3D). Multicollinearity was alleviated by implementing an 
orthogonal varimax rotation. A multiple linear-regression model accounting for age, 
gender and image quality indices was used to inspect correlations between iron 
measures and behavioral principal components (PCs). The variance inflation factor 
was used to assess multicollinearity between predictor variables. 

2.9. Transcriptional patterning of iron-related striatal variability 

The rationale for the analysis of associations between spatial gene expression patterns 
and Δχ variations as a surrogate of brain iron is illustrated in Figure 4. The default 
transcriptional architecture is assessed using data from the AHBA (Arnatkevic̆iūtė et 
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al., 2019; Fornito et al., 2019; Hawrylycz et al., 2012) ⁠, a high-resolution gene expression 
atlas obtained from 6 neurotypical individuals (24–57 years, 2 female).  

The combined AHBA and QSM data were used to uncover major genetic 
classes of variation that exhibit maximum covariance with iron-related differences in 
GTS. We focused on the striatum, a known major locus of GTS pathophysiology 
(Felling & Singer, 2011; Gorman et al., 2006; Kanaan et al., 2017)⁠, computing voxel-wise 
Δχ differences within the motor, executive and limbic subdivisions (Figure 4B) and t-
statistical maps via non-parametric permutation testing with 10,000 permutations 
using FSL randomize (Figure 4D). Striatal subdivision masks without overlap were 
derived by transforming the Harvard-Oxford striatal atlas to an average study 
template before binning the masks to 0.5 followed by one erosion step (Figure 4B). 
AHBA tissue sample seed masks (1 mm3) were created based on standardized AHBA 
coordinates and mapped to each subdivision, yielding 48 seeds for the motor and 
executive and 40 seeds for the limbic subdivision (Figure 4C). Ontological AHBA 
annotations were inspected to ensure that the seeds are mapped within the striatum, 
and seeds outside of the striatum were removed. 

2.10. Weighting gene contribution via PLS 

To uncover latent associations between Δχ differences and gene-expression patterns, 
we implemented PLS regression (Morgan et al., 2019; Whitaker et al., 2016) ⁠. For each 
striatal functional domain, we constructed matrices exhibiting gene-expression data 
and case-control Δχ t-statistical values from the MRI-defined AHBA tissue coordinates 
within the motor, executive and limbic subdivisions (Figure 5). Microarray gene-
expression matrices (e.g., 48×20,737 for motor division) were used to predict regional 
Δχ variations as defined by case-control t-statistical maps (48×1 for motor division) 
within each subdivision via PLS regression (Figure 5B,C). In other words, PLS 
regression was used to identify the linear combination of genes that best predicted the 
Δχ differences as the response variable. Statistical significance was tested with a two-
tailed test at type-I error α=0.05 by permutation of the response variable 1,000 times. 
Bootstrapping was implemented to assess the error in estimating each gene's weight 
in the PLS PCs. The ratio of the weight of each gene to its bootstrap error was used to 
calculate Z-scores and rank the genes according to their contributions to each PLS 
component (Figure 5). 

2.11. Gene enrichment and PPI network analysis 

Next, we constructed PPI networks to glean information about the network 
connectivity that contributed jointly toward the underlying biological function. 
STRING (v11) (Szklarczyk et al., 2019) was used to construct PPI networks for 
downregulated (denoted as PLS–) and upregulated gene sets (PLS+) for each 
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component, which were defined as genes outside the 5% and 95% percentiles, 
respectively (Morgan et al., 2019). Networks were constructed with a minimum 
interaction score of 0.9 to achieve high confidence of connectivity. ToppFun (Chen et 
al., 2009) ⁠ was employed to calculate enrichment of (i) gene-ontology (GO) biological 
processes (BPs), molecular function (MF), and cellular components (CCs) as well as (ii) 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for downregulated 
and upregulated genes using a background gene list of 15,745 brain-expressed genes. 
This list was calculated by excluding probes that did not exceed the background noise 
in the AHBA dataset by intensity-based filtering (Arnatkevic̆iūtė et al., 2019; Morgan 
et al., 2019; Thomas et al., 2021). Multiple-comparison correction of enrichment terms 
was implemented applying Benjamini and Hochberg’s method for FDR correction. 
Finally, hierarchical clustering using the Enrichr/Clustergrammer algorithms was 
employed to visualize the overlap between input genes and GO-biological terms with 
the highest enrichment score (Kuleshov et al., 2016). 

3. Results 

3.1 Group differences of brain-iron measures 

Group-level Δχ differences included significant reductions in patients in bilateral 
brainstem (U47=184, P=0.01), basal ganglia (U47=167, P=0.004) and the combination of 
all subcortical nuclei (U47=172, P=0.005). These effects were mainly driven by 
reductions in the striatum (P=0.0088), globus pallidus (GP; P=0.021), subthalamic 
nucleus (STN; P=0.0026), substantia nigra (SN; P=0.032), dentate nucleus (DN; 
P=0.016), and trends for reduction in the red nucleus (U47=232, P=0.091) (Figure 2). 
Further FDR correction revealed significant Δχ reductions in the striatum, GP, STN, 
SN, and DN (Cohen’s d effect sizes between 0.44 and 0.83 indicating practical 
significance) (Supplementary Table S2). Patients with GTS showed reduced serum 
ferritin levels compared to controls (89±49 vs. 196±151 ng/ml; t33=2.84, P=0.0097) 
(Figure 3A). The serum levels were further correlated with Δχ in the basal ganglia 
(r=0.55, P=0.03), which was replicated in the independent sample (r=0.5, P=5×10−5). 

3.2. Association between brain iron and clinical scores 

To inspect correlations between surrogate iron measures and clinical variables, the 
dimensionality of the clinical data was reduced to four PCs, which—based on the 
weights of component loadings—were interpreted as representative scores of (i) 
depression/anxiety; (ii) motor/vocal tics, (iii) OCB/D, and (iv) ADHD (Figure 3D,E). 
Regression analysis for the tic score (PC2) revealed a negative trend with serum ferritin 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted May 16, 2023. ; https://doi.org/10.1101/2023.05.15.23289978doi: medRxiv preprint 

https://doi.org/10.1101/2023.05.15.23289978
http://creativecommons.org/licenses/by-nc-nd/4.0/


Disturbed iron homeostasis in Tourette syndrome 

10 
 

levels (r = –0.51, P=0.091) and a significant negative association with striatal Δχ           
(r = –0.54, P=0.027) (Figure 3F). All correlations exhibited an approximate variance 
inflation factor of 1.5 indicating little to no multicollinearity between predictor 
variables. 

3.3. Transcriptional profiling of Δχ reductions 

PLS regression was implemented to identify the patterns of gene expression that most 
strongly correlated with the distribution of striatal Δχ reductions. The first component 
(PLS1) explained 48.2%, 52.2%, and 49.1% of the variance in the case-control Δχ t-
statistical maps of the motor, executive, and limbic subdivisions, respectively, which 
was significantly more than expected by chance (permutation test, P<0.001). For all 
subdivisions, PLS1 gene expression scores exhibited strong positive correlations with 
case-control Δχ variations (r»0.7, P<10–6) indicating a spatial relationship between 
normative gene expression and Δχ in GTS (Figure 5C, Supplementary Figure S2 and 
Supplementary Table S3). Hence, more positively weighted genes exhibited 
overexpression and more negatively weighted genes exhibited underexpression in 
striatal regions, in which the patients had increased and decreased Δχ, respectively. 
Given the strong correlation and variance level explained by this component, we only 
considered PLS1 gene-expression weights for further analysis.  

Multiple univariate tests and bootstrapping were used to evaluate whether the 
weights of genes on PLS1 were significantly different from zero. Genes with Z-scores 
(PFDR<0.05) outside the range of the 5th and 95th percentiles of the weighted gene list 
were regarded as exhibiting underexpression and overexpression, respectively, as a 
result of case-control Δχ variations. For the motor striatum, the null hypothesis was 
refuted for 1,032 PLS– genes (Z < –1.28) and 1,039 PLS+ genes (Z > 5.23) (Figure 5D and 
Supplementary Figure S2). A correspondence was exhibited for gene counts of the 
executive and limbic subdivisions (Supplementary Figures S3 and S4).  

Each set of PLS– and PLS+ genes of each striatal subdivision was used to 
construct PPI networks using STRING (Figure 5E). Significant PPI enrichment was 
observed for PLS– genes of the motor striatum and for PLS+ genes for the motor, 
executive and limbic subdivisions (Supplementary Table S4). The PPI networks 
exhibited high enrichment scores (P<10–8) and moderate local clustering coefficients 
(»0.3). This indicates that the spatiomolecular profile of PLS genes associated with Δχ 
variation exhibited more interactions among themselves than would be expected by a 
random set of genes and, therefore, partial biological connectivity. 

PLS– genes associated with case-control Δχ variation in the motor striatum 
demonstrated enrichment for BPs and pathways involved in excitatory, inhibitory and 
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modulatory neurochemical systems (Supplementary Figure S5). Non-overlapping 
enrichment terms included “chemical synaptic transmission” (GO-BP:0007268), 
“GABAergic synaptic transmission” (GO-BP:0051932), “positive regulation of actin 
cytoskeleton reorganization” (GO-BP:2000251), and “neuroactive ligand-receptor 
interaction” (KEGG:hsa04080). Hierarchical clustering of PLS– genes among GO-BP 
terms demonstrated an overlap for genes encoding subunits of GABA receptor 
complexes, ionotropic N-methyl-D-aspartate (NMDA) glutamatergic receptors, and 
the dopaminergic receptor D2 (Figure 6A). On a cellular level, we observed significant 
enrichment of “integral” and “intrinsic” pre- and postsynaptic membrane components 
(Supplementary Figure S6) indicating the involvement of receptor complex proteins. 
Considering PLS+ genes in the motor striatum, we observed enrichment of fairly broad 
translational and metabolic process terms that were not analyzed further.  

For the executive striatum, PLS+ genes exhibited enrichment for two BP clusters 
involved in mitochondrial gene expression and energy production as well as for 
mitochondrial CC terms (Supplementary Figures S7 and S8). These results were 
particularly exemplified by genes encoding the iron-sulfur replete inner-
mitochondrial membrane subunits of NADH dehydrogenase and cytochrome B and 
ribosomal complex subunits (Figure 6B).  

In the limbic striatum, PLS+ genes highlighted regulatory processes involved in 
intracellular signal transduction, neurotransmitter secretion and synaptic plasticity 
(Supplementary Figures S9 and S10). Top enriched KEGG pathways included “long-
term potentiation” (KEGG:hsa04720). Relatedly, phosphorylation related GO-MF terms 
included “calmodulin binding” (GO-MF:0005516) and “calmodulin-dependent protein 
kinase activity” (GO-MF:0004683). Hierarchical clustering of genetic overlap between 
upregulated PLS+ gene and the top enriched GO-BP terms included kinases also 
involved in other movement disorders and the trafficking and turnover of transferrin 
(Figure 6C).  

4. Discussion 

To investigate a role of iron in GTS pathophysiology, we combined QSM targeted at 
subcortical iron content and a spatiomolecular approach to interrogate GO enrichment 
relations with striatal Δχ variations. Whereas QSM is sensitive to both para- and 
diamagnetic materials, most notably iron and myelin, respectively, the iron 
contribution dominates that of myelin in subcortical structures (Langkammer et al., 
2012; Möller et al., 2019). Most brain iron is stored in ferritin containing a core of up to 
4,500 Fe3+ ions. Its superparamagnetic susceptibility and, thus, effective magnetic field 
perturbation can be readily detected with QSM in vivo (Möller et al., 2019), allowing to 
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go beyond previous reports of reduced (global) serum ferritin levels in patients with 
GTS (Figure 3A). Consistently, our data demonstrate ∆χ reductions in the SN, STN, 
striatum, GP, and DN (Figures 2 and 3B) as well as an association of striatal ∆χ with 
tic severity (Figure 3F). This suggests that patients with GTS exhibit disturbances in 
iron homeostasis in subcortical regions that typically exhibit the sharpest 
concentrations of iron (Hallgren & Sourander, 1958; Li et al., 2014) and, at the same 
time, the densest proportions of dopamine, GABA, and glutamate. Spatial 
transcriptional patterns of gene expression yielded correlations with striatal Δχ 
variations and were enriched for (i) excitatory, inhibitory, and modulatory 
neurochemical signaling mechanisms in the motor regions, (ii) mitochondrial 
processes driving ATP production and iron-sulfur cluster biogenesis in the executive 
subdivision, and (iii) phosphorylation-related mechanisms that affect receptor 
expression and long-term potentiation. As the developmental processes of 
synaptogenesis, dendritogenesis and myelination are highly dependent on iron-
containing enzymes, subtle deficiencies of iron content throughout the lifespan may 
ultimately influence mechanisms of subcortical neurochemical signaling and drive the 
acquisition and persistence of deficits in motor behavior.  

4.1. Disturbed iron homeostasis 

Investigations of the developing brain indicate that iron deficiency may lead to a 
specific set of behavioral outcomes that are dependent on its timing, severity, and 
duration (Beard, 2003; Lozoff & Georgieff, 2006). Human infant and animal studies 
have consistently shown that early life iron deficiency leads to long-term abnormalities 
in motor, cognitive, and affective behavior that are irreversible with iron repletion at 
weaning (Beard & Connor, 2003; Kennedy et al., 2016; Lozoff et al., 2006). Children and 
adults with perinatal, neonatal, and postnatal iron deficiency exhibited cognitive 
impairments in selective attention, perceptual speed, and inhibitory control, in 
addition to depressive and anxiety-like symptoms (Kennedy et al., 2016). Within the 
motor domain, early-life iron deficiency was associated with delays in developmental 
motor milestones and lower global indices of motor function (Kennedy et al., 2016).  

Some of these symptoms also manifest in GTS, including abnormalities in 
syntactic motor chains, inhibitory control, selective attention, and depressive/anxiety-
like behavior (Leckman, 2002; Lozoff & Georgieff, 2006). The correspondence in 
exhibited behavior between iron deficiency and GTS might be reflected by similarities 
in their etiological basis. Considering that GTS is, in essence, a polygenic disorder with 
environmental influences (Deng et al., 2012; Hoekstra et al., 2013), variants in genes 
involved in the regulation of iron metabolism and environmental factors influencing 
iron availability have both been reported. In a microarray study exploring the 
influence of gestational/lactational iron deficiency on mRNA expression levels, 
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variants in genetic clusters involved in cytoskeletal stability and synaptic function 
exhibited chronic downregulations following iron repletion therapy at weaning 
(Clardy et al., 2006). Similarly, two independent studies demonstrated associations 
between GTS and variants in the BTDB9 gene, which contains a PPI motif (BTB 
domain) implicated in cytoskeletal regulation, ion channel gating, and transcriptome 
repression (Guo et al., 2012; Rivière et al., 2009). The cytoskeleton forms the primary 
backbone of neuronal architecture, in which the coordinated interplay of cytoskeletal 
elements is essential for axonal outgrowth, synapse formation and cargo logistics 
(Goellner & Aberle, 2012). Cytoskeletal abnormalities driven by disturbances in iron 
homeostasis may, hence, affect synaptic efficacy and underlie some of the long-term 
outcomes in GTS. On the other hand, gestational noxious exposures including 
maternal smoking and prenatal stressors have been linked to increased risk of both 
iron deficiency and the onset of tics (Deng et al., 2012; Hoekstra et al., 2013). This 
indicates that deficits in iron homeostasis might impact the onset and course of GTS 
and might be driven by a complex relationship between genetic and environmental 
influences.  

Previous preliminary work suggested an association of iron deficiency and 
increased tic severity in children with GTS as well as a trend towards improved tic 
severity scores upon follow-up on iron supplementation therapy (Ghosh & Burkman, 
2017) ⁠. For a definite conclusion about iron therapy, randomized placebo-controlled 
prospective studies are required. Such trials may benefit from integrating QSM as a 
potential biomarker assessing local iron content—and, hence, therapy response—in 
brain regions assumed to be involved in tic generation. 

Although early-life iron deficiency is associated with long-term deficits in 
motor and non-motor behavior, this does not necessarily last into adulthood. In 
longitudinal studies assessing early-life iron deficiency over 19 years, deficiency in 
infancy led to persistent motor and non-motor deficits, despite being present in less 
than 5% of the subjects after 19 years (Lozoff & Georgieff, 2006; Lukowski et al., 2010). 
However, a subtle iron-deficient status seems to persist throughout the lifespan in GTS 
considering reduced serum ferritin in pediatric samples reported previously 
(Avrahami et al., 2017; Gorman et al., 2006) as well as reductions of subcortical ∆χ 
observed in the current work. Remarkably, previous histological studies (Hallgren & 
Sourander, 1958) as well as QSM in vivo (Li et al., 2014; Persson et al., 2015) observed 
that brain iron content in many deep GM nuclei (i.e., regions showing significant ∆χ 
reductions in our cohort of adult patients with GTS) showed rapid growth from birth 
until about 20 years of age, approaching a plateau at middle age. Although no direct 
evidence can be derived from these trajectories to interpret our observations, it seems 
plausible that decreased ∆χ in adult patients reflects persistent iron deficiency during 
development. While early-life iron deficiency may lead to severe abnormalities in 
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neurochemical mechanisms involved in developmental processes (e.g., habit 
formation), adult iron deficiency may exacerbate abnormalities in neurochemistry. 

The associations between ∆χ reductions and gene expression patterns suggest 
that disruptions in mechanisms underpinning homeostatic iron levels in GTS are 
associated with abnormalities in mechanisms sustaining the typical spatiotemporal 
dynamics of striatal neurochemical signaling. Dopamine exerts a powerful influence 
over striatal output by modulating cortico-striatal afferents innervating distinct 
populations of striato-nigral and striato-pallidal medium spiny neurons. The 
spatiotemporal synergy between tonic and phasic dopaminergic signals emanating 
from the SN and ventral tegmental area is a key factor in driving thalamo-cortical 
output and coordinated behavior, probably due to the integrated output of D1- and 
D2-receptor medium spiny neurons (Grace et al., 2007). As such, alterations in the 
mechanisms sustaining this typical spatiotemporal synergy may have a profound 
influence on reinforcement learning and habit formation systems that are governed by 
striatal neurons coding the serial order of syntactic natural behavior (Aldridge et al., 
1998; Cromwell & Berridge, 1996).  

Among disruptions in elements sustaining typical tonic/phasic dopaminergic 
signaling, alterations in the D1/D2 receptor density, dopamine transporter function, 
and monoamine catabolism have been reported in GTS (Singer, 2013) and also 
observed in association with iron deficiency (Lozoff, 2011). This implies a role of iron 
deficiency in abnormal dopaminergic neurotransmission, which is supported by 
observed ∆χ reductions in the SN (Lozoff, 2011). However, alterations in tonic/phasic 
dopaminergic signaling may also be driven by deficits in glutamatergic and 
GABAergic afferent systems regulating SN dopaminergic output towards the striatum 
(Grace et al., 2007). Recently reported alterations in striatal glutamate levels (Kanaan 
et al., 2017) and the association of reduced striatal ∆χ and highly enriched terms related 
to GABA signaling observed here indicate that iron might influence GABA-glutamate-
glutamine cycling. Consistently, previous work indicated that iron deficiency during 
gestational and lactational periods in rodents leads to alterations in key enzymes 
involved in the GABA-glutamate-glutamine cycle, ultimately leading to reductions in 
striatal, pallidal, and hippocampal GABAergic/glutamatergic neurotransmission 
(Anderson et al., 2007; Erikson et al., 2002; Ward et al., 2007).  

4.2. Limitations and future directions  

Besides iron sequestered in ferritin, which is considered to be the dominant 
contribution to QSM in most subcortical brain regions, neuromelanin efficiently binds 
iron and is abundant in dopaminergic neurons of the SN and locus coeruleus (Möller 
et al., 2019). Further contributions may result from copper(II), manganese, or zinc 
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(Wallstein et al., 2022). Abnormalities in the homeostasis of these ions might contribute 
to GTS pathophysiology––given their roles in neurochemical signaling. However, we 
do not expect major bias on ∆χ estimates given their relative scarcity compared to iron 
(Krebs et al., 2014). Brain transferrin levels are one order of magnitude below those of 
ferritin and probably too low to be detected by QSM (Möller et al., 2019). Hence, 
alterations (e.g., upregulation) of transferrin levels cannot be assessed with our data.  

While previous work established relationships between iron and 
GABA/dopamine metabolism, we obtained only indirect links without direct 
measurements. Similarly, the AHBA is limited to normative transcriptomics profiling. 
Patient-directed atlases, if available in future work, could be extremely useful for 
provide direct links to GTS transcriptomics. 

Only few patients in our cohort were classified as exhibiting additional ADHD 
or OCB/D or both. These numbers are too small to determine how iron metrics could 
be associated with corresponding non-motor profiles or whether there are distinct 
spatiomolecular profiles of GTS and its comorbidities. Brain iron homeostasis may also 
correlate in other neurological disorders, specifically those having dopaminergic 
system involvement, and not exclusively GTS. Therefore, future work is needed to 
address the specificity of patterns of regional brain iron disruption as well their role in 
network dysfunction considering the current notion of characterizing 
neuropsychiatric disorders (or GTS and tic disorders in particular) as “network 
disorders” rather than resulting from damage to isolated brain regions (Fox, 2018; 
Ganos et al., 2022). 

Another limitation regarding our study population is that our conclusions are 
based on a cohort of adult age, whereas GTS is a childhood neuropsychiatric disorder. 
Studies of possible changes in brain iron homeostasis in children with GTS are, 
therefore, needed to test the assumption that early-life iron deficiency may contribute 
to manifestation of GTS. Ideally, a longitudinal follow-up could help to further 
disentangle the relationship between tic severity and brain iron levels across the 
lifespan. While such studies are difficult to perform, QSM—or MRI in general—is an 
ideal method for targeting such aspects due to its completely noninvasive nature and 
the ability to provide quantitative data. More generally, we advocate replication of our 
study in an independent sample. In addition to using QSM as a proxy for iron 
homeostasis, such work might be combined with proton spectroscopy of glutamate 
and GABA or positron emission tomography of dopamine signaling for a multimodal 
approach to characterize GTS pathophysiology.  
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5. Conclusions 

Disruptions in iron regulatory mechanisms––presumably driven by relations between 
genetic and environmental influences––may contribute to the establishment of GTS 
and lead to pervasive abnormalities in mechanisms regulated by iron-containing 
enzymes. Abnormalities in mRNA transcription, cytoskeletal regulation, synapse 
formation, axonal outgrowth, ion-channel gating, iron-sulfur cluster biogenesis 
mechanisms may lead to alterations in the spatiotemporal dynamics of excitatory, 
inhibitory, and modulatory subcortical signaling, thus driving the manifesting clinical 
features in GTS. 
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Table 1—Demographic and clinical characteristics of the study sample included in the 
imaging analysis. 
Parameter Controls GTS Test statistics P-value 
N 26 23   
Age in years 37.92 ± 11.82 36.65 ± 10.78 t47 = 0.38 0.7         
Gender (male/female) 18/8 18/5 OR = 0.52 0.36       
YGTSS-MS – 13.0 ± 4.1 – – 
YGTSS-VS – 6.96 ± 5.91 – – 
RVTRS – 8.10 ± 4.52 – – 
PUTS – 18.9 ± 5.83 – – 
QOL – 29.7 ± 20.8 – – 
Y-BOCS – 1.34 ± 3.31 – – 
OCI-R 5.74 ± 5.97 14.2 ± 12.5 t44 = –2.88 0.0062   
DSM4 ADHD 1.17 ± 1.93 6.70 ± 5.30 t44 = –4.63 0.00003 
CAARS 39.27 ± 7.53 50.2 ± 12.2 t44 = –3.49 0.001     
MADRS 0.57 ± 0.77 7.96 ± 8.34 t44 = –4.14 0.0002   
BDI-II 1.78 ± 3.37 13.3 ± 12.1 t44 = –4.27 0.0001   
BAI 2.74 ± 3.29 13.3 ± 13.2 t44 = –3.65 0.0007   
Serum ferritin in ng/ml 196.2 ± 151.3 85.6 ± 48.9 t31 =   2.84 0.0097   
All recruited subjects were right handed.  
Abbreviations:  ADHD = attention deficit/hyperactivity disorder; BAI = Beck Anxiety Inventory; BDI-II = 
Beck Depression Inventory II; CAARS = Conners’ Adult ADHD Rating Scale; DSM4 = Diagnostic and 
Statistical Manual of Mental Disorders, Fourth Edition; GTS = Gilles de la Tourette syndrome; MADRS 
= Montgomery Åsberg Depression Rating Scale; MS = motor tic score; N = number of cases; OCI-R = 
Revised Obsessive-Compulsive Inventory; OR = Fisher exact test odds ratio; P = error probability; PUTS 
= Premonitory Urge for Tics Scale; QOL = quality of life scale; RVTRS = modified Rush Video-Based 
Tic Rating Scale; t = t-value; VS = vocal tic score; Y-BOCS = Yale-Brown Obsessive Compulsive Scale; 
YGTSS = Yale Global Tic Severity Score. 
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Figure 1—Processing and analysis framework utilized to obtain high-quality quantitative susceptibility 
maps and subcortical masks. Magnetic susceptibility maps were estimated using the superfast dipole inversion 
approach, which utilizes Sophisticated Harmonic Artifact Reduction for Phase data (SHARP) to eliminate 
background-field contributions (Schweser et al., 2013), and thresholded k-space division (TKD) for solving the ill-
posed inverse problem from tissue field perturbation to Δχ (Wharton et al., 2010). The sharp deposition of iron-rich 
structures is clearly visible in basal-ganglia nuclei as well as in brainstem and cerebellar nuclei. The corresponding 
masks were generated automatically using FSL-FIRST segmentation performed on MP2RAGE-QSM hybrid 
contrast images (basal ganglia) or by non-linear transformation of atlas-based masks that were carefully delineated 
on a QSM group-average template in Montreal Neurological Institute (MNI) space (brainstem and cerebellum).  
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Figure 2—Quantitative susceptibility mapping in GTS.  The upper panel shows single-subject MP2RAGE-QSM 
hybrid contrast images illustrating the masking quality of each region of interest (ROI). The bottom panel illustrates 
the probability-density distribution of Δχ values for each ROI. Patients with GTS exhibited significant reductions 
[false discovery rate (FDR) adjusted P-value, PFDR<0.05; denoted by *] in the substantia nigra (SN), subthalamic 
nucleus (STN), striatum, globus pallidus (GP), and dentate nucleus (DN).  
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Figure 3—Association between surrogate iron measures and clinical scores.  (A) Patients with GTS exhibited 
significant reductions in serum ferritin levels. (B) Serum ferritin levels were significantly associated with Δχ of deep 
GM nuclei in the GTS and control sample. (C) This result was replicated in a larger independent sample of healthy 
volunteers. (D) The clinical scores were decomposed using PCA to examine their relationships with iron measures. 
The correlation matrix between all acquired clinical variables revealed sufficient complementarity for data-
reduction. (E) PCs with eigenvalues exceeding 1 were extracted yielding a set of four components explaining 77% 
of the variance. These were interpreted as representative scores of (i) depression/anxiety; (ii) motor/vocal tics, (iii) 
obsessions/ compulsions, and (iv) attention-deficit/hyperactivity as illustrated in the polar plot. (F) Regression 
analysis between PC2 (motor/vocal tics) and iron measures revealed a trend for negative association with serum 
ferritin levels and a significant negative association with striatal Δχ.  
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Figure 4—Framework to inspect associations between spatial gene expression profiles and Δχ variations.  
(A) A spatial transcriptomic approach (Arnatkevic̆iūtė et al., 2019; Fornito et al., 2019)⁠ using microarray data from 
the AHBA was implemented to assess associations between patterns of gene expression and case-control Δχ 
statistical maps within subdivisions of the striatum as a major locus of pathophysiology in GTS (Kanaan et al., 2017; 
Lennington et al., 2016; Tremblay et al., 2015)⁠. The AHBA contains tissue samples extracted from N=3,702 spatially 
distinct coordinates mapped to MNI space (Morgan et al., 2019; Romero-Garcia et al., 2019; Vértes et al., 2016; 
Whitaker et al., 2016). (B) AHBA tissue samples within the striatum (N=136) were defined based on annotation 
metadata and overlaps between sample coordinates and the subdivisions’ labels of the Harvard-Oxford striatal 
atlas. (C) Gene expression data (N=20,737) were then extracted at each coordinate within the striatal motor (N=48), 
executive (N=48), and limbic (N=40) subdivisions. (D) t-statistical values of case-control Δχ variations within the 
same coordinates were modeled using a voxel-wise general linear model that further incorporated age, gender, 
group, and two indices of image quality. This yielded two matrices representing striatal gene expression 
(136×20,737) and Δχ t-statistical differences (136×1) at 136 positions, which were used to test for enrichment and 
construct PPI networks following gene weighting via PLS analysis (Morgan et al., 2019; Whitaker et al., 2016)⁠. 
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Figure 5—Downregulated genes associated with reduced Δχ and enriched for neurochemical and 
neurodevelopmental pathways in the motor striatum.  (A) Transcriptomic and Δχ t-statistical data were 
extracted from colocalized coordinates defined within striatal subdivisions. (B) Matrices representing gene 
expression (48×20,737 predictor variables), and case-control Δχ variation (1×20,737 response variables) were used 
for cross decomposition via PLS regression. (C) Regional scores of the first PLS component (PLS1) exhibited a 
significant positive correlation with Δχ variations. (D) A weighted gene list based on the bootstrapped distribution 
of PLS1 Z-scores was used to define lists of downregulated (PLS–) and upregulated (PLS+) genes outside the range 
of the 5% and 95% quantiles of the normal distribution. (E) Protein connectivity networks for PLS– genes exhibited 
significant PPI enrichment (PFDR<10–16), indicating that they are partially biologically connected. Strongly connected 
and highly enriched terms included “chemical synaptic transmission” (GO-BP:0007268), “nervous system development” 
(GO-BP:0007399), “signaling receptor activity” (GO-MF:0038023), and “neuroactive ligand-receptor interaction” 
(KEGG:hsa04080). (F) The GO-BP term with the highest PPI network strength (“GABA signaling pathway”, GO-
BP:0007214) included a sub-network of “GABA-A receptor activity” (CL:8612), a result that was replicated when 
including all 20,737 PLS-weighted genes. (G) A supplementary functional enrichment analysis revealed “GABA-A 
receptor complex” (GO-CC:1902711) as the cellular component term with the highest enrichment score. (H) The 
relationship between inhibitory neurotransmission and iron status in GTS is further visible in the heatmap 
illustrating the underlying structure of GABA receptor expression and case-control Δχ variations.  

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted May 16, 2023. ; https://doi.org/10.1101/2023.05.15.23289978doi: medRxiv preprint 

https://doi.org/10.1101/2023.05.15.23289978
http://creativecommons.org/licenses/by-nc-nd/4.0/


Disturbed Iron Homeostasis in Tourette Syndrome 

 

32 

 
Figure 6—Gene overlap among the highest enriched terms and the differential expression of marker genes 
across cell types.  (A) Hierarchical-clustering results obtained with PLS– in the motor striatum, demonstrating an 
overlap for genes encoding subunits of GABA receptor complexes (e.g., GABRA1, GABRB), glutamate NMDA 
receptor (e.g., GRIN2A, GRIN2D) or dopamine D2 receptor (e.g., DRD2). (B) Results for PLS+ in the executive 
striatum, with overlap of genes encoding inner-mitochondrial membrane subunits of NADH dehydrogenase and 
cytochrome B (e.g., NDUFA9, UQCRH) or ribosomal complex subunits (e.g., RPS27A, RPL38). (C) Results for PLS+ 
in the limbic striatum highlighting an involvement of subterms for “iron incorporation into iron-sulfur cluster” 
processes with clustered genes including LRRK2, implicated in Parkinson’s disease, or calcium-calmodulin 
dependent CAMKK2, triggering the activity of varied kinases and regulating transferrin trafficking and turnover 
(Sabbir, 2018, 2020). The cellular affiliation score to each gene in the gene lists that is shown in the right column was 
assigned according to prior criteria from Zhang et al. (2014). Abbreviations: NFO-MO = formed and myelinating 
oligodendrocytes, OPC: oligodendrocyte progenitor cells.  
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