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INTRODUCTION
The main focus of this thesis is the identification of the (altered) molecular mechanisms and 
biological processes that are involved in the etiology and treatment of Tourette’s disorder 
and obsessive-compulsive disorder. In the following section, a summary of the main 
epidemiological, genetic, and animal model-derived findings for these disorders will be 
presented. Subsequently, we will provide an overview of the aims and outline of the thesis.

Historical context
Gilles de la Tourette Syndrome (often shortened as Tourette syndrome (TS) or Tourette’s 
disorder (TD), which is currently the used term) was first described in 1825 by the French 
physician Jean-Marc Gaspard Itard [1]. However, the disorder was later named after Georges 
Gilles de la Tourette, who in 1885 described nine patients suffering from what he called 
‘maladie des tics’ at the time [2]. The word ‘tic’ has probably an onomatopoeic origin and 
was used to convey the idea of repetition, as in ‘ticktack’. Its derivatives are present in many 
languages, e.g., German: zucken, ziehen, zugen, tucken, ticken, tick; English: tug, tick; Italian: 
ticchio; Spanish: tico, French: tique, ticq, tic. Tics are not exclusive to the human species. 
In fact, the term was initially applied to animals and appears to come from veterinary 
medicine, where it was used to describe horses’ sudden movements and eructated sounds, 
as reported by Jean Jourdin in 1655 [3].

The first description of obsessive-compulsive disorder (OCD) in the psychiatric literature 
dates to 1838, when Jean-Étienne Esquirol described OCD symptoms as a monomania 
that could be attributed to a disordered intellect or will. Several concepts have been later 
proposed to understand obsessions and compulsions, describing OCD as, e.g., impulsive 
insanity (‘folie impulsive’), madness of doubt (‘folie du doute’), or disease of the emotions 
(‘delire emotif’). In 1877, Carl Westphal described OCD with the term ‘Zwangsvorstellun’, 
which gave rise to the currently used terminology. In the twentieth century, Pierre Janet 
and Sigmund Freud further conceptualized OCD. Freud described obsessional neurosis, in 
which OCD symptoms derive from a patient’s maladaptive response to unresolved conflicts 
between unacceptable unconscious impulses and the requirements of conscience and 
reality [4-6].

Current definitions and classifications of TD and OCD
Since the original descriptions, the phenotypic definitions of TD and OCD have changed. At 
present, TD and OCD are described and classified by the two major diagnostic classification 
systems used in clinical practice: the Diagnostic and Statistical Manual of Mental Disorders, 
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Fifth Edition (DSM-5), published in 2013 by the American Psychiatric Association (APA) [7] 
and the International Classification of Diseases and Related Health Problems, Eleventh 
Revision (ICD-11), developed by the World Health Organization (WHO) [8]. Both systems 
are descriptive in nature and diagnoses are based on patient’s behavior and reports of their 
subjective experiences (observable signs and self-reported symptoms), and there are no 
definitive biomarkers or diagnostic tests that can aid in this essentially clinical diagnosis. The 
DSM-5 diagnostic criteria for TD and OCD are presented in Table 1. TD, along with other tic 
disorders, is classified as a motor disorder in the chapter on neurodevelopmental disorders 
in the DSM-5 and as a movement disorder in the chapter on diseases of the nervous system 
in the ICD-11. Until recently, OCD was classified as an anxiety disorder, but it now has its own 
separate diagnostic category in both the DSM-5 and ICD-11. This new section, ‘Obsessive-
Compulsive and Related Disorders (OCRDs)’ includes OCD as well as body dysmorphic 
disorder, skin picking disorder, trichotillomania, and hoarding disorder. To address the close 
relationship between OCD and TD and its clinical implications, the DSM-5 diagnosis of OCD 
added a ‘tic-related’ specifier to denote individuals with a current or past tic disorder, and 
ICD-11 cross-listed TD in the OCRDs. 

TABLE  1. The DSM-5 diagnostic criteria for TD and OCD 
DSM-5 Diagnostic criteria for Tourette’s Disorder
Note: A tic is a sudden, rapid, recurrent, nonrhythmic motor movement or vocalization.
A. Both multiple motor and one or more vocal tics have been present at some time during the 

illness, although not necessarily concurrently.
B. The tics may wax and wane in frequency but have persisted for more than 1 year since

first tic onset.
C. Onset is before age 18 years.
D. The disturbance is not attributable to the physiological effects of a substance (e.g., cocaine) or 

another medical condition (e.g., Huntington’s disease, postviral encephalitis).
DSM-5 Diagnostic criteria for Persistent (Chronic) Motor or Vocal Tic Disorder
A. Single or multiple motor or vocal tics have been present during the illness, but not both

motor and vocal.
B. The tics may wax and wane in frequency but have persisted for more than 1 year since

first tic onset.
C. Onset is before age 18 years.
D. The disturbance is not attributable to the physiological effects of a substance (e.g., cocaine)

or another medical condition (e.g., Huntington’s disease, postviral encephalitis).
E. Criteria have never been met for Tourette’s disorder.

Specify if:
With motor tics only
With vocal tics only
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TABLE 1. Continued

DSM-5 Diagnostic criteria for Provisional Tic Disorder
A. Single or multiple motor and/or vocal tics.
B. The tics have been present for less than 1 year since first tic onset.
C. Onset is before age 18 years.
D. The disturbance is not attributable to the physiological effects of a substance (e.g., cocaine)

or another medical condition (e.g., Huntington’s disease, postviral encephalitis).
E. Criteria have never been met for Tourette’s disorder or persistent (chronic) motor or

vocal tic disorder.
DSM-5 Diagnostic criteria for obsessive-compulsive disorder
A. Presence of obsessions, compulsions, or both:

Obsessions are defined by (1) and (2):
1. Recurrent and persistent thoughts, urges, or images that are experienced, at some

time during the disturbance, as intrusive and unwanted, and that in most individuals
cause marked anxiety or distress.

2. The individual attempts to ignore or suppress such thoughts, urges, or images, or to
neutralize them with some other thought or action (i.e., by performing a compulsion).
Compulsions are defined by (1) and (2):

1. Repetitive behaviors (e.g., hand washing, ordering, checking) or mental acts (e.g.,
praying, counting, repeating words silently) that the individual feels driven to perform
in response to an obsession or according to rules that must be applied rigidly.

2. The behaviors or mental acts are aimed at preventing or reducing anxiety or distress,
or preventing some dreaded event or situation; however, these behaviors or
mental acts are not connected in a realistic way with what they are designed to neutralize
or prevent, or are clearly excessive.
Note: Young children may not be able to articulate the aims of these behaviors or
mental acts.

B. The obsessions or compulsions are time-consuming (e.g., take more than 1 hour per
day) or cause clinically significant distress or impairment in social, occupational, or
other important areas of functioning.

C. The obsessive-compulsive symptoms are not attributable to the physiological effects
of a substance (e.g., a drug of abuse, a medication) or another medical condition.

D. The disturbance is not better explained by the symptoms of another mental disorder
(e.g., excessive worries, as in generalized anxiety disorder; preoccupation with appearance,
as in body dysmorphic disorder; difficulty discarding or parting with possessions,
as in hoarding disorder; hair pulling, as in trichotillomania [hair-pulling disorder];
skin picking, as in excoriation [skin-picking] disorder; stereotypies, as in stereotypic
movement disorder; ritualized eating behavior, as in eating disorders; preoccupation
with substances or gambling, as in substance-related and addictive disorders; preoccupation
with having an illness, as in illness anxiety disorder; sexual urges or fantasies,
as in paraphilic disorders; impulses, as in disruptive, impulse-control, and conduct disorders;
guilty ruminations, as in major depressive disorder; thought insertion or delusional
preoccupations, as in schizophrenia spectrum and other psychotic disorders; or
repetitive patterns of behavior, as in autism spectrum disorder).
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TABLE 1. Continued

Specify if:
With good or fair insight: The individual recognizes that obsessive-compulsive disorder
beliefs are definitely or probably not true or that they may or may not be true.
With poor insight: The individual thinks obsessive-compulsive disorder beliefs are
probably true.
With absent insight/delusional beliefs: The individual is completely convinced that
obsessive-compulsive disorder beliefs are true.
Specify if:
Tic-related: The individual has a current or past history of a tic disorder

Epidemiology and clinical characteristics 
TD
Once regarded as a rare and bizarre curiosity, TD is now recognized to be a relatively 
common disorder, affecting 0.3% to 1% of the pediatric population and up to 0.05% of 
the adult population [9-12]. Although tics can occasionally occur in every individual, their 
persistent and pervasive manifestations are classified as tic disorders, with TD representing 
the most severe end of the spectrum (Table 1). The broader group of ‘tic disorders’ – 
including persistent (chronic) motor or vocal tic disorders and provisional tic disorder – has 
an estimated prevalence of 5% [13], and these broadly defined tic disorders are found across 
most ethnic groups worldwide and are more common in males than females (3-4:1) [14]. 

Tics, the cardinal feature of TD, are sudden, rapid, recurrent, nonrhythmic motor 
movements (motor tics) or vocalizations (vocal tics) that typically mimic fragments of normal 
behavior [7,14]. They usually begin around the age of 4-6 as simple motor movements (e.g., 
eye blinking, nose twitching) and progress with time in a rostro-caudal direction. Motor 
tics generally precede vocal tics, which typically begin as simple vocalizations (e.g., throat 
clearing, sniffing). With increasing age, both motor and vocal tics become more complex 
(e.g., gestures, words, or phrases) and reach their peak severity around 10-12 years of age 
[15]. Tics occur in bouts and wax and wane in severity, intensity, and frequency, with a 
substantial reduction in severity during adolescence and early adulthood, although a 
small percentage of adult individuals will have persistently severe or worsening symptoms 
[14,16]. Although the most publicly recognized features of TD are coprophenomena, i.e., 
expression of socially inappropriate verbal words (coprolalia) or gestures (copropraxia), 
coprophenomena are present in only about 20% of TD patients [17]. 

Tics are typically preceded by ‘sensory phenomena’, which include premonitory urges 
(PUs), ‘just right’ phenomena and somatic hypersensitivity. Although they are not diagnostic 
criteria for TD, these symptoms help to distinguish tics and TD from other movement 
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disorders, such as stereotypies, dystonia, and tremor, in which they do not occur. PUs 
can be described as uncomfortable feelings of tightness, itching or tickling (similar to the 
need to sneeze or scratch) experienced at the site where a tic is about to be executed or 
as a generalized inner tension. They can be viewed as the driving force of tics, building up 
before and subsiding after the execution of tics [18]. Thus, although previously described as 
involuntary or unvoluntary, tics are often experienced as voluntary and intentional responses 
to uncontrollable/unwanted PUs [19-21]. PUs are more often proceeding complex tics than 
simple tics and the awareness of PUs increases over time and is present in the majority 
of adolescents with TD [22]. Moreover, TD patients may also feel the need to perform 
a tic in a specific way or repeat it until they look, feel or sound ‘just right’ [23]. Tics are 
also temporarily suppressible, i.e., they can be delayed and camouflaged, but often with 
rebound afterwards. The ability to suppress/control tics increases with age, and PUs are not 
a prerequisite for the ability to suppress tics [24,25].

OCD
OCD is estimated to affect approximately 1-3% of the general population [26-28]. The age 
at onset of OCD is bimodal, peaking in late childhood or early adolescence and again in 
early adulthood [29,30]. OCD is more common among males in childhood, whereas an 
equal or a greater proportion of females are affected by OCD in adolescence and adulthood. 
The majority of patients experience a gradual onset and a chronic and waxing and waning 
course, with fluctuations often related to the occurrence of stressful life events [31]. OCD 
is responsible for a diminished quality of life and a substantial socio-economic burden for 
affected individuals, their relatives, and caregivers [32]. Despite this severe impairment and 
burden of OCD, it often goes unrecognized and undertreated or even untreated. 

Defining features of OCD include the presence of obsessions or compulsions that 
are associated with clinically significant distress or functional impairment (Table 1). This is 
important given that intrusive thoughts and repetitive behaviors are experienced by nearly 
everyone (in the population), and these rituals are a part of normal development [33]. In 
this respect, obsessive-compulsive symptoms (OCS) in the population occur along a severity 
continuum, ranging from nonclinical through subclinical and clinical symptoms [34]. Subclinical 
OCS are much more prevalent (up to 28.2%) and may be a precursor to the development 
of the disorder [31,35,36]. Moreover, up to 60% of individuals with OCD experience sensory 
phenomena, which are defined as subjective experiences that precede compulsions and can 
include physical sensations, ‘just right’ sensations, and feelings of incompleteness [37,38]. 

Although considered as a unitary entity by the diagnostic system, OCD is very 
heterogeneous, in that two patients with this diagnosis may have distinct, nonoverlapping 
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symptom profiles. As the identification of more homogeneous subtypes of OCD patients 
is essential for the search of etiological factors and more effective treatment strategies, 
various potentially (more) homogeneous subtypes of OCD have been proposed, including, 
amongst others, those based on symptom dimensions [39,40], comorbidities, such as tic-
related OCD [41,42], age of onset (e.g., early onset OCD) [43,44], and Pediatric Autoimmune 
Neuropsychiatric Disorders Associated with Streptococcal infections (PANDAS) (see below).

OCD symptom dimensions
Obsessive-compulsive symptoms (OCS) are thematically heterogeneous and reflect an 
individual’s idiosyncratic concerns. Nonetheless, as shown by numerous structural (factor-
analytic) studies, particular obsessions and compulsions often co-occur in OCD patients and 
can be summarized by using a few consistent and temporally stable symptom dimensions, 
including cleaning (contamination obsessions and washing/cleaning compulsions), symmetry 
(symmetry obsessions and repeating, ordering, and counting compulsions), forbidden or 
taboo thoughts (e.g., aggressive, sexual, or religious obsessions and related compulsions), 
and harm (e.g., fears of harm to oneself or others and checking compulsions) [39]. These 
symptom dimensions occur across different cultures [45] and are associated with different 
patterns of comorbidity and various genetic, neuroimaging and treatment response-related 
variables. Importantly, symptom dimensions may coexist in a patient, are continuous with 
‘normal’ OCS observed in the general population and extend beyond traditional nosological 
boundaries of OCD [39]. As suggested for psychiatric nosology in general [46], a dimensional 
approach allows for reconciliation between a ‘lumping’ perspective – in which all symptom 
dimensions are manifestations of a single broad disorder (i.e., OCD) – and a ‘splitting’ 
perspective – where each symptom dimension is a separate entity. These views are not 
incompatible, as both common and distinct etiologic factors may exist within the broad OCD 
phenotype [39]. Preliminary evidence supporting the validity of these dimensions comes 
from genetic, neuroimaging, and treatment response studies, as described further below. 

TD and OCD: phenomenological similarities and distinctions
Although classified as separate disorders, TD and OCD share common characteristics [47]. 
Both TD and OCD have a childhood onset, a chronic waxing and waning course, and share 
similar clinical presentations, including sensory phenomena, repetitive behaviors, and 
impairment in behavioral inhibition [47-50]. Both disorders are also responsive to similar 
aggravating (e.g., stress, fatigue, physical illness) and attenuating factors (e.g., focusing 
attention on specific physical or mental activities) [14]. Similar environmental risk factors, 
such as pre- and perinatal complications/factors (e.g., infections, gestational smoking) or 
acute or chronic stress, may contribute to the development of OCD and TD, but most of 
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the studies assessing this subject are based on retrospective self-reports, limiting causal 
inference. Moreover, these associations may reflect specific maternal environmental and/
or genetic influences [51-53].

PANDAS 
Unusually abrupt, dramatic onset of OCD and tics in children has been associated with 
(repeated) infections with group A beta-hemolytic Streptococcus (GAS) bacteria and 
postinfectious autoimmune mechanisms. This condition was initially termed ‘Pediatric 
Autoimmune Neuropsychiatric Disorders Associated with Streptococcal infections (PANDAS) 
[54], and recently has been broadened to ‘Pediatric Autoimmune Neuropsychiatric 
Syndrome’ (PANS), emphasizing that the illness may start with infectious triggers other 
than streptococcal bacteria [55,56]. The proposed definition criteria for PANDAS are: (1) 
prepubertal onset, (2) the presence of chronic tic disorders and/or OCD, (3) a relapsing-
remitting time course, (4) clinical evidence of GAS infection associated with onset or 
exacerbation of tics, (5) association with neurological abnormalities such as a reduced motor 
coordination or motor hyperactivity (but not chorea). Despite the potential role attributed 
to streptococcal infections in modulating OCD and TD symptoms, the precise relationship 
between such infections, antineuronal antibodies, and TD and OCD remains elusive. In this 
respect, a very recent study suggested a role of familial factors (e.g., genetic pleiotropy) in 
susceptibility to both infections (prenatal maternal infections and early-childhood infections 
in the offspring) and OCD and/or TD/tic disorders, in that compromised (innate and 
adaptive) immunity could result in increased susceptibility to infections and autoimmune 
diseases, which in turn may compromise the host protection to pathogens (e.g., in PANDAS) 
and result in physiological conditions [53].

TD and OCD comorbidity
Most patients with TD do not have ‘pure TD’ (tics only) but present with additional psychiatric 
comorbidities, colloquially referred to as ‘TD-plus’, with OCD and attention-deficit/
hyperactivity disorder (ADHD) being the most common. These comorbidities are often more 
distressing than the tics themselves, they contribute substantially to the reduction in quality 
of life and are often the primary reason for seeking treatment. The rates of OCD in TD subjects 
vary from 40% to 60%, whereas OCS may also be present in up to 90% of TD subjects, adding 
significantly to the clinical burden of TD. Conversely, the rates range from 7% of TD in OCD 
patients to 53% of tics in OCD patients [14,57]. In DSM-5, a ‘tic-related’ specifier is added to 
the OCD diagnosis to denote these individuals (Table 1). When comorbidity does occur, the 
clinical presentation may be somewhat different from either OCD or TD symptoms alone. 
Patients with OCD with tics tend to differ from those without a history of tic disorders: 
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they have earlier age of OCD onset [58-60], are more likely males [44,61-63], have higher 
rates of symmetry and sexual/aggressive obsessions [41,63,64] and sensory phenomena 
preceding the compulsions [61,65], have a higher number of psychiatric comorbidities [66] 
– in particular ADHD and autism spectrum disorders (ASDs) [64] – and a greater likelihood 
of family members also having OCD. Conversely, compared with individuals with tic-related 
OCD, individuals with non-tic-related OCD had higher rates of comorbid anxiety disorders 
and mood disorders [50,64]. As for preceding sensory phenomena, a ‘just right’ perception 
is an important feature of tic-related OCD and then relates to a mental phenomenon 
(e.g., a want), whereas a typical PU involves a bodily sensation (e.g., an itch). In addition, 
TD symptoms may resemble OCD rituals and it may be often challenging to differentiate 
compulsions from complex motor tics (especially ‘tic-like’ compulsions such as touching, 
tapping, or rubbing), as the goal of both TD symptoms and OCD rituals is the same, i.e., 
to produce relief. However, the nature of the subjective experience that precedes them 
is typically different, i.e., compulsions are triggered by obsessions, whereas tics function 
as the physical response to reduce sensory urges and somatic tension [49,50]. Given the 
abovementioned similarities and differences between TD and OCD and the fact that the 
diagnosis of these disorders is based solely on behavioral features, the boundaries between 
the disorders and the boundaries between TD/OCD and normal variation are often arbitrary. 

Etiology 
TD and OCD are recognized as complex multifactorial disorders, i.e., influenced by the 
combination of multiple genetic and environmental factors. As with most complex 
(neuropsychiatric) disorders, the causes and pathophysiological mechanisms that lead to TD 
and OCD are not well understood. That being said, the frequently observed comorbidity of 
TD and OCD suggests that these disorders may share some etiological factors. In addition, 
characterizing the relationship between genetic variation and susceptibility to TD/OCD helps 
in identifying the biological processes that, when altered contribute to disease pathogenesis 
and providing clues towards novel strategies for prevention and treatment.

Genetics
Family and twin studies clearly demonstrate that there is a considerable genetic component 
to both TD/tic disorders and OCD/OCS. Traditional genetic studies have utilized a hypothesis-
driven candidate gene approach, i.e., specific genes were chosen to study further based on 
the putative biological mechanisms involved in and drug targets of existing medications. 
However, with advances in genomic technology and bioinformatics, the use of genome-
wide association studies (GWASs) has significantly increased in the past decade, enabling 
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the detailed and unbiased investigation of previously unexplored genetic regions that may 
be of great importance in the etiology of TD and OCD.

TD 
Twin studies have shown substantially higher concordance rates of TD in monozygotic 
twins (MZ, 53-56% for TD and 77-94% for tics) as compared to dizygotic twins (DZ, 8% for 
TD and 23% for tics), implying that there is a strong genetic component to TD [67,68]. In 
addition, family studies have shown that TD aggregates (or clusters) in families and the 
risk of TD/tic disorders increases proportionally to the degree of genetic relatedness to 
the affected individual and is significantly higher among biological relatives of individuals 
with tic disorders than in relatives of unaffected controls [69-71]. There is a TD recurrence 
risk of about 30% in first-degree relatives, and this is higher for males than females [72]. 
Moreover, a polygenic risk score (PRS) derived from a TD GWAS predicted the presence of 
tics in a population-based cohort, explaining 0.48% of the phenotypic population variance 
in tics [73]. All these findings support the hypothesis that chronic tics and TD are genetically 
related and fall along a continuum and not into the distinct categories that are implied by 
the current diagnostic criteria [69]. 

With a population-based heritability estimate of 77 % [71] and SNP-based heritability 
estimates ranging from 21 to 58 % [74,75], TD is one of the most heritable neuropsychiatric 
conditions. Because of the high heritability of TD, many studies have been conducted to 
identify the genetic factors contributing to the disorder. However, so far, the identification of 
definitive TD risk genes with major effects has been hindered by small genetic study cohorts 
and associated limited statistical power. In short, candidate gene studies have focused on genes 
encoding proteins of the neurotranmitter pathways that were thought to be implicated in 
the pathology and treatment of TD, especially genes/proteins from the dopaminergic (DRD2, 
MAOA, SLC6A3) and serotonergic systems (HTR2C, SLC6A4, TPH2) (reviewed in [76]). Moreover, 
hypothesis-free studies implicated potential susceptibility genes, including a gene from the SLIT 
and NTRK family of proteins (SLITRK1) [77] and the gene encoding l-histidine decarboxylase 
(HDC), the rate-limiting enzyme in histamine biosynthesis [78], although defects/variants in 
these genes may only account for a small fraction of TD cases. Subsequent genetic analyses 
have also implicated disruption of HDC [79] or of histaminergic signaling in general [80] in TD 
beyond the index family. In this respect, TD seems to be highly polygenic, with a contribution 
from both multiple common risk variants, each with small individual effect, and a few rare 
variants with moderate or large effects to disease etiology. Regarding common variation, two 
genome-wide association studies (GWASs) have been published to date [74,81]. Although no 
genome-wide significant hits that survive replication analyses were found, further analyses have 
indicated an enriched expression of TD GWAS-implicated genes in tissues within the cortico-
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striatal circuits, and particularly, the dorsolateral prefrontal cortex, as well as an enrichment of 
proteins encoded by TD GWAS genes in processes such as ligand-gated ion channel signaling, 
lymphocytic processes, and cell adhesion and trans-synaptic signaling processes. A recent study 
in a large, densely affected British pedigree found that contribution to TD risk in this family 
comes from multiple common risk variants rather than one or a few variants of strong effect, 
highlighting the importance of common genetic variation in TD etiology [82]. 

As for rare genetic variants contributing to TD, there is now evidence for likely gene-
disrupting mutations or copy number variants (CNVs) in several genes. Two rare CNVs 
(deletions in NRXN1, which encodes neurexin 1, and duplications in CNTN6, which encodes 
contactin 6) have been identified as significant genetic risk factors for TD [83]. The implication 
of NRXN1 deletions confirmed two earlier studies [84,85]. In addition, one of these studies 
also identified recurrent exon-affecting microdeletions in the gene encoding arylacetamide 
deacetylase (AADAC) [85], which was later confirmed in a large meta-analysis of TD patients 
and controls from six European countries [86]. In studies of de novo coding (and rare) single 
nucleotide variants (SNVs) and indels, Wang et al. [87] observed an overrepresentation of de 
novo damaging variants in simplex families (i.e., without a family history of a tic disorder), 
but not in multiplex families, and they identified six probable risk genes, including CELSR3 
and WWC1, which have roles in establishing cell polarity. 

OCD
Family and twin studies provided strong evidence for a substantial genetic contribution to OCD 
and OCS risk. Higher rates of OCD and OCS (4-20-fold increased risk) were observed in family 
members of individuals with OCD compared to family members of unaffected controls [88,89]. 
Much higher concordance rates of OCD symptoms were also observed among monozygotic 
twins compared to dizygotic twins. Heritability estimates for OCD from twin studies are 
somewhat lower than for TD (0.29 to 0.58), [90,91], with the childhood-onset form of OCD 
consistently being reported to have a higher heritability than the adult-onset form [92]. 

Numerous candidate gene studies have been reported for OCD but failed to provide 
reproducible results [93]. Most of these studies have examined genes related to serotoninergic, 
dopaminergic, and glutamatergic pathways, which represent neurotransmitters that 
are thought to be most involved in the pathophysiology and treatment of OCD [94,95]. 
A potential role for variants in genes from the serotonergic (HTTLPR and HTR2A) and 
catecholaminergic (COMT, in males only) systems have been reported [96,97]. Further, 
several variants influencing expression of SLC1A1 – which encodes for neuronal glutamate 
transporter EAAT3 – have been associated with OCD [93,98]. Other putative OCD genes, 
such as SAPAP3 and SLITRK5, have been identified through studies in animal models of OCD-
like behaviors (e.g., excessive self-grooming) [99]. 
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Furthermore, evidence suggests that OCD is influenced by several genes of small 
effect, which collectively affect the risk for developing obsessions and compulsions. So far, 
two GWASs have been performed [100,101]. These studies did not identify single nucleotide 
polymorphisms (SNPs) associated with OCD at genome-wide significance level, nor did a 
meta-analysis of the two studies [102], although top SNPs were found near or within 
glutamatergic signaling-related genes (GRID2 and DLGAP1). In addition, studies of CNVs 
found a 3.3-fold increased burden of large deletions at 16p13.11 that were (also) associated 
with other neurodevelopmental disorders in patients with OCD [103]. Lastly, in 2016, the 
then available genetic data for OCD were integrated into a so-called ‘molecular landscape’ 
that implicated central nervous system (CNS) insulin signaling modulating synaptic functions 
as one of the core biological mechanisms underlying the disorder [104]. 

OCS symptoms and dimensions
Similar to OCD, twin studies indicate that OCS in the general population are heritable, with 
genetic factors accounting for 36-42% of its phenotypic variance [105,106]. Similarly, SNP-
based heritability estimates of OCS in population-based samples were found to be lower 
than the estimates derived from twin and family studies as well as SNP-based heritability 
estimates for OCD and ranged from 6.8 to 14% [105,107]. Furthermore, OCD and OCS 
share some genetic risk factors, although the proportion of phenotypic variance explained 
between OCD and OCS is small, with PRS analyses reporting that PRS derived from OCD 
case/control GWASs explained between 0.2% and 0.57% of the phenotypic variance in 
population-based OCS [105,107].

Shared genetic basis of TD and OCD 
High rates of comorbidity between TD and OCD lend support to the hypothesis of a (partially) 
shared genetic susceptibility between the disorders. Indeed, multiple studies have indicated 
that TD/tic disorders and OCD are genetically related [108-110], with both shared and distinct 
genetic risk factors for each disorder. Two studies used GWAS data to examine the unique 
and shared components of heritability for TD and OCD [75,111]. Davis et al. [75] observed a 
significant proportion of shared heritability between the two disorders (r = 0.41), although 
the overall genetic architecture was different. Yu et al. [111] used PRS to identify differences 
between the polygenic risk burden for OCD with or without co-occurring TD and chronic 
tic disorder. While OCD polygenic risk scores predicted OCD case status when examined in 
cases without co-occurring TD or chronic tic disorder, these risk scores were less strongly 
associated with case status among individuals with OCD plus co-occurring tic disorders. 
Similarly, individuals with ‘pure TD’ were shown to have no family history of OCD, altogether 
indicating the presence of distinct genetic components to TD and OCD [112]. That being said, 
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a large-scale cross-disorder study using GWAS data from different neurological and psychiatric 
disorders demonstrated that a significant proportion of TD polygenic heritability is shared 
with OCD (0.7) and that TD and OCD have also distinct correlations with other psychiatric 
disorders, e.g., OCD was found to have a considerable shared genetic risk with anorexia 
nervosa, bipolar disorder, and schizophrenia, and TD showed genetic overlap with ADHD, 
major depressive disorder, and migraine with aura [113,114]. The most recent cross-disorder 
study reported 11 previously unidentified regions that are likely associated with TD, ADHD, 
and ASDs, as well as two separate pleiotropic regions that are associated with both TD and 
OCD, indicating that the genetic etiology that is shared between TD and OCD may differ from 
that shared between TD, ADHD and ASDs [115]. Furthermore, tic-related OCD was found 
to be a particularly familial subtype of OCD: the risk of OCD in relatives of individuals with 
tic-related OCD is considerably greater than the risk of OCD in relatives of individuals with 
non-tic-related OCD [60]. In addition, a family study reported that certain OCS – aggressive/
sexual/religious obsessions and checking compulsions and symmetry/ordering symptoms – 
were significantly correlated in sibling pairs concordant for TD [116]. A more recent study 
identified two OCD factors (symmetry/exactness and fear-of-harm) that were clinically and 
genetically related to TD [117]. The symmetry/exactness factor replicates and expands on 
earlier work in this sample that also found a relationship between symmetry symptoms and 
tics [118,119] and is in line with the DSM-5 classification system that recognizes a specific 
tic-related subtype of OCD. Aggressive urges were also found to be associated with TD, OCD, 
and ADHD. Furthermore, Wang et al. observed a significant overlap between TD and OCD for 
de novo damaging sequence variants, even when restricting their analysis to TD probands 
without comorbid OCD, (again) suggesting that TD and OCD share a subset of genetic risk loci 
[87]. Lastly, a genome-wide study of large, rare genomic duplications and deletions in TD and 
OCD identified recurrent 16p13.11 deletions in individuals with TD, TD plus OCD, and OCD 
alone, suggesting that this locus could contribute to both phenotypes [103]. 

In summary, TD and OCD have a highly complex and heterogenous genetic architecture, 
with both common and rare variants contributing to their etiologies. In addition, there are 
both overlapping and distinct susceptibility genes for TD and OCD – which to some extent 
also reflects the clinical similarities and differences between both disorders/population 
traits – but further research is needed to elucidate the shared and distinct genes (and hence 
molecular mechanisms) for the disorders.

Pathophysiology and neurobiology of TD and OCD
The considerable overlap between TD and OCD in terms of clinical phenomenology, 
epidemiology and genetics points towards possible common neurobiological mechanisms 
associated with both disorders. At this point, we have limited understanding of the 
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pathophysiology underlying TD and OCD. Nevertheless, converging evidence (from 
neurophysiological, brain imaging, and postmortem studies) suggests that dysregulation 
of the cortico-striatal-thalamo-cortical (CSTC) circuitry and its integrated neurotransmitter 
systems is central to the pathogenesis of TD and OCD [120,121]. CSTC circuits are involved 
in emotional processing, cognitive control, and motor functioning and consist of multiple 
parallel, interconnected loops that project information from cortical areas to the striatum 
(caudate, putamen, nucleus accumbens), and back to the cortex via the thalamus. 
Specifically, glutamatergic pyramidal cortical neurons project onto striatal subnuclei, from 
where GABAergic neurons project to basal ganglia and the thalamus throughout both direct 
and indirect pathways. In turn, the thalamus sends recurrent projections back to cortical 
areas [122].

Currently, the complex phenotype of both disorders is thought to be associated with 
structural and functional abnormalities in all three major CSTC circuits: (i) the sensorimotor/ 
habitual behavioral circuit (from the supplemental motor area/primary motor cortex to the 
putamen) involved in motor control and habit learning, (ii) the associative/goal-directed 
circuit (from the ventromedial prefrontal cortex to the caudate), and (iii) the limbic/ emotion-
related circuit (from the anterior cingulate cortex (ACC), medial orbitofrontal cortex (OFC), 
as well as hippocampus and amygdala to the ventral striatum) [123,124]. In each disorder, 
different loops seem to be primarily involved, e.g., TD was found to be associated with an 
imbalance in the sensorimotor circuits [125,126] and OCD with changes/hyperactivity in 
the OFC/ACC limbic loops [127,128]. However, the complex phenotype in both disorders is 
more likely to be associated with an interplay between disturbed sensorimotor, associative, 
and limbic circuits [129,130]. For instance, in TD, structural changes in the motor cortex 
were related to simple motor tics, while changes in associative loops to complex tics and 
disturbances in limbic loops were associated with OCS [47]. As for the neuroanatomical 
areas that are most affected, OCD patients with symmetry/ordering symptoms were more 
similar to TD and have more sensorimotor involvement whereas in OCD patients with 
contamination/cleaning symptoms, limbic pathways were more prominent [131]. In addition, 
recent studies have implicated regions outside the CSTC circuitry, e.g., an involvement of the 
insula and somatosensory cortices in PUs present in TD [132] and an involvement of the 
cerebellum in OCD [133,134]. Lastly, numerous neurotransmitters, including acetylcholine, 
dopamine, gamma-aminobutyric acid (GABA), glutamate, norepinephrine, serotonin, and 
opiates, are involved in the transmission of messages through CSTC circuits, and each of 
these has been proposed to be involved in the pathophysiology of TD and OCD [14,135].

Two studies focused on postmortem brain tissue from TD patients have investigated 
alterations in neuronal cell populations in the disorder and reported a decrease in GABAergic 
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and cholinergic interneurons in the striatum [136,137]. In line with this, a transcriptome 
study of postmortem brain tissue from TD patients found reduced expression of multiple 
genes, including those that are preferentially expressed in striatal interneurons [138]. 
Few postmortem studies of patients with OCD have been published. A recent study found 
evidence of molecular abnormalities in brain regions consistently implicated in OCD human 
imaging studies (e.g., OFC and striatum) [139]. The authors of this study also found lower 
excitatory synaptic gene expression in the OFC of OCD patients compared with unaffected 
controls. 

In summary, the precise anatomical site(s) and primary underlying neurotransmitter 
abnormalities for TD and OCD remain undetermined. Some hypotheses favour a specific 
abnormality of the cortex or striatum, while others recognize influences from the thalamus 
or cerebellum or prefer alterations in the interactions within and between the CSTC circuits 
[140] as the main pathophysiological mechanisms involved. Moreover, the observed 
neurobiological alternations could indicate either a pathological state (i.e., a consequence 
of having symptoms and/or efforts to suppress these symptoms) or could be related to an 
intrinsic genetic vulnerability to the disorders.

Treatment of TD and OCD
TD and OCD may be managed behaviorally, pharmacologically, or surgically, all of which aim 
at ameliorating symptoms. Behavioral therapies are recommended first-line treatments for 
both OCD/OCS and TD/tics.

TD
The treatment of TD begins with an assessment of tic frequency and severity (often with 
the Yale Global Tic Severity Scale (YGTSS) [141]) and the presence of comorbid conditions. 
Psychoeducation of patients, parents, and teachers is important, especially for children, 
to improve acceptance and reduce stigma, and is usually sufficient for patients with mild 
tics. When treatment is needed, the first-line options are (cognitive) behavioral therapies 
directed at improving the ability to voluntarily suppress tics, including exposure and response 
prevention (ERP), habit reversal therapy (HRT), or comprehensive behavioral interventions 
for tics (CBIT) [142,143]. Pharmacological treatment is the second-line option and involves 
use of alpha-2 adrenergic agonists (clonidine and guanfacine), dopamine receptor blockers 
(typical and atypical neuroleptics, such as pimozide and aripiprazole), benzamides (sulpiride 
and tiapride), and GABAergic medications (baclofen, topiramate). When tics affect few 
muscles or muscle groups, botulinum toxin injections may be considered [144]. In case 
of refractory, severe, or injurious tics, deep brain stimulation is an emerging option, 
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most frequently targeting the centromedian thalamus, the globus pallidus (internus and 
externus), the subthalamic nucleus, and the ventral striatum/ventral capsule of the nucleus 
accumbens [142]. There is also some promising evidence regarding the use of cannabis-
based medication and Chinese herbal medicines to treat TD [145,146]. 

OCD
First-line treatments for OCD include cognitive–behavioral therapy (CBT) that involves 
exposure and response prevention (ERP), and pharmacotherapy with selective serotonin 
reuptake inhibitors (SSRIs), and both were shown to bring at least partial symptom reduction 
and improve the quality of life [147]. Insufficient response to CBT or SSRI monotherapy 
(observed in about 30 - 50% of OCD patients) can be further addressed by combinatorial/
adjunctive therapy with different agents, e.g., pharmacological SSRI augmentation with 
the use of neuroleptics (either typical or atypical), clomipramine (a serotonin-selective 
tricyclic antidepressant), and glutamatergic agents, e.g., riluzole [148,149], memantine 
[150], ketamine [33,151]. Neuromodulation treatments, including both noninvasive 
(e.g., transcranial direct current stimulation (tDCS) and repetitive transcranial magnetic 
stimulation (rTMS)) and invasive procedures (neurosurgical interventions – either ablative 
approaches or deep brain stimulation (DBS)) are (only) considered in highly refractory and 
severe cases. The main DBS targets include the anterior limb of the internal capsule, nucleus 
accumbens and/or the subthalamic nucleus [152].

While some studies suggest that patients with OCD and comorbid tics may not respond 
optimally to SSRIs [153,154], it has been consistently shown that patients with OCD, with 
and without comorbid tics, respond equally well to cognitive behavioral therapy [153,155]. 
Another treatment option for OCD patients with comorbid tics is neuroleptic augmentation. 
Lastly, treatment strategies for PANDAS include antibiotics and immunomodulatory 
therapies, such as intravenous immunoglobulin (IVIG), as well as standard therapies (i.e., 
ERP, SSRIs) [156].

Animal models of TD and OCD
Modeling of human neuropsychiatric disorders in animals is challenging, given the complex 
and subjective nature of the (human) symptoms as well as the lack of biomarkers and 
objective diagnostic tests for these disorders [157]. Nevertheless, animal models play an 
important role in increasing our understanding of disease pathophysiology, identifying 
novel therapeutic targets, as well as testing experimental treatments and characterizing 
the mechanism by which these treatments exert their beneficial influences [158-160]. 
In general, animal models are constructed to fulfill at least one of the following criteria: 
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construct validity (the model is developed according to a rationale matching the etiological 
hypothesis), face validity (the model presents symptoms similar to those of human patients), 
and predictive validity (the treatment response in the animal model is very similar to the 
treatment response in patients) [157,161]. Because of the genetic relationships between 
TD and OCD and the overlapping phenomenology of the disorders, both clinically and (even 
more so) in the evaluation of animal models, we describe a number of animal models below. 

TD
The abovementioned and other findings from genetic studies in TD led to the development 
of genetic animal models, e.g., knockout (KO) mice of Slitrk1 [162], Hdc [163], the dopamine 
transporter gene (Slc6a3) [164], and the dopamine receptor 3 gene (Drd3) [165], although all 
these models lack the spontaneous ‘ticking’ phenotype that is characteristic for TD, as in these 
models, tics are induced by stress and/or amphetamine injections. Meeting the face validity 
criterion in TD animal models is challenging due to the complexity of the TD phenotype, 
positioning TD at the crossroads of movement disorders (based on the existence of motor 
tics) and psychiatric disorders (based on PUs and comorbid symptoms). In addition, animal 
models of tics (described in the literature as tic-like movements, repetitive movements, 
stereotypies, abnormal involuntary movements such as dyskinesia and dystonia) include 
those obtained through the systemic or focal administration of active substances, e.g., 
striatal injections of the GABAergic antagonist bicuculline [166] or systemic administration 
of hallucinogens acting on serotonin receptors (e.g., DOI (1-)2,5-dimethoxy-4-iodophenyl-
2-aminopropane) [167], or through a genetic approach, e.g., the D1CT-7 transgenic mouse 
[168]. The D1CT-7 transgenic mouse is the first model to show face validity for tics and feature 
also common TD-related phenotypes such as OCD-like behaviors and PPI deficits [169]. The 
above being said, addressing the psychiatric component of TD is more complicated, as PUs 
cannot be directly assessed in animals. However, some associated deficits can be tested 
and may serve as useful proxies. PUs are hypothesized to reflect deficits in sensorimotor 
gating that can be measured in both rodents and humans with the experimental paradigm 
of pre-pulse inhibition (PPI) of the startle response [170]. PPI describes the phenomenon 
in which a weak initial stimulus (the prepulse) reduces the startle response that is elicited 
by a subsequent stronger stimulus (the pulse). A deficient PPI has been documented in TD, 
OCD, and in other neuropsychiatric disorders [171,172]. Animal models of PPI abnormalities 
include rats treated with dopaminergic agonists [173] or hallucinogens (PPI in mice and 
rats is impaired by direct or indirect DA agonists, which can exacerbate tics). In this thesis, 
we used the well-established unilaterally lesioned 6-hydroxydopamine (6-OHDA) adult rat 
model used in Levodopa-induced dyskinesia research in juvenile rats to generate insights 
into the molecular mechanisms underlying tics during development. 
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In addition to genetic factors, environmental factors play a role in the onset and severity 
of TD and its comorbidities, including infections and stress, and these have been addressed 
through immune-mediated rodent models, including exposure to autoantibodies, e.g., 
induced by injection of TD sera in rat striatum [174] or immunogenic microbial components, 
such as group A beta-hemolytic streptococcus (GAS) bacteria, i.e., the PANDAS mouse 
model [175,176]. This PANDAS model is aimed at recapitulating three features of the human 
disease: the presence of serum IgGs directed against S. pyogenes (i.e., humoral response to 
immunization), regions of the CNS where IgGs (autoantibodies) cross the blood brain barrier 
and recognize cognate antigens such as dopamine receptors, and behavioral anomalies such 
as motor coordination deficits, tics and compulsive/stereotypical/exploratory/aggressive 
behaviors, and social deficits. 

Considerable debate continues regarding the (face) validity of most existing animal 
models of tics, given the inability to assess animals for premonitory sensations and tic 
suppression, which are crucial for distinguishing tics from other repetitive movements, such 
as stereotypies or myoclonus [14]. 

OCD
Modeling OCD presents with even more difficulties with face, predictive, and construct 
validity than modeling TD [159]. Nevertheless, several genetic, pharmacological, and 
behavioral models have emerged. Animal models of OCD are focused on the presence 
of behavioral compulsivity, intended as the performance of repetitive, and perseverating 
actions and stereotypies [177]. The glutamatergic hypothesis of OCD finds a strong 
support in animal models. In mice lacking the AMPA receptor trafficking protein Sapap3, 
glutamatergic signaling dysfunction is accompanied by compulsive grooming behavior 
[178,179]. In addition, astrocyte-specific glutamate transporter (Slc1a2) KO mice exhibit a 
range of OCD/TD-like behaviors, with marked increased self-injurious grooming behavior 
[180]. Lastly, transmembrane protein Slitrk5 KO mice [181] and Slc1a1 overexpressing mice 
[182] show OCD-like behavioral abnormalities that seem to be associated with a deficient 
cortico-striatal neurotransmission. 

AIMS AND OUTLINE OF THE THESIS
Although considerable progress has been made in understanding the etiology, pathophysiology 
and treatment of TD and OCD since their first descriptions, much remains to be learned. 
Therefore, in this thesis, we conducted human and animal model studies to increase our 
knowledge on the biological processes and molecular mechanisms implicated in both 
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disorders and their treatments. Specifically, we used self-generated and publicly available 
high-throughput data at different molecular, omics levels, such as genomic, transcriptomic 
and metabolomic data, and deployed several methods to analyze these data, including gene 
enrichment analyses and shared genetic etiology analyses based on polygenic risk scores (PRS).

The two specific aims of the thesis are: 
(i) to identify molecular mechanisms underlying TD- and OCD-related behaviors 

and the beneficial effects of their treatments using brain transcriptomics data from two 
intervention-based rodent models of these disorders; (ii) to provide insights into molecular 
processes underlying TD and OCD and/or related symptoms through analyses and integration 
of results from multiple types of omics data from human studies.

In Chapter 2, we investigated the molecular mechanisms underlying the PANDAS-like 
behaviors in mice elicited by repeated Group A streptococcus (GAS) infections from late infancy 
to adulthood and the modulatory role of neonatal corticosterone administration – mimicking 
chronic stress – through enrichment analyses of transcriptomic data from striatal brain tissue.

In Chapter 3, we used a similar approach to investigate the molecular mechanisms 
underlying Levodopa-induced abnormal involuntary movements (dyskinesia) in unilaterally 
lesioned 6-hydroxydopamine juvenile rats and the modulatory, beneficial role of Riluzole 
through enrichment analyses of transcriptomic data from the striatal brain tissue.

In Chapter 4, based on the available human omics data, we compiled a list of TD 
candidate genes, and we subsequently conducted enrichment analyses of this list. Using 
genomic data, we also investigated genetic sharing between TD and blood and cerebrospinal 
fluid metabolite levels using PRS-based analyses. Lastly, we integrated the results from 
our analyses with literature data on the interactions between the TD candidate genes and 
metabolites to build a molecular landscape of TD that also suggests potential drug targets.

In Chapter 5, we built on previous studies that identified genetic sharing between 
clinical OCD and obsessive-compulsive symptoms (OCS) in the population and implicated 
altered central nervous system (CNS) insulin signaling as a molecular mechanism involved in 
OCD etiology. To this end, we conducted PRS-based analyses to assess the extent of genetic 
overlap between OCD, OCS in the population and (peripheral) insulin-related traits, and we 
assessed the enrichment of CNS insulin signaling-related genes in genetic data for OCS.

In Chapter 6, I summarized and discussed the main findings from this thesis and 
provided suggestions for future research.
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ABSTRACT 
Increased glucocorticoid concentrations have been shown to favor resilience towards 
autoimmune phenomena. Here, we addressed whether experimentally induced elevations in 
circulating glucocorticoids mitigate the abnormalities exhibited by an experimental model of 
Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcus (PANDAS). 
This is a pathogenic hypothesis linking repeated exposures to Group-A-beta-hemolytic 
streptococcus (GAS), autoantibodies targeting selected brain nuclei and neurobehavioral 
abnormalities. To persistently elevate glucocorticoid concentrations, we supplemented 
lactating SJL/J mice with corticosterone (CORT; 80 mg/L) in the drinking water. Starting in 
adolescence (postnatal day 28), developing offspring were exposed to four injections – 
at bi-weekly intervals – of a GAS homogenate and tested for behavioral, immunological, 
neurochemical and molecular alterations. GAS mice showed increased perseverative 
behavior, impaired sensorimotor gating, reduced reactivity to a serotonergic agonist and 
inflammatory infiltrates in the anterior diencephalon. Neonatal CORT persistently increased 
circulating glucocorticoids concentrations and counteracted these alterations. Additionally, 
neonatal CORT increased peripheral and CNS concentrations of the anti-inflammatory 
cytokine IL-9. Further, upstream regulator analysis of differentially expressed genes in the 
striatum showed that the regulatory effect of estradiol is inhibited in GAS-treated mice and 
activated in GAS-treated mice exposed to CORT. These data support the hypothesis that 
elevations in glucocorticoids may promote central immunomodulatory processes. 
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INTRODUCTION
Neonatal experiences persistently adjust individual adaptation towards future challenges [1]. 
While adverse events may relate to an increased risk of pathology [2], stimulating neonatal 
conditions may favor resilience towards future environmental insults [3]. Although these 
considerations originally pertained to emotional [4] and cognitive [5] domains, they have been 
recently extended to the immune system. For example, Bakker and collaborators [6] observed 
that neonatal dexamethasone administration – exerting a long-term reduction of corticosterone 
reactivity – increased individual susceptibility to an experimental autoimmune disease in rats. 
Meagher et al. [7] reported that brief (15-min/day) and long (180-min/day) maternal separations 
during the first two weeks of life increased vulnerability to acute Theiler’s virus infection [7]. 
Importantly, also in this study, exposure to neonatal stressors resulted in a blunted activity 
of the hypothalamic-pituitary-adrenocortical (HPA) axis. These data support the hypothesis 
that experimental interventions capable of reducing corticosterone reactivity to stressors 
may potentiate autoimmune responses [8]. Likewise, experimentally-induced increases in 
corticosterone reactivity have been reported to favor resilience towards autoimmunity in 
experimental allergic encephalomyelitis (EAE). Specifically, Levine and collaborators exemplified 
the bimodal regulatory role of corticosteroids on individual reactivity to autoimmunity by 
showing that stress suppresses [9] and adrenalectomy potentiates [10] vulnerability to EAE. 

Epidemiological, clinical and preclinical data support the notion that autoimmune phenomena 
constitute a vulnerability factor in the onset of psychiatric disturbances. Swedo and colleagues 
coined the acronym PANDAS (Pediatric Autoimmune Neuropsychiatric Disorders Associated with 
Streptococcus) to define a series of motor disturbances in which repeated exposures to bacterial 
(Group-A β-Hemolytic Streptococcus, GAS) infections are causally linked to symptoms [11]. Besides 
its pediatric onset, the defining criteria of PANDAS include the temporal proximity of neurological 
disturbances and GAS infections, recurrent abnormal behaviors, and remitting-relapsing presence 
of obsessive-compulsive symptoms and/or tics [11]. A proof of principle of these pathological 
sequelae has been obtained through several independent preclinical studies [12-14]. Hoffman 
et al. observed that repeated exposures to GAS homogenate resulted in locomotor alterations 
associated with increased IgG antibody deposits in deep cerebellar nuclei. We recently reported 
that in the long term, an analogous treatment resulted in increased repetitive behaviors, impaired 
sensorimotor gating, and inflammatory processes in the rostral diencephalon [14]. Tourette’s 
Syndrome (TS) and obsessive-compulsive disorder (OCD) have been proposed to constitute 
instances of PANDAS: while several studies reported the presence of elevated concentrations 
of anti-streptococcal antibody titers in TS patients [15], Orlovska et al. [16] demonstrated that 
streptococcal infections relate to an increased risk of OCD in a Danish nationwide study. Both TS 
and OCD have been associated with alterations at the level of the basal ganglia [17]. 
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Here, we addressed through a longitudinal study (see Figure 1 for the study outline) 
conducted in mice whether neonatal stress may modulate individual susceptibility to PANDAS 
[14]. We thus tested the prediction that neonatal CORT administration – mimicking sustained 
chronic stress – mitigates behavioral, immunological and neurochemical abnormalities in SJL 
mice repeatedly exposed to GAS between late infancy and adulthood. To elucidate the molecular 
mechanisms underlying the observed phenotypic alterations, we performed RNA sequencing of 
the striatum, the main component of the basal ganglia that is typically affected in PANDAS [17].

FIGURE 1. Experimental design: Timing of the neonatal treatment and of the injections, expressed in 
weeks, and the experimental procedures performed with two different and independent batches of mice. 
After corticosterone administration during the neonatal phase (postnatal days, PND, 1-10), mice received 
5 injections of GAS homogenate or Phosphate Buffer Saline (PBS), formulated with the indicated adjuvants 
(CFA = Complete Freund’s adjuvant; IFA = Incomplete Freund’s adjuvant). At sacrifice, we collected: in Batch 
I, plasma samples for antibody and cytokine determination and brain samples for immunohistochemistry; 
in Batch II, we collected brain areas for monoamine determinations and RNA sequencing.

RESULTS
Physiological indicators of the efficacy of experimental treatments
Neonatal CORT administration increases circulating CORT concentrations in the short- and 
long-term.
Hair CORT concentrations at weaning were significantly elevated in CORT offspring 
compared to WATER controls (neonatal treatment: F(1,21) = 4,839, p�= 0,0392, see Figure 
2a). An analogous increment in CORT concentrations was also observed in adulthood (see 
Figure 2b), irrespective of GAS administration, when we evaluated serum basal CORT 
concentrations (neonatal treatment: F(1,32) = 4,611, p�= 0,0394, see Figure 2b).
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Repeated GAS exposures elicit the production of anti-GAS antibodies
Western Blot analyses demonstrate that sera from GAS-treated mice recognized specific 
GAS proteins and suggest that CORT administration did not influence this response (see 
Figure 2c). 

FIGURE 2. (a) Hair corticosterone (CORT) concentrations measured at weaning in control (WATER) and 
CORT-treated subjects (n=11 per group); (b) Plasma CORT concentrations measured at sacrifice (i.e., 
two weeks after the fifth GAS injection; n=8-12 per group): log-transformed data were used for the 
statistical analysis; actual concentration data are reported for the sake of clarity. CORT-treated subjects 
showed increased concentrations of CORT both in the short- (weaning) and long-term (adulthood). * p 
< 0,05 compared to respective WATER controls; (c) Western Blot analysis of GAS extracts probed with 
pooled sera from mice treated with GAS homogenates or adjuvant alone as Control, neonatal CORT 
and GAS homogenates or neonatal CORT and adjuvant. Lane 1, Western Blot results after probing 
with sera of control mice injected with four doses of adjuvant alone; lane 2, Western Blot results 
after probing with sera of mice injected with four doses of GAS homogenates; lane 3, Western Blot 
results after probing with sera of mice injected with four doses of neonatal CORT and adjuvant; lane 
4, Western Blot results after probing with sera of mice injected with four doses of neonatal CORT and 
GAS homogenates. Lanes have been cropped from different parts of the same gel (see Supplementary 
Figure 2).

Behavioral testing 
Neonatal CORT administration compensates for the PANDAS-like behavioral abnormalities 
induced by repeated GAS exposures
In the absence of major effects of experimental treatments on anxiety-related behaviors, 
general locomotion, and motor coordination (see Supplementary Results and Supplementary 
Table 1 for details), repeated GAS exposures exerted long-term effects in PANDAS-relevant 
phenotypes. Additionally, precocious exposure to CORT hampered the onset of most of 
these alterations. 

To evaluate the functionality of the serotonergic system, we assessed the behavioral 
response to a pharmacological challenge with the 5-HT2a agonist DOI after the fifth GAS 
injection (week 13). As expected, administration of DOI resulted in the appearance of head 
twitch� in all experimental subjects. While neither neonatal CORT administration nor GAS 
exposure per�se�apparently influenced duration (neonatal treatment: F(1,33) = 0,469,�p�= 
0,4981; PBS/GAS treatment: F(1,33) = 0,027, p�= 0,8699), and frequency (neonatal treatment, 
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F(1,30) = 0,606, p = 0,4424; PBS/GAS treatment, F(1,30) = 1,304, p�= 0,2626) of head�twitch, 
individual response to DOI varied depending on early CORT administration and PBS/GAS 
treatment (head�twitch duration, neonatal treatment x PBS/GAS treatment: F(1,33) = 5,237, 
p� = 0,0287; head� twitch frequency, neonatal treatment x PBS/GAS treatment: F(1,30) = 
5,311, p�= 0,0283). Specifically, WATER-GAS mice exhibited reduced head�twitch�compared 
to WATER-PBS. Furthermore, neonatal CORT administration reduced individual reactivity to 
DOI in PBS mice. Finally, in accordance with our predictions, neonatal CORT administration 
prevented the effects of GAS administration (p < 0,05 in post hoc tests, see Figure 3a). 

Sensory integration deficits contribute to the PANDAS phenotype. We thus measured 
sensorimotor gating through PPI after the second (week 7) and fourth injection (week 11). 
As expected, all subjects showed intact PPI (reduced startle reflex in reaction to prepulse 
plus pulse trials than pulse alone trials). In accordance with previous evidence indicating that 
few GAS exposures are insufficient to induce a pathological phenotype, following the second 
injection, the percentage of inhibition did not vary among groups (neonatal treatment: F(1,31) 
= 2,116, p�= 0,1559; PBS/GAS treatment: F(1,31) = 0,061, p�= 0,8061; neonatal treatment x 
PBS/GAS treatment, F(1,31) = 0,611, p�= 0,4405). Following the fourth injection, while neither 
neonatal CORT administration nor GAS exposure per�se�apparently influenced PPI (neonatal 
treatment: F(1,34) = 0,596,� p�= 0,4454; PBS/GAS treatment: F(1,34) = 0,208, p�= 0,6512), 
individual responses varied depending on the interaction between early CORT administration 
and PBS/GAS treatment (neonatal treatment x PBS/GAS treatment: F(1,34) = 13,256, p� = 
0,0009). As expected, GAS administration resulted in impaired PPI in subjects precociously 
exposed to water. Neonatal CORT administration, which per� se impaired PPI in PBS mice, 
prevented the effect of GAS administration (p < 0,05 in post-hoc tests, see Figure 3b).

Finally, to test whether GAS exposures and CORT administration influenced the 
exhibition of perseverative behavior, we conducted the T-Maze test after the fourth 
injection (week 11). On average, experimental subjects showed spontaneous alternations, 
a natural tendency to alternate between the two arms of the apparatus (95% CI 57.15 to 
80.35). Such natural tendency, considered an inverse index of perseveration, is variable 
among experimental conditions. In particular, while mice exposed to CORT showed 
spontaneous alternations (95% CI 63.90 to 76.53) mice exposed to GAS treatment did not 
show spontaneous alternation since their preference score did not differ from chance level 
(95% CI 46.27 to 65.95, see Figure 3c). Conversely, neonatal corticosterone administration 
mitigated the consequences of GAS treatment whereby CORT-GAS subjects showed a 
percentage of spontaneous alternations higher than chance level (95% CI 50.82 to 71.12, 
see Figure 3c). Additionally, GAS treatment significantly reduced the percentage of 
spontaneous alternations compared to WATER-PBS individuals (F(1,34) = 9,074, p�= 0,0049, 
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see Supplementary Figure 3). With respect to neonatal treatment and its interaction with 
GAS administration, we did not observe significant differences (neonatal treatment: F(1,34) 
= 0,003, p�= 0,9559; neonatal treatment x PBS/GAS treatment: F(1,34) = 1, 163, p�= 0,2884). 

FIGURE 3. (a) Behavioral response (head twitch) to challenge with DOI (5 mg/kg, i.p., week 13, fifth 
injection) during a single 10-min session. Data are expressed as mean+SEM (n=8-12 per group); (b) 
Sensorimotor gating measured through PPI (week 11, fourth injection). Average inhibition of the startle 
reflex to a 120-dB stimulus following the presentation of a pre-pulse of 67, 70, 73, and 76dB. Values 
are expressed as mean percentage PPI (%PPI)+SEM (n=8-12 per group); (c) Perseverative behavior in a 
T-maze (week 11, fourth injection) measured as the percentage of spontaneous alternations (circular 
symbol) with 95% CI (whiskers). The dashed lines represent chance level; a CI intersecting the dashed 
line indicates that percentage of alternations was not statistically different from chance. 

Immune activation in response to experimental treatments
We first analyzed whether GAS exposure resulted in inflammatory processes in the brain 
and then whether CORT compensated for them. In accordance with our predictions, while 
GAS injections resulted in visible inflammatory infiltrates in adult subjects, neonatal CORT 
exposure remarkably mitigated this effect (Figure 4). While CORT-PBS mice and WATER-GAS 
mice were characterized by the presence of inflammation (Figure 4B and 4C respectively), 
WATER-PBS mice and CORT-GAS mice did not show inflammatory infiltrates (Figure 
4A and 4D respectively). Furthermore, the diffused microglial activity observed in the 
mesencephalon of WATER-GAS mice (Figure 4G) was remarkably reduced in CORT-GAS mice 
(Figure 4H), and CORT-PBS mice (Figure 4F), while was absent in CORT-PBS mice (Figure 4E). 
When we analyzed cytokine activation in the plasma (see Supplementary Table 3 for data on 
cytokine concentrations), we observed that, in the absence of effects due to GAS exposure, 
CORT administration resulted in remarkable increases of IL-9, IL-17, MCP-1, and MIP-1beta 
(see Supplementary Table 3 for details). We therefore evaluated whether inflammatory 
infiltrates were positive for IL-9, a factor indicative of inflammatory processes. Accordingly, 
we observed a considerable number of IL-9+ cells in the inflammatory infiltrates of CORT-
GAS (Figure 4I,L) but not of CORT-PBS mice.
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FIGURE 4. Neuropathology assessment of microglia activity in mice brains. H&E staining shows the 
presence of inflammatory infiltrates in the white matter of the rostral diencephalon of a representative 
CORT-PBS mouse (B) and a WATER-GAS mouse (C) not detected in WATER-PBS mice (A) and CORT-GAS 
mice (D). The presence of Iba1+ microglia activity – diffusely present in WATER-GAS mice (G) – was 
rarely observed in CORT-PBS mice (F) and CORT-GAS mice (H), and was mainly detected associated with 
small, periventricular inflammatory infiltrates. Iba1+ microglia activity was not detected in WATER-PBS 
mice (E). A considerable number of IL-9+ cells were observed in the inflammatory infiltrates persisting 
in different regions of the brains of CORT-GAS mice (I and L). The arrow in H indicates the area Ion 
serial brain sections where increased density of IL-9+ cells was detected. (Original magnification: 5x 
(B, D), 10x (A,C,E,F,G,L), 20x (H, I).

Monoamine measurements
Concentrations of serotonin, dopamine, their metabolites and respective turnovers are 
reported in Supplementary Table 2. In the absence of differences in hippocampus and 
prefrontal cortex, experimental treatments modulated monoamine concentrations in 
striatum and hypothalamus. Both CORT and GAS reduced striatal concentrations of DOPAC 
(neonatal treatment: F(1,17) = 12,073, p�= 0,0029; PBS/GAS treatment: F(1,17) = 4,456, p�= 
0,0499) and 5HIAA (neonatal treatment: F(1,17) = 9,370, p�= 0,0071; PBS/GAS treatment: 
F(1,17) = 6,068, p�= 0,0247). Furthermore, neonatal CORT administration reduced absolute 
concentrations of 5-HT in striatum, although this effect was limited to PBS subjects 
(neonatal treatment: F(1,17) = 7,239, p�= 0,0155, p�< 0,05 in post-hoc tests). With respect 
to hypothalamus, GAS administration increased dopamine concentrations only in mice 
precociously exposed to water and not to CORT (neonatal treatment x PBS/GAS treatment: 
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F(1,20) = 8,394, p� = 0,0089; p < 0,05 in post-hoc tests). Furthermore, CORT treatment 
significantly reduced dopamine turnover (neonatal treatment: F(1,20) = 5,184, p = 0,0339; 
WATER-PBS = 1,03 ± 0,17, WATER-GAS = 0,63 ± 0,04, CORT-PBS = 0,62 ± 0,03, CORT-GAS 
= 0,69 ± 0,08) and serotonin turnover (neonatal treatment: F(1,20) = 6,399, p = 0,0199; 
WATER-PBS = 0,85 ± 0,05, WATER-GAS = 0,68 ± 0,06, CORT-PBS = 0,64 ± 0,03, CORT-GAS = 
0,69 ± 0,07) in the hypothalamus. Both treatments did not affect dopamine and serotonin 
turnover in striatum, prefrontal cortex and hippocampus (see Supplementary Table 2 for 
details). 

RNA sequencing and upstream regulator analysis
To unravel the molecular mechanisms potentially involved in GAS-mediated effects and 
CORT-dependent compensatory influences, we performed RNA sequencing and upstream 
regulator analysis. All data are reported in Supplementary Table 4 (see Supplementary Results 
and Supplementary Figure 1 for a Venn diagram illustrating the unique and overlapping 
differentially expressed genes for all comparisons). In Table 1, for the sake of clarity, we only 
refer to the genes that were differentially expressed between WATER-GAS vs WATER-PBS 
and CORT-GAS vs WATER-GAS. In the Supplementary Results, we have provided a detailed 
and referenced description of our results. Below we give a more succinct overview of the 
most important findings and how they could be tentatively interpreted.

We observed that the regulatory effect of (beta-)estradiol is predicted to be inhibited 
in GAS mice and activated in CORT-GAS mice. Thus, while inhibition of estradiol-dependent 
regulation may be linked to the GAS-dependent impairments, its activation in CORT-GAS 
subjects may contribute to the mitigating effects of CORT. In this respect, the effects of 
dihydrotestosterone – a metabolite that is converted from testosterone by 5α-reductase – 
and fibroblast growth factor 2 (FGF2) – which has a positive effect on motor function and is 
upregulated by estradiol and CORT – were also predicted to be inhibited in WATER-GAS mice. 
Further, estradiol activates the HPA-axis, resulting in increased CORT production, reinforcing 
the observed beneficial effect of CORT on GAS-induced behavior. Estradiol also regulates the 
immune response through modulating the immunologic potency of IgG antibodies that are 
formed against bacteria such as GAS. In PANDAS, it is thought that IgG antibodies produced 
in response to GAS cross the blood brain barrier and are aimed at specific neuronal proteins 
in the basal ganglia, including receptors for the neurotransmitter dopamine (DA), which 
is converted from its precursor L-dopa. In this respect, it is interesting that our findings 
indicate that signaling dependent on both DA and L-dopa is dysregulated in CORT-exposed 
GAS mice. Furthermore, IgG-dependent regulation is predicted to be inhibited in CORT-
exposed GAS mice and both estradiol and CORT increase the striatal release of DA, which 
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further implies that increased estradiol signaling mediates the beneficial effect of CORT 
on GAS-induced behavior through both attenuating the IgG response and increasing DA-
dependent regulation.

In addition to estradiol, signaling involving two extracellular hormones – i.e., luteinizing 
hormone (LH) and leptin (LEP) – is modulated by exposing GAS mice to CORT. LH is secreted 
by the pituitary gland and activates the production of sex hormones, including estradiol 
and testosterone. Interestingly, estradiol upregulates LH expression while its secretion is 
decreased by dihydrotestosterone, DA and interleukin-2 (IL-2). IL-2 is a pro-inflammatory 
cytokine that activates the immune response, is downregulated by beta-estradiol and 
increased in expression following IgG-mediated GAS infection. As LH-dependent regulation 
is predicited to be activated in CORT-exposed GAS mice while regulation downstream of 
IL-2 is presumably inhibited in these animals, it follows that CORT attenuates the immune 
response by promoting and counteracting signaling downstream of LH and IL-2, respectively. 
LEP, a hormone with multiple functions including appetite regulation, is predicted to be 
inhibited in CORT-treated GAS mice, which fits with the finding that CORT downregulates LEP 
expression. Further, dihydrotestosterone and beta-estradiol upregulate and downregulate 
LEP expression, respectively. In addition, LEP inhibits the release of DA, which fits with the 
finding that in CORT-treated GAS mice, the effect of LEP is inhibited while DA-dependent 
signaling is activated. Interestingly, LEP also plays a pro-inflammatory role through increasing 
IL-2 production, which suggests that the anti-inflammatory effect of CORT on GAS mice 
could be mediated at least in part by inhibiting LEP-dependent regulation.

Lastly, our findings point towards two proteins that represent potential targets for 
developing novel treatments of PANDAS, i.e., IKBKB and TREM1. IKKbeta (IKBKB) is a 
cytoplasmic kinase that is predicted to be inhibited in CORT-exposed GAS mice and activates 
NF-kappaB, a pro-inflammatory transcription factor that is an important regulator of 
innate immunity. Furthermore, both glucocorticoids such as CORT and estradiol negatively 
regulate the activity of IKBKB. In addition, IKBKB upregulates IL-2 expression. Moreover, 
the transmembrane protein TREM-1 is a receptor for GAS and positively mediates the GAS-
induced inflammatory response, which fits with our finding that CORT exposure leads to an 
inhibition of TREM-1-dependent regulation in GAS mice. Given the findings for IKBKB and 
TREM1, we would offer that drugs inhibiting or reducing the function of both proteins could 
be further developed as novel PANDAS treatments (see below). 
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TABLE 1. Upstream regulator analysis – using Ingenuity – of the mRNAs that were differentially 
expressed in GAS-treated mice compared to controls (WATER-GAS vs WATER-PBS) (1) and in GAS-
treated mice neonatally exposed to CORT compared to GAS-treated mice (CORT-GAS vs water-GAS) 
(2). All upstream regulators are listed with a z-score ≤ - 1.50 or ≥ 1.50 or (see Supplementary Methods), 
indicating that they are inhibited or activated, respectively. The upstream regulators that could be 
linked to streptococcal/GAS infection, CORT exposure and/or OCD/tic disorders are indicated in bold. 
For each regulator, the downstream target genes are listed.
Upstream Regulator WATER-GAS vs 

WATER-PBS (1)
CORT-GAS vs 

WATER-GAS (2)
Target genes

Chemicals - endogenous mammalian
beta-estradiol -1.97 2.47 (1): Btg2,�Cbl,�Cshl1,�Enpp2,�Fos,�Inpp5j,�Sdc3,�

Sema3b,�Srd5a1,�Tnnt3; 
(2): Adm,�Bcat1,�Bmp2,�Calb1,�Ccng1,�Cdkn2b,�
Chgb,�Ctps1,�Dlg2,�Fgf9,�Fmo1,�Fnbp1,�Fzd2,�Gab2,�
Gsk3b,�Hsd17b12,�Ier2,�Insl3,�Lhcgr,�Lmcd1,�Mapt,�
Mpz,�Myh3,�Nedd4l,�Nkx2-1,�Notch3,�Pak5,�Pdap1,�
Pitpna,�Ptgds,�Pttg1,�Pxdn,�Pycr1,�Pygl,�Qsox1,�
Rapgef6,�Slc38a2,�Smad3,�Snap25,�Sstr4,�Tgfb3,�
Thrsp,�Timp3,�Tpo,�Trib1,�Vav3,�Zyx

butyric acid – 2.16 Calb1,�Ccng1,�Col5a2,�Gli3,�Ly6e,�Myh3,�Nfatc4,�
Oas2,�Ptgds,�Pygl,�Serpine1,�Timp3,�Uqcrq

dihydrotestosterone -1.95 – Btg2,�Elovl7,�Fos,�Sdc3,�Slc7a7,�Srd5a1
dopamine – 1.63 Adra2c,�Bcl2l2,�Gprc5b,�Ncf1,�Ppp2r2a,�Scn1b,�

Scn9a
L-dopa – -4.59 Adra2c,�Ajap1,�C1qtnf12,�C2cd2l,�Cbr3,�Cdc42ep2,�

Csmd3,�Cyld,�Dgki,�Dlg2,�Grid2,�Kcne5,�Klf16,�
Mpp6,�Nedd4l,�Per2,�Plekha2,�Ppp2r2a,�Ptprd,�
Rell1,�Reln,�Slc38a2,�Sorcs2,�Wdr17,�Zfhx3

oleic acid – -2.00 Ncf1,�Npc1l1,�Serpine1,�Thrsp
Complexes
IgG – -2.24 Adm,�Cdkn2b,�Csnk2b,�Ier2,�Serpine1
LH – 2.00 Actn1,�Btc,�Gprc5b,�Insl3,�Lhcgr,�Snap25,�Thbs2,�

Trib1
IL-2 – -1.76 Bmp2,�Card9,�Ccng1,�Ccr6,�Cmklr1,�Csf2rb,�Csrnp1,�

Ctps1,�Dapk2,�Gcnt1,�Ly6e,�Pus1,�Tnfrsf4
Enzymes  
CASZ1 – -1.96 Acan,�Myh3,�Nefl,�Tgfb3
EGLN1 – -1.98 Acan,�Adm,�Cdkn2b,�Tgfb3
TGM2 – 1.91 Acan,�Csrnp1,�Dapk2,�Ifit2,�Ly6e,�Mpp6,�Oas2
Growth Factors 
FGF2 -1.93 – Btg2,�Enpp2,�Fos,�Prkce,�Ptma�(Includes�Others)
INHBA – -2.34 Actn1,�Bmp2,�Calb1,�Cdkn2b,�Edar,�Lhcgr,�Nkx2-1,�

Pcdh9,�Serpine1,�Vav3
LEP – -2.16 Cps1,�Dffa,�Gsk3b,�Insl3,�Ncf1,�Per2,�Pln,�Rfx1,�

Serpine1,�Snap25,�Thrsp,�Timp3
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Upstream Regulator WATER-GAS vs 
WATER-PBS (1)

CORT-GAS vs 
WATER-GAS (2)

Target genes

Kinases
IKBKB – -1.98 Bmp2,�Cdh13,�Timp3,�Tnfrsf4
Transcription Regulators 
KMT2A – 2.00 Gcnt4,�Pigz,�Trib1,�Zmat4
NKX2-3 – -1.61 Adm,�Bmp2,�Cd34,�Cerk,�Cryab,�Csrnp1,�Ly6e,�

Srpx2,�Tmem158
TP53 – 2.11 Actn1,�Apbb2,�Ccng1,�Col5a2,�Col9a1,�Cryab,�

Csmd3,�Fmo1,�Gsk3b,�Hs3st1,�Kcng1,�Kifc1,�Me2,�
Nab1,�Ncf1,�Otx1,�P2rx4,�Ptgds,�Ptger1,�Pttg1,�
Serpine1,�Sirt6,�Tgfb3,�Thbs2,�Timp3,�Tmem151a,�
Zyx

TP63 – -1.78 Adm,�Bmp7,�Ccng1,�Cdkn2b,�Kcng1,�Notch3,�
Serpine1,�Smad3,�Smad4,�Tgfb3,�Timp3

Transmembrane Receptors 
TREM1 – -2.45 Cdkn2b,�Ifit2,�Nedd4l,�Nme7,�Rhou,�Tmem158

DISCUSSION
In accordance with our previous observations [14], while two streptococcal injections failed to 
induce substantial abnormalities, four or more exposures altered behavioral, neurochemical, 
and immuno-histological parameters analogous to those identified in PANDAS patients. 
Furthermore, as predicted [3], neonatal CORT administration compensated for most of 
the GAS-induced abnormalities. These effects co-occur with modifications in HPA activity, 
increased serum protein levels of IL-9 paralleled by IL-9+ microglia in the CNS, and changes 
in striatal gene expression. These results support the view that the HPA axis contributes to 
the regulation of immune responses ultimately modulating the severity of the abnormal 
phenotype. Lastly, the analysis of the differentially expressed genes in the striatum provides 
information regarding the potential molecular mechanisms associated with the pathogenic 
effects of repeated GAS exposures and the CORT-mediated compensatory role.

In line with the hypothesis that repeated GAS injections induce PANDAS-like behavioral 
abnormalities, GAS mice exhibited reduced sensorimotor gating and sensitivity to DOI and 
increased perseverative behavior. These phenotypes constitute the preclinical analog of two 
of the core symptoms observed in PANDAS: impaired sensory integration [18] and obsessive-
compulsive behaviors [11]. The possibility that a failure of sensory integration relates to OCD 
traits in children has already been discussed elsewhere [19]. The relevance of PPI within 
the field of PANDAS has been substantiated by anatomical and pharmacological evidence 

TABLE 1. Continued
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indicating that sensorimotor gating requires an intact cortico-striato-thalamo-cortical (CSTC) 
circuit, generally affected in PANDAS patients [20]. Additionally, while experimental lesions 
of the striatal circuit impair PPI in laboratory rodents [21], drugs acting on dopaminergic 
transmission modulate PPI in both rodents [22] and humans [23]. WATER-GAS mice also 
exhibited increased perseverative responding in a binary-choice test, in which rodents are 
requested to spontaneously alternate between two choices [24]. This natural tendency 
requires an intact prefrontal cortex and dorsal striatum [25]. Furthermore, dopaminergic 
[26] and serotonergic [27] drugs have been shown to modulate this capability. The altered 
integrity of the serotonergic system in WATER-GAS mice was supported by a reduced reactivity 
to the pharmacological challenge with DOI and further confirmed by significant reductions in 
5-HT and 5HIAA concentrations in the striatum. Moreover, in accordance with the hypothesis 
that anti-GAS antibodies result in central inflammatory processes [14,28], we detected 
inflammatory infiltrates and ramified microglia at the level of the rostral diencephalon in 
GAS mice, thus supporting a role for microglia in autoimmune basal ganglia disorders like TS, 
OCD and PANDAS in general [29]. One aspect that warrants consideration relates to the fact 
that our experiments have been conducted under animal facility rearing (AFR) conditions and 
not under specific pathogen free (SPF) conditions, which by definition guarantee a higher 
level of sterility. Therefore, since immune responses may vary depending on the pathogens 
encountered by the organism, we cannot exclude the possibility that our results may have 
been different had the experiments been conducted under SPF conditions. We speculate, 
however, that rather than devaluing our study, this factor may confer additional validity to 
our results. Specifically, the higher variability of pathogens, characteristic of AFR compared to 
SPF, is hypothesized to introduce an additional source of uncontrolled variation in the study. 
The observation of remarkable effects of GAS administration, despite the presence of such 
unavoidable bias, further strengthens our study whereby it indirectly suggests that the long-
term consequences of streptococcus administration are stronger than the background noise 
associated with AFR-related pathogens. Future studies are needed to clarify this aspect.

Predictably, neonatal CORT administration resulted in short- and long-term increases 
in basal concentrations of CORT in developing subjects [3]. In line with previous studies [30], 
CORT-PBS mice exhibited remarkably reduced striatal concentrations of DA, 5HT, DOPAC and 
5HIAA. Furthermore, neonatal corticosterone administration resulted, in the long-term, in 
reduced hypothalamic turnover of serotonin and dopamine. Alterations in brain monoamines 
and their turnover have already been reported in adult rodents exposed to different forms 
of neonatal stress [30]. Furthermore, several authors suggested that variations in brain 
monoamines in response to neonatal stressors may relate to deficits in prepulse inhibition 
[31]. Accordingly, monoamine results were functionally paralleled by behavioral alterations 
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in PPI and sensitivity to DOI. Lastly, neonatal CORT administration resulted in increased levels 
of interleukin 9 (IL-9), IL-17, MCP1, MIP-1beta and in the presence of inflammatory infiltrates. 
IL-9 is produced by activated Th2 lymphocytes and is active on various immune cells [32]. In 
addition to its effect on the immune system, IL-9 has been shown to regulate cell differentiation 
of a hippocampal progenitor cell line [33]. Therefore, it could be hypothesized that the 
increased IL-9 secretion detected in CORT-PBS mice may have a role in immune regulation 
[34]. Analogous considerations may be proposed for IL-17, produced by Th17 lymphocytes, 
and for which a role in autoimmune disturbances has been identified [35]. Finally, the 
CORT dependent elevation in MCP1 and MIP-1beta may have also partly contributed to the 
compensatory effects of neonatal corticosterone administration whereby these chemokines 
have been shown to play a role in experimental models of autoimmunity [36].

While both CORT and GAS exerted independent effects, the main finding of the present 
study resides in the modulatory role exerted by the former over the latter [9], whereby 
neonatal CORT mitigated the behavioral and immunohistochemical effects of GAS. The 
autoimmune hypothesis of PANDAS postulates that the behavioral alterations are secondary 
to inflammatory phenomena at the level of the rostral diencephalon. Accordingly, besides 
mitigating the behavioral alterations, neonatal CORT reduced the inflammatory infiltrates 
and ramified microglia observed in WATER-GAS mice. Furthermore, the rare inflammatory 
infiltrates detected in CORT-GAS subjects contained an elevated number of IL-9+ cells. We 
propose that the compensatory effects of CORT on CNS inflammatory phenomena are related 
to the organizational long-term increase in circulating corticosteroids [9]. Such increase may 
act through different pathways potentially inhibiting immune activation, thereby mitigating the 
consequences of autoimmune-regulated phenomena. Alternatively, increased corticosteroids 
may regulate the production of inflammatory cytokines which could, in turn, protect the 
CNS. Experimental data support the latter as all GAS-treated subjects produced similar anti-
GAS antibodies irrespective of glucocorticoid exposure. Therefore, we investigated whether 
CORT modulated the inflammatory intracerebral processes induced by repeated exposures to 
streptococcus. Immunological analyses performed in the serum showed that neonatal CORT 
increased concentrations of IL-9 in adulthood. These peripheral alterations were paralleled by 
IL-9+ cells with microglial morphology in the CNS. The latter may exert an anti-inflammatory role 
[34] and potentially hamper the consequences of GAS administration. This finding suggests that 
the CORT-mediated compensatory effects would be associated with the activation of cerebral 
innate immunity. While current data seem to suggest that the compensatory influences of 
CORT occur via the activation of cytokines, the possibility that CORT modulates the production 
of antibodies cannot be fully excluded based on the available data. Thus, although Western Blot 
data indicate that the antibody response observed in CORT-GAS mice was indistinguishable from 
that observed in GAS mice, we note that our measure was qualitative, and not quantitative, in 
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nature. Thus, we cannot exclude the possibility that a more detailed investigation shall identify 
minor between-group differences in antibody response to GAS administration. Quantitative 
investigations are needed to further clarify this aspect. 

The upstream regulator analysis of the differentially expressed genes provides insights into 
the putative molecular mechanisms underlying the phenotypic abnormalities observed in GAS 
mice and the compensatory role of neonatal CORT. Importantly, while GAS exposures inhibited 
the female sex hormone (beta)-estradiol-mediated regulation of gene expression, neonatal 
CORT compensated for this effect. The hypothesis that estradiol exerts a regulatory role is in line 
with literature showing that estradiol-deficient rodents show decreased PPI [37] and develop 
OCD-like behavioral abnormalities [38]. Additionally, lower estradiol levels have been shown to 
correlate with increased OCD symptoms in men and women [39]. Furthermore, estradiol has been 
reported to regulate the individual response to bacterial infections [40] through a modulation 
of IgG antibodies [41]. Individuals with tics and/or OCD also have elevated serum IgG against 
the human dopamine D1 receptor (D1R) [42]. In addition, while IgG has been shown to induce 
PANDAS symptoms in humans, its depletion from PANDAS patient sera alleviates the symptoms 
[13]. Thus, the inhibitory effect exerted by CORT on IgG-regulated gene expression in GAS mice 
may partly contribute to its compensatory role. Lastly, in males, estradiol is produced through 
the conversion of the male sex hormone testosterone, which, in turn, is indirectly regulated 
by CORT [43]. An involvement of testosterone metabolism in regulating the consequences of 
GAS infection is further suggested by our finding that the effects of the testosterone metabolite 
dihydrotestosterone on gene expression are inhibited in WATER-GAS mice.

Furthermore, we found that CORT negatively regulates effect on gene expression 
mediated by Leptin (LEP), a hormone and growth factor that exerts a proinflammatory role 
through increasing IL-2 production by T-lymphocytes [44]. Hence, the anti-inflammatory 
effect of CORT could be mediated in part by an inhibition of LEP-dependent regulation. 
Moreover, the effect of IKKbeta (IKBKB), a kinase activating the proinflammatory transcription 
factor NF-kappaB (NF-kB), was predicted to be inhibited in CORT-GAS mice. IKBKB has been 
proposed to mediate GAS infections and the exhibition of OCD-like symptoms. Accordingly, 
inactivation of Ikbkb in mice has been shown to reduce GAS infections [45] and normalize 
OCD-like behavior [46]. Lastly, CORT-GAS mice were predicted to have a reduced activation 
of gene expression regulated by TREM1, a receptor for GAS directly involved in inflammatory 
responses [47]. TREM1 has also been tested and confirmed as a drug target in the 
treatment of GAS-induced [48] and other immunity-related disorders [49]. Further, it was 
demonstrated that CORT treatment significantly decreased the plasma expression levels of 
TREM-1 in febrile patients with autoimmune disease [50]. Thus, IKBKB and TREM1 represent 
interesting potential targets for future studies aimed at developing novel interventions to 
treat PANDAS, in that novel drugs could be developed that negatively regulate both targets. 
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In conclusion, this study provides a proof of principle of the hypothesis that HPA functionality 
modulates the individual response to autoimmune phenomena (Figure 5). Furthermore, 
we identified a potential link between neonatal experiences and the underlying molecular 
mechanisms that are involved in alleviating the PANDAS-related pathological phenotype. 

FIGURE 5. Schematic recapitulating the main topics addressed in the current study: etiological 
hypothesis (a), modulatory role of neonatal corticosterone administration (b), and potential molecular 
mechanisms involved (c). Specifically, in panel (a) we exemplified the etiological hypothesis linking 
streptococcal immunizations, antibody response and behavioral abnormalities. In panel (b) we 
sketched a candidate mechanism through which neonatal corticosterone may mitigate the PANDAS-
like neurobehavioral abnormalities. In (c) we visually represented the main findings from the upstream 
regulator analysis. The predicted effects of GAS and CORT+GAS are shown for signaling involving 
estradiol and the other signaling molecules from the analyses that are regulated by estradiol. 
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MATERIALS AND METHODS
Animals and rearing
All animal experiments have been performed at ISS in compliance with the European 
Directive 2010/63/UE and Italian Legislative Decree 26/14 on laboratory animal protection 
and experimentation, and authorized by the Italian Ministry of Health (Decree Nr. 217/2010-
B). Thirty-six female and 18 male SJL/J young adult mice, postnatal day (PND) 56 on the day of 
arrival, were purchased from Charles River, Italy (Calco, Lecco, Italy). Four days after arrival, 
female mice were removed from their cages and housed with a male (two females per cage). 
After 10 days of mating, male mice were removed, dams for which mating was determined 
(N=22) were housed individually in standard type-1 polycarbonate cages (33.0×13.0×14.0 
cm) and checked daily at 11:00 am for delivery (see Supplementary Methods). 

Neonatal treatment
On PND0, dams were divided into two groups: control (WATER) dams (N=11), and 
corticosterone-treated (CORT) dams (N=11). CORT was supplemented in drinking water 
between PND1-10 as described elsewhere [30] (see also Supplementary Methods). 

Immunization protocol 
A GAS homogenate prepared as described elsewhere [12,14] was administered through five 
injections interspaced by two weeks, starting on PND28 (see Supplementary Methods). To 
minimize litter effects, we planned not to inject siblings with the same GAS/PBS treatment. 
However, since litters were not perfectly balanced, out of 22 viable litters, we used littermates 
five times. The experimental population was composed as follows: control (WATER)-PBS, 
WATER-GAS, CORT-PBS, and CORT-GAS. 

Experimental design
The experimental design (See Figure 1) entailed repeated behavioral testing, blood sampling 
for the evaluation of the immune response to the injection protocol, blood sampling for CORT 
level determination in basal conditions, and brain sampling/sectioning for neurochemical 
and immunohistochemical assays, and RNA sequencing. We conducted the experiments in 
two batches: 

batch 1: WATER-PBS, N=8; WATER-GAS, N=8; CORT-PBS, N=10; CORT-GAS, N=12. 

batch 2: WATER-PBS, N=5; WATER-GAS, N=6 mice; CORT-PBS, N=7; and CORT-GAS, 
N=7.
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Physiological indicators of the efficacy of experimental treatments
To determine the efficacy of CORT and GAS treatments, we quantified the short- and long-
term effects of CORT administration on corticosterone concentrations and of repeated 
exposures to GAS on the formation of antibodies. We thus evaluated: CORT concentrations 
in hair on PND23, and in plasma in adulthood; and anti-GAS antibodies in serum samples 
following the fourth GAS injection (Supplementary Methods for details). 

Behavioral testing 
The first test battery, performed one week after the second injection (week 7), entailed: 
elevated zero-maze (day 1) to evaluate potential effects on anxiety-like behavior; pre-pulse 
inhibition (PPI, day 2 for habituation and day 3 for testing) to demonstrate that GAS affected 
sensorimotor integration processes characteristic of PANDAS and OCD; and the evaluation 
of spontaneous locomotion through an automated scoring system (day 4). While elevated 
zero-maze and locomotion were assessed in the animal facility, PPI was conducted in a 
separate testing room. 

The same animals were screened one week after the fourth injection (week 11), in a 
behavioral test battery entailing five tests, performed in the following sequence: elevated 
plus maze, rotarod (to control for potential effects of treatments on motor coordination), 
and PPI habituation on day 1; PPI testing on day 2; t-maze, to evaluate repetitive behaviors, 
(days 3-7); locomotor activity (days 7-8); individual response (exhibition of head twitch) to 
the serotonergic agonist DOI to evaluate the functionality of the serotonergic system. The 
behavioral test procedures are detailed in the Supplementary Methods. 

Immune activation in response to experimental treatments
We evaluated inflammatory processes in the central nervous system (CNS) 
through immunohistochemistry and peripheral cytokines in plasma samples. For 
immunohistochemistry, coronal cryosections (10μm thickness) were cut from whole brains 
from 5 CORT-PBS and 5 CORT-GAS treated mice and stored at -80°C. As previously described 
[14], hematoxylin and eosin staining was performed on all the examined brain samples 
(1 cryosection every 15 cut cryosections) in order to assess the presence of potential 
inflammatory infiltrates and any evident tissue alteration. Air-dried cryosections were used 
for immunohistochemistry assessment of the level of microglia activation (Iba1) and for the 
immunolocalization of TNF and IL-9 cell expression (see Supplementary Methods). Cytokine 
concentrations in the serum were determined through the Bio-Plex Cytokine Assay (23-Plex, 
Bio-Rad) following the producer’s protocol (see Supplementary Methods for details). 
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Monoamine measurements 
To confirm previous evidence that GAS administration alter brain monoamines, and further 
confirm the similarity between our model and PANDAS, we evaluated 5-HT, DA and their 
metabolites, i.e., 5-hydroxyindole acetic acid (5-HIAA), and 3,4-dihydroxyphenylacetic acid 
(DOPAC) in prefrontal cortex, striatum, hippocampus, hypothalamus and cerebellum. These 
were quantified by a modified method of HPLC combined with an electrochemical detector 
as previously described [14]. See Supplementary Methods for further details. 

RNA sequencing 
Using RNA sequencing, we quantified total RNA levels in 22 mice (5 WATER-PBS, 5 WATER-
GAS, 6 CORT-PBS and 6 CORT-GAS). Further details are provided in the Supplementary 
Methods. Briefly, the final sets of differentially expressed genes comprised those that 
were identified as such – fold change ≥1.2 and P-value <0.01 – by at least two of the four 
used methods. The Venn diagram of the final sets of differentially expressed genes for all 
comparisons was built with Venny (see Supplementary Methods). For genes that showed 
differential expression, upstream regulator analysis was performed using the Ingenuity 
Pathway Analysis software (IPA), version 00.06 (Ingenuity Systems Inc., Redwood City, CA). 
Further details are provided in the Supplementary Methods. 

Statistical analyses
Statistical analyses were conducted using the software Statview 5.0 (Abacus Concepts, 
USA). The experimental design entailed two between-subjects factors (neonatal treatment: 
WATER vs. CORT; and PBS/GAS treatment, two levels: PBS vs. GAS) and one within-subject 
factor (repeated measures with a variable number of levels, depending on the specific 
parameter). Thus, the experimental model consisted of a 2 (neonatal treatment) x 2 (PBS/
GAS treatment) x k (repeated measurements) ANOVA for split-plot designs. Tukey’s post hoc 
tests were used for between-group comparisons. Statistical significance was set at p <0.05. 
Finally, to evaluate whether experimental subjects met the criterion for T-maze paradigm, 
the observed phenotype has been compared to the threshold through one-sample T- tests. 
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SUPPLEMENTARY MATERIALS
Supplementary Methods
Animals and rearing
Upon arrival, males were housed individually in type-1 polycarbonate cages (33.0×13.0×14.0 
cm), while females were housed in groups of 6 in type-3 polycarbonate cages (42.0×26.0×15.0 
cm). All cages were equipped with sawdust bedding, an enrichment bag (Mucedola, Settimo 
Milanese, Italy), metal top and ad libitum water and food pellets (Mucedola, Settimo 
Milanese, Italy). Mice were maintained on a reversed 12-h-light-dark cycle (light on at 7:00 
PM) in an air-conditioned room (temperature 21 ± 1°C and relative humidity 60 ± 10%).

Neonatal treatment
Starting on PND1, were supplemented with corticosterone (80 µg/ml) in their drinking 
water. CORT administration was maintained until PND10. CORT concentration was selected 
based on previous literature [1-3]. CORT-exposed mice drank on average 13,9±0,49 ml of 
CORT solution; this resulted in an average daily intake of 1,11±0,039 mg. Except for the 
solution in the drinking bottle, neonatal environmental conditions were identical among 
groups. Subjects were left undisturbed until PND9, when pups were weighed and sexed. 
In addition, from PND9 onwards, cages were regularly cleaned once a week. On PND23, 
individuals were weaned and housed in same-sex, same-treatment groups of two or three 
individuals. On PND27, all mice were marked through ear clipping.

Immunization protocol 
After preparation, GAS homogenate was stored at -70°C. A blood agar plate was used to 
inoculate a sample of homogenate (2.5 µl), to verify that it contained no viable bacteria. 
The immunization protocol, described by Hoffman et al [4] and adopted in our previous 
study [5], comprised five injections interspaced by a time interval of two weeks, starting 
on PND28. During the first injection, PBS mice were injected subcutaneously (s.c.) with 
125 µL of an emulsion (1:1), containing PBS and Complete Freund’s adjuvant (CFA; Sigma-
Aldrich, Milano, Italy). GAS mice were injected with 125 µL of the same emulsion (CFA:PBS), 
containing 5 µL of GAS homogenate (0.52 mg/ml of total protein as determined by Bradford 
Assay, Bio-Rad). All mice were then treated four additional times at two-weeks intervals with 
125 µL of vehicle - an emulsion containing PBS and Incomplete Freud’s Adjuvant (IFA; Sigma-
Aldrich, Milano, Italy) - for PBS mice, or 125 µL of vehicle and 5 µL of GAS homogenate for 
GAS mice. To prepare the PBS/adjuvant emulsions, we used the vortex method described 
by Flies and Chen [6].
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Experimental Design
Experimental tests were distributed among batches as follows: Batch 1 was used for 
behavioral testing (elevated 0-maze, locomotor activity, elevated plus maze, rotarod, 
T-maze, pre-pulse inhibition, and observation of DOI-induced behavioral responses), basal 
CORT concentrations, antibody response, plasma cytokines and immunohistochemistry 
at sacrifice (fourth injection); Batch 2 was used to evaluate hair CORT concentrations at 
weaning, brain monoamines at sacrifice, and RNA sequencing. All animals were sacrificed 
two weeks after the fifth injection. 

Physiological indicators of the efficacy of experimental treatments
Hair and blood sampling
To evaluate the effects of neonatal and adult treatment on HPA activity, we evaluated CORT 
levels both at weaning (through non-invasive CORT analysis of hair samples) and at the end of 
the study through trunk blood collection. Blood samples were also used for the determination 
of antibodies. Hair samples were collected through shaving a small portion of hair on the back 
of the subjects. Trunk blood serum samples (~200 µL) were collected after the fourth boost 
of immunization, at the moment of the sacrifice. Blood samples were allowed to clot at room 
temperature for 4 hours, centrifuged at 3000 rpm for 15 minutes. The serum was transferred into 
Eppendorf tubes and maintained at -80°C until the biochemical assays were performed. CORT 
concentration was assessed using a commercial radioimmunoassay (RIA) kit (ICN Biomedicals, 
Costa Mesa, CA). Vials were counted for 2 minutes in a gamma counter (Packard Minaxi Gamma 
counter, Series 5000). The procedures for washing and steroid extraction followed the protocol 
described by Gao and colleagues [7], who analyzed hair steroids with liquid chromatography 
tandem mass spectrometry (LC-MS/MS). One change was made to the protocol: the dry residue 
was resuspended using 175µL distilled water. Afterward, 100µL of the medium was injected into 
a Shimadzu HPLC system (Shimadzu, Canby, OR, USA) coupled to an AB Sciex API 5000 Turboion-
spray1triple quadrupole tandem mass spectrometer equipped with Atmospheric Pressure 
Chemical Ionization (APCI) Source (AB Sciex, Foster City, CA, USA). The system was controlled by 
AB Sciex Analyst1 software (version 1.5.1). The lower limit of detection was ~0.1pg/mg. Intra- 
and inter-plate coefficients of variance ranged between 3.7–8.8%. All samples were prepared 
and analyzed within the same time period in order to prevent batch effects.

Analysis of anti-Group A Streptococcal antibodies in serum samples
GAS homogenates obtained as described above were size-separated by SDS-PAGE (4–12% 
acrylamide) under reducing conditions and electroblotted onto nitrocellulose membranes. 
Immunostaining was performed by blocking the membrane overnight with 3% (w/v) 
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skimmed milk in TPBS (0.1% Tween in PBS) and incubating for 2 h with sera from mice of all 
experimental groups (all sera were diluted 1: 200). After 3 washes with TPBS, the membrane 
was incubated with HRP-conjugated secondary antibody (1:1000), washed again with TPBS 
and PBS, and developed with a chromogenic substrate.

Behavioral testing
Elevated 0-maze
Mice were tested for anxiety-related behaviors on the elevated 0-maze, which imposes an 
approach-avoidance conflict. The apparatus consisted of a 5.5 cm wide circular runway made 
of black plastic with an outer diameter of 46 cm and placed 40 cm above the floor. Two 
closed sectors, positioned opposite to each other, were protected by 16 cm high walls made 
of transparent Plexiglas; the two remaining sectors were unprotected (open sectors). Mice 
were tested between 10:00 and 12:00 am directly in the housing room, under dim light. At 
the beginning of the experimental session, the animal was gently positioned into one of the 
two closed sectors and allowed to explore the apparatus for 5 minutes. Between experimental 
sessions, the apparatus was cleaned with an alcohol/water solution (50%). Data acquired through 
a camera (Sony, Handycam, DCR-SX21E) were saved on a personal computer (Dell, Dell Precision 
T1600) and scored offline using the ‘Observer 10.5’ (Noldus, Wageningen, The Netherlands). For 
each animal, we detected spatiotemporal variables (time spent and the number of entries in 
each sector), and behavioral variables in frequency and duration (rearing, grooming, stretched 
attend�posture�(SAP), and head�dipping). The total number of entries was considered as an index 
of general activity, while time spent in the closed sectors was used as a measure of anxiety [2].

Pre-pulse inhibition (PPI)
Apparatus:�The apparatus (Med Associates inc. St Albans, VT, United States of America [8]) 
consisted of an acoustic stimulator (ANL-925, Med Associates inc.) and a platform with a 
transducer amplifier (PHM-250-60, Med Associates inc.), and was positioned in a foam-
lined isolation chamber (ENV-018S, Med Associates inc.), defined as startle chamber. The 
presence of a red light and a fan, both enclosed in the chamber, guaranteed dimmed lighting 
and ventilation. The platform was enclosed in a perforated compartment to ensure that the 
experimental subjects remained on it. Experimental data were acquired through dedicated 
software (SOF-815, Med Associates inc.). 

Procedure:�During habituation, each mouse was positioned individually inside the startle 
chamber, and left undisturbed (without any stimulus) for five minutes. On the following 
day, mice were placed again inside the startle chamber for testing. At the beginning of the 
experimental session, mice were exposed to a white noise (62dB) for five minutes. After 
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acclimation, mice were then exposed to a sequence of ten trials (pulses of 120dB), that were 
interspaced by an average inter-trial interval of 15 s (block I). Then, an 8-min long session 
started (block II). This session entailed 28 trials comprising four different types of trials that 
were presented in a pseudorandomized order. Trials were defined as follows: prepulse alone 
(one trial for prepulse intensity), prepulse plus pulse (four trials for prepulse intensity), startle 
alone (four trials) and no stimulation (four trials). The inter-trial interval varied between 10-s 
and 20-s to avoid habituation. Each trial started with a null period of 50 ms, followed by a 
prepulse noise. The intensity of the prepulse varied among four different values, represented 
by 67, 70, 73 or 76 dB. Following the prepulse, a startle stimulus was presented. The startle 
stimulus, as described previously, was constituted by a white noise of 40ms long and with an 
intensity of 120 dB. Prepulse and pulse stimuli were interspaced by an inter-stimulus period of 
100 ms. The galvanic response was considered as the dependent variable and was measured 
65 ms following the onset of the startle. Prepulse inhibition (PPI) was measured as PPI= 
[(A-B)/A*100], wherein A is the Galvanic reflex registered after the startle stimulus alone, and 
B is the reflex registered in response to the startle in prepulse plus pulse trials. 

Locomotor activity
After the second and the fourth injection, mice were monitored for spontaneous locomotion 
over a 24-hr period. General locomotion was evaluated in experimental cages identical to 
the home cages and positioned on a rack within the housing room. Six hours before the 
beginning of the registration session, mice were housed individually. Locomotor activity was 
then monitored for 24 consecutive hours through an automated device using small passive 
infrared sensors positioned on the top of each cage (ACTIVISCOPE system, NewBehavior 
Inc., Zurich, Switzerland) [9,10]. The movement of the mice was detected with sensors 
operating at a frequency of 20 events per second (20 Hz). When mice were sleeping or 
inactive, the sensor did not detect any movement. Average scores measured in 60-min 
intervals and expressed as count per minute (cpm) were detected for each mouse using 
dedicated software (NewBehavior Inc., Zurich, Switzerland). At the end of the test, mice 
were relocated to their original home cages. 

Accelerating rotarod test
Accelerating rotarod test was performed to evaluate mouse balance and motor coordination, 
by measuring the latency to fall from a rotating cylinder (Basile, Comerio, Italy). The apparatus 
consisted of a rotating rod (3 cm in diameter), on which mouse had to walk to avoid falling. 
To prevent harm to subjects, the cylinder was positioned 13 cm above the falling surface. A 
timer connected to a switch was used to record the latency, and the timer stopped when the 



2

NEONATAL CORTICOSTERONE MITIGATES AUTOIMMUNE NEUROPSYCHIATRIC 
DISORDERS ASSOCIATED WITH STREPTOCOCCUS IN MICE

71

mouse fell from the rod. During each trial, the rate of rotation progressively increased from 
4 to 40 revolutions per minute (r.p.m.) over 4 minutes. Mice performed three consecutive 
trials interspaced by a time interval of 10 minutes. The trial stopped when the mouse fell 
down from the cylinder, or when it reached the cut-off (4 minutes). The test was performed 
in an experimental room, adjacent to the housing room, between 10:00 and 14:00, where 
mice were carried to one hour before the beginning of the experimental session. 

T-maze
Animals were screened for perseverative behaviors in the T-maze test. The experimental 
apparatus consisted of an enclosed T-shaped maze, composed of three equally sized arms 
(50x16 cm). Ten sessions were performed during five consecutive days (2 sessions per day), 
always in the housing room. The experimental session, consisting of two choice trials, started 
with the mouse positioned in the starting compartment, facing the wall of the apparatus. 
Then, the subject was allowed to explore the apparatus for two minutes. As soon as the 
animal completed the trial (entering one of the two alternative arms), such instance was 
scored as the first choice and the door of the arm was closed. After a few seconds, the animal 
was gently removed from the arm, placed again in the starting compartment, and allowed 
to perform a second choice trial. If the subject entered the arm opposite to the previously 
chosen one, an instance of alternation was scored. Alternatively, if the mouse re-entered 
the same arm, an instance of perseveration was scored. The percentage of alternations, 
measured as the number of alternations divided by the number of completed sessions 
times 100, was scored for each mouse. In a T-maze, rodents have the natural tendency to 
alternate their choice of the arm (spontaneous alternation) [11]. 

Elevated plus maze
The elevated plus maze test was performed after the fourth injection, to evaluate the 
exploration of an environment imposing on the animal an approach-avoidance conflict. 
The apparatus, elevated to a height of 40 cm above the floor level, comprised two open 
arms (27x5x0.25 cm) and two closed arms (27x5x15 cm), extended from a common central 
platform (5x5 cm). The floor and walls of the apparatus were both made of Plexiglas (black 
floor, transparent walls). The test was performed in an experimental room between 10:00 
and 14:00, where mice were carried to one hour before the beginning of the experimental 
session. At the beginning of the test, mice were positioned gently in the central platform 
of the apparatus facing one of the two closed arms, and allowed to explore the maze for 5 
minutes. The test was performed under dim illumination, and the apparatus was cleaned 
with an alcohol solution (50%) after each animal was tested. All sessions were recorded by 



CHAPTER 2

72

a video camera (Sony, Handycam, DCR-SX21E), saved on a personal computer (Dell, Dell 
Precision T1600), and scored offline using the ‘Observer 10.5’ (Noldus). For each animal, 
we detected spatiotemporal variables (time spent and number of entries in each sector), 
and behavioral variables in frequency and duration. In particular, we scored: rearing (head 
raising standing on hind legs), grooming (self-cleaning with mouth or paws), stretched 
attend�posture�(SAP)�(stretched posture with the head and two or three paws on the open 
arm and retraction to previous position) and head�dipping (downward movement of the 
head towards the floor while on the open arms). 

Individual reactivity to serotonergic agonist (DOI) 
In order to observe the individual reaction to a serotonergic agonist, we evaluated the 
behavioral response to the administration of the 5-HT2a agonist DOI (2,5-dimethoxy-4-
iodoamphetamine, Sigma-Aldrich, St. Louis, MO, USA, 5 mg/kg). DOI was dissolved in saline 
(NaCl 0,9%) and administered i.p. at a volume of 1 ml/100 g body weight [12], to the animals 
of batch 1 after the fifth injection (week 13). Starting 5 minutes after the injection, animals 
were video recorded for the following 10 minutes, using a video camera mounted on the 
back of the home cages. To prevent the occlusion of the visual space targeted by the video 
camera, the day before the test all animals were housed individually in cages where only 
a thin layer of bedding was left. The video-recording apparatus was composed of 32 video 
cameras (Simon TLC, PRS Italia, Rome, Italy) positioned on the back of the rack and connected 
to a DVR system (Gifran, 16 Channels Realtime, H.264 Full D1). Each black and white video 
camera (resolution: 420 lines, illumination: 0.01 Lux, lens: 3.6 mm) was positioned on a 
panel at a distance of 4.0 cm from the short side of the cages, with the centre of the lens 
focused on the cage to allow the tracking of animal movements and behaviors (see [10] 
for details). Behavioral responses were then scored using a computer with a dedicated 
software (The Observer 10.5, Noldus). Frequency and duration of two behavioral responses 
were scored: head�twitch, a rapid and violent head shaking [13], and skin� jerk, a muscle 
contraction of the body longer in duration than the twitch [10]. 

Immunohistochemistry 
For immunohistochemistry, air dried cryosections were passed in 70%, 95%, and 100% 
ethanol, and after rehydration with PBS and 20-min incubation with 0.3% H2O2 in PBS to 
eliminate endogenous peroxidase activity, sections were pre-incubated with 10% of normal 
sera and incubated at 4°C overnight with rabbit polyclonal IBA1 antibody (Wako-Chem, 
Japan), or goat polyclonal TNF antibody (R&D System, Minneapolis, Minn) or IL-9 (diluted 
in PBS containing 5% normal donkey serum, followed by incubation with biotinylated 
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secondary antibodies (Jackson ImmunoResearch Laboratories, Suffolk, UK) visualized 
with the avidin-biotin horseradish peroxidase complex (ABC Vectastain Elite kit, Vector 
Laboratories, Burlingame, CA, USA) and 3,3 diaminobenzidine (Sigma Chemical, St. Louis, 
MO, USA). All sections were counterstained with haematoxylin, sealed with Canada balsam 
and viewed and photographed with an Axiophot Zeiss microscope (Germany) equipped with 
an Axiocam digital camera using the Axiovision 4AC software. Qualitative analysis of the 
presence and distribution of inflammatory cells was performed by a trained observer who 
did not perform the cutting (R.M.) and was blind to the treatment across all the different 
brain areas.

Cytokine concentrations in the serum were determined through the Bio-Plex Cytokine 
Assay (23-Plex, Bio-Rad). Briefly, differentially stained microbeads, each type of which is 
coated with antibodies recognizing different cytokines, were incubated with mouse sera, 
washed, and incubated with biotinylated detection antibodies. Then the beads with the 
sandwich between antibodies and cytokines were washed, incubated with streptavidin-PE, 
washed again, and read in the Bio-Rad array. We determined cytokine concentration as an 
average of two replicates per serum. 

Monoamine measurements 
In order to collect brain samples, mice were rapidly decapitated. Samples collected for 
evaluation of brain monoamines by HPLC analyses were immediately sectioned on ice 
to obtain five sections: prefrontal cortex, striatum, hippocampus, hypothalamus, and 
cerebellum. All samples were flash frozen and then stored at -80°C until analysis. Brain 
samples collected for immunohistochemical analyses and RNA sequencing were collected 
after decapitation, kept intact, flash frozen and stored at -80°C. 

Briefly, each brain region was weighed and a measured volume (10% W/V) of 0.1 N 
perchloric acid containing 0.05% Na2S2O5 and 0.1% Na2EDTA was added. The tissue was 
then disrupted by ultrasonication, centrifuged (10,000 × g; 5 minutes), and 100 µl of the 
supernatant was removed and filtered through 0.45 µm PVDF syringe filters (Perkin-Elmer, 
Italy). Aliquots of 20 µl were injected directly onto the HPLC/EC system by a refrigerated 
(5°C) autosampler (MIDAS, Spark-Holland, The Netherlands) for the separation of 5-HT, 
DA, 5-HIAA, and DOPAC through a Supelcosil LC-18DB, 3 μm (75 × 3.0 mm) analytical 
column (Supelchem, Italy), thermostated at 40°C. The mobile phase consisted of sodium 
acetate anhydrous (5 g/L), citric acid (4.5 g/L), sodium octane sulphonate (100 mg/L), 
Na2EDTA dihydrate (112 mg/L); CH3OH 7%. Monoamines and metabolites were measured 
by a Coulochem II electrochemical detector (Dionex, Switzerland) equipped with a 5011 
electrochemical cell (E1 and E2 potentials were 0 and +350 mV, respectively). A data system 
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(Azur 4.6, Datalys, France) was used to calculate the concentration of analytes based on 
calibration curves prepared daily with appropriate concentrations of pure standards. 

RNA sequencing 
Total RNA was extracted from striatum tissue using the Qiagen AllPrep Kit (Qiagen, Hamburg, 
Germany), according to the manufacturer’s instructions. RNA was further quantified using 
the NanoDrop 1000 Spectrophotometer and Qubit Fluorometer (Thermo Fisher Scientific, 
MA, USA) and RNA integrity was assessed with the 2200 TapeStation Instrument (Agilent 
Technologies, CA, USA). A total of 500 ng RNA was used for library preparation with the 
TruSeq Stranded Total RNA with Ribo-Zero Gold sample preparation kit (Illumina, CA, USA). 
Successfully prepared cDNA libraries were then submitted for sequencing at the Department 
of Human Genetics, Radboud University Medical Center, Nijmegen, The Netherlands, on the 
Illumina NextSeq500 platform to obtain 76 bp paired-end reads. FASTQC [14] and MultiQC [15] 
software was used to assess and summarize the quality of the raw sequence data. Reads were 
aligned to the Mus musculus genome (primary assembly GRCm38, version 75) using GSNAP 
with (default) parameters [16]. Alignment was assessed using RSeQC [17], RNA-SeQC [18] and 
gene expression abundance (read count) was estimated. It was shown that estimation of gene 
expression is less reliable for genes with low read count [19] and therefore recommended to 
filter low-count genes prior to differential expression testing [20]. Hence, transcripts with at 
least 10 reads in 5 samples were retained and further used to identify differentially expressed 
genes between the four experimental groups: water-GAS vs water-PBS, CORT-GAS vs water-
GAS, CORT-PBS vs water-PBS, and CORT-GAS vs CORT-PBS. Statistical analyses were performed 
using R (www.r-project.org) and Bioconductor packages ([21], www.bioconductor.org), 
applying four methods: limma voom, limma voomWithQualityWeights [22], EdgeR glm [23], 
[24] and DESeq2 [25] to test for differences in gene expression between groups. Batch effects 
(library preparation, sequencing run, striatum hemisphere) were modeled according to the 
statistical design of each method. Genes were called as differentially expressed if they passed 
the selection criteria threshold of absolute fold change ≥1.2 and P-value <0.01 for each of 
the four methods. The final sets of differentially expressed genes comprised those that were 
identified as differentially expressed by at least two of the four used methods. As suggested by 
Zhang et al. [26], this approach was taken to account for false positive discoveries. 

Venn diagrams (see Supplementary Figure 1) of the final sets of differentially 
expressed genes were built with Venny [27]. For genes that showed differential expression, 
upstream regulator analysis was performed using the Ingenuity Pathway Analysis software 
(IPA) (Ingenuity Systems Inc., Redwood City, CA). Based on the ‘Ingenuity Knowledge Base’, a 
repository of data from publicly accessible databases and data that are manually curated by 
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systematically reviewing published literature, IPA can generate a list of ‘upstream regulators’, 
i.e., proteins or compounds that regulate the expression of multiple target mRNAs/genes 
from an input list. The program also calculates a z-score that is based on the expression 
changes of the input mRNAs and that is a measure for the directionality of the upstream 
regulator. In this respect, a z-score <-1.5 or >1.5 (reflecting inhibition or activation of the 
upstream regulator-dependent effects on target gene expression, respectively) is considered 
as ‘suggestive’.

SUPPLEMENTARY FIGURE 1. Venn diagrams showing the unique and overlapping differentially 
expressed genes between the four comparisons, i.e., WATER-GAS vs WATER-PBS (75 genes), CORT-
GAS vs WATER -GAS (477 genes), CORT-PBS vs WATER -PBS (17 genes), and CORT-GAS vs CORT-PBS 
(674 genes). 

Supplementary Results
Antibody response to GAS administration 
Predictably, while Western Blot analyses conducted on sera from WATER-GAS and CORT-GAS 
mice revealed several bands (Supplementary Figure 2, lane 3 and 5 respectively), WATER-
PBS and CORT-PBS mice did not reveal any or very few bands (Supplementary Figure 2, lane 
2 and 4 respectively). 
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SUPPLEMENTARY FIGURE 2. Western Blot analysis of GAS extracts probed with pooled sera from mice 
treated with GAS homogenates or adjuvant alone as Control, neonatal CORT and GAS homogenates 
or neonatal CORT and adjuvant. Lane 1, Coomassie staining of GAS homogenates; Lane 2, Western 
Blot results after probing with sera of control mice injected with four doses of adjuvant alone; lane 3, 
Western Blot results after probing with sera of mice injected with four doses of GAS homogenates; 
lane 4, Western Blot results after probing with sera of mice injected with four doses of neonatal CORT 
and adjuvant; lane 5, Western Blot results after probing with sera of mice injected with four doses of 
neonatal CORT and GAS homogenates.

Elevated 0-Maze (E0M) test (week 7, second injection)
As expected, all mice showed a preference for the closed sectors of the maze, wherein they 
spent on average 68,1% of the time. All experimental groups did not significantly differ in 
terms of time spent in the open arms (neonatal treatment: F(1,34) = 1,395, p�=�0,2457; 
PBS/GAS treatment: F(1,34) = 0,016, p�=�0,9003; neonatal treatment x PBS/GAS treatment: 
F(1,34) = 0,614, p� =�0,4388). The frequency of entries in the open sectors of the maze, 
considered an index of general locomotion, was significantly reduced in CORT-treated 
subjects (neonatal treatment: F(1,33) = 4,410, p�= 0,0434) regardless of GAS administration 
(neonatal treatment x PBS/GAS treatment: F(1,33) = 0,021, p� = 0,8866). Furthermore, 
GAS administration per�se�did not influence the frequency of open arm entries (PBS/GAS 
treatment: F(1,33) = 0,614, p�= 0,4388). Finally, CORT-treated animals exhibited increased 
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levels of SAP (duration, neonatal treatment: F(1,34) = 5,391,� p� = 0,0264) and decreased 
levels of head�dipping (frequency, neonatal treatment: F(1,34) = 5,683, p = 0,0229; duration, 
neonatal treatment: F(1,34) = 6,797, p�= 0,0135). None of the other behavioral parameters 
considered differed significantly among experimental groups (see Supplementary Table 1).

Elevated Plus-Maze test (EPM, week 11, fourth injection)
We evaluated the behavioral profile of experimental subjects on the EPM after the fourth 
injection (week 11). As expected, mice showed an 85.9% preference (calculated as: 100 * time 
spent in the closed arms / (time in open arms + time in closed arms)) for the closed instead of 
the open arms of the maze. Experimental groups did not differ in terms of time spent in the open 
arms of the maze (neonatal treatment: F(1,34) = 0,076, p = 0,9217; PBS/GAS treatment: F(1,34) 
= 0,010, p = 0,7851; neonatal treatment x PBS/GAS treatment: F(1,34) = 0,492, p = 0,4877). 
Early CORT administration significantly reduced the time spent in the center of the apparatus 
(neonatal treatment: F(1,33) = 4,565, p�= 0,0401). General locomotion did not significantly vary 
among groups (frequency of entries, neonatal treatment: F(1,34) = 0,711, p�= 0,4050; PBS/GAS 
treatment: F(1,34) = 0,606, p�= 0,4417; neonatal treatment x PBS/GAS treatment: F(1,34) = 
0,092, p�= 0,7640). With respect to the ethological parameters considered, we observed that 
early CORT administration significantly reduced SAP (frequency of SAP, neonatal treatment: 
F(1,33) = 4,621, p�= 0,0390; duration of SAP, neonatal treatment: F(1,34) = 10,024, p�= 0,0033) 
and sniffing�(frequency of sniffing, neonatal treatment: F(1,34) = 6,227, p�= 0,0176; duration of 
sniffing, neonatal treatment: F(1,34) = 4,132, p�= 0,0499). We did not observe between-group 
differences for all the other behavioral parameters considered (see Supplementary Table 1).

Rotarod test (week 11, fourth injection)
We evaluated motor coordination through the Rotarod Test after the fourth injection (week 
11). With respect to the latency to fall from the apparatus, all experimental subjects showed a 
progressive tendency towards an improvement of their performance across trials (trial: F(2,68) 
= 7,410, p�= 0,0012). Additionally, the progressive improvement was undistinguishable among 
experimental groups (latency to fall, neonatal treatment: F(1,34) = 0,806; PBS/GAS treatment: 
F(1,34) = 0,305, p�= 0,5846; neonatal treatment x PBS/GAS treatment: F(1,34) = 0,467, p�= 4988).

T-maze (week 11, fourth injection)
Repeated GAS injections significantly reduced the percentage of spontaneous alternations 
in a T-maze test (F(1,34) = 9,074, p� = 0,0049, see Supplementary Figure 3). Neonatal 
corticosterone administration neither altered the exhibition of spontaneous alternations 
(neonatal treatment: F(1,34) = 0,003, p� = 0,9559) nor influenced the consequences of 
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repeated GAS administrations (neonatal treatment x PBS/GAS treatment: F(1,34) = 1, 163, p�
= 0,2884, see Supplementary Figure 3).

SUPPLEMENTARY FIGURE 3. Perseverative behavior in a T-maze (week 11, fourth injection) measured 
as the percentage of spontaneous alternations (mean+SEM; n=8-12 per group). *p<0.05 in post-hoc 
tests versus WATER-PBS subjects.

Monoamine measurements
While striatal dopamine concentrations were apparently reduced in response to both 
treatments, such reduction was not statistically significant (neonatal treatment: F(1,17) = 
4,017, p�= 0,0612; PBS/GAS treatment: F(1,17) = 4,058, p�= 0,0601).

RNA seq data analysis: effects at the molecular level 
The upstream regulator analysis of the genes that were found to be differentially expressed 
in the striatum between the experimental groups (Table 1 and Supplementary Table 4) 
provides insights into the (putative) molecular mechanisms underlying the observed 
behavioral changes. More specifically, the analysis in Table 1 gives clues as to which 
mechanisms convey the effects of neonatal corticosterone treatment on GAS-induced 
abnormal behavior. 

First and foremost, the regulatory effect of (beta-)estradiol – the active form of the 
main female sex hormone estrogen that is converted from testosterone, the main male 
sex hormone, by the aromatase enzyme [28] – is predicted to be inhibited in GAS mice, 
while it is activated in GAS mice that have been neonatally exposed to corticosterone 
(CORT) and that have attenuated GAS-induced behaviors. This is in keeping with literature 
findings, i.e., estradiol-deficient rodents show decreased PPI [29,30] and develop OCD-like 
behavior [31-33]. In addition, tics have been reported to worsen in women during times of 
(relatively) lower estradiol levels (e.g., during the premenstrual phase) [34,35] and both 
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in women and men – in whom estradiol can only be produced through conversion from 
testosterone – increased (and earlier) OCD symptoms have been linked to (relatively) lower 
estradiol levels [36,37]. Estradiol has been reported to regulate the immune response 
through e.g., having a protective effect against bacterial infections [38]. Interestingly, this 
effect is probably achieved through estradiol modulating the immunologic potency of IgG 
antibodies for that are formed against bacteria (see below) [39]. Further, estradiol activates 
the HPA-axis, resulting in an increased CORT production and associated stress response [40-
42], reinforcing the observed attenuating effect of CORT on GAS-induced behavior. Lastly, 
estradiol is involved in upregulating the expression of luteinizing hormone (LH) [43] and it 
increases the striatal release of dopamine (DA) [44,45] (see below).

As indicated above, testosterone is converted to beta-estradiol by the aromatase enzyme. 
Therefore, it is interesting that in GAS-induced mice, the effect of dihydrotestosterone, 
a metabolite that is converted from testosterone by 5α-reductase enzymes [28] of which 
one family member, SRD5A1, was found to be downregulated in GAS-induced mice (see 
Supplementary Table 4). Dihydrotestosterone also decreases the release of LH [46] and 
upregulates the expression of LEP [47] (see below). 

The neurotransmitter DA is converted from its precursor, L-dopa, by the DDC enzyme 
[28,48]. As already indicated above, the core hypothesis relating streptococcal infections 
to the onset of PANDAS is that IgG antibodies produced in response to GAS cross the blood 
brain barrier and are aimed at specific neuronal proteins (in the basal ganglia). In this 
respect, it was shown that IgG from GAS-exposed rats reacts with D1 and D2 DA receptors 
(D1R and D2R) in vitro. In vivo, IgG deposits in the striatum of infused rats co-localize with 
these dopamine receptors [49]. Further, IgG from human PANDAS patients was found to 
react with D2R and have a negative effect on signaling downstream of D2R [50]. Individuals 
with tics and/or OCD also have elevated serum IgG against human D1R [51]. In addition, it 
was demonstrated that IgG is sufficient to induce PANDAS symptoms in humans and the 
depletion of IgG from PANDAS patient sera alleviates these symptoms [52]. Therefore, it 
is interesting that IgG-dependent regulation is predicted to be inhibited in CORT-exposed 
GAS mice, which also fits with the reported negative effect of corticosteroids on IgG activity 
[53,54].

In CORT-exposed GAS mice, the downstream regulatory effects of DA are predicted 
to be activated while those of L-dopa are inhibited. This has to be considered against 
the findings from the literature on DA/L-dopa and tic disorders as well as OCD, i.e., both 
increased and decreased DA signaling have been suggested as etiological factors in these 
disorders. For example, decreased striatal DA receptor availability has been demonstrated 
in both tic disorders and OCD, presumably reflecting higher endogenous DA levels in both 
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disorders [55]. However, another study indicates that DA receptor availability is not different 
between tic disorder patients and controls [56].

Likewise, both DA agonists and antagonists – correcting for decreased and increased 
DA levels/signaling, respectively – have been reported to alleviate tics [57]. Moreover, 
L-dopa reduces tics [58,59]. In light of all these findings, it is difficult to correctly interpret 
the upstream regulator analysis results for DA and L-dopa in the CORT-exposed GAS mice 
so we can only conclude that DA signaling is dysregulated in GAS-induced mice. That being 
said, both estradiol (see above) and corticosterone [60] increase striatal DA release, which 
is in line with the fact that DA-dependent regulation is predicted to be activated in CORT-
exposed GAS mice.

LH is secreted by the pituitary gland upon stimulation by hypothalamic gonadotropin-
release hormone (GnRH) and activates gonadal production of sex hormones (i.e., estradiol, 
testosterone, and progesterone), which then – as a part of the HPG axis – provide negative 
feedback to the hypothalamus [37]. As already indicated above, estradiol upregulates the 
expression of LH while dihydrotestosterone decreases its secretion. In addition, DA – which 
is predicted to have an increased downstream effect in CORT-exposed GAS mice – is a potent 
inhibitor of GnRH-induced LH secretion by the pituitary [40,61]. The latter finding seems to 
be in contradiction with the results of our experiments, i.e., that LH-dependent regulation 
is activated in CORT-exposed GAS mice. However, as mentioned before, it is not clear what 
the exact mechanisms are through which increased and/or decreased DA levels and activity 
alleviate the behavioral changes in CORT-exposed GAS mice.

Oleic acid-dependent regulation is inhibited in CORT-exposed GAS mice. In this 
respect, it is interesting that oleic acid is a fatty acid component of triglycerides [62] and 
increased triglyceride levels have been found in the serum of OCD patients [63,64]. In 
addition, dihydrotestosterone decreases the production of oleic acid [65].

Interleukin-2 (IL2) is a cytokine that is crucial for regulating the T-cell-mediated immune 
response [28] and that is downregulated by beta-estradiol [66]. Further, IgG-mediated GAS 
infection leads to increased IL2 expression in T cells [67].

IL2 decreases the release of LH from the anterior pituitary [68], while high doses 
of dopamine (DA) (see below) reinforce the inhibitory effect of IL2 on LH release [69]. 
Furthermore, IL2-dependent regulation is predicted to be inhibited in CORT-exposed GAS 
mice which is in line with the fact that an increased IL2 expression was found postmortem 
in the basal ganglia of TS patients [70] and serum IL2 concentrations were found to be 
positively associated with tic severity [71]. In addition, plasma levels of IL2 were increased 
in drug-naive OCD patients [72]. Lastly, chronic IL2 exposure leads to an overactivation of 
the HPA axis, which in turn causes a significant increase in CORT plasma levels [73].
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Fibroblast growth factor 2 (FGF2) has multiple roles, including the positive regulation of 
neurite outgrowth and linked to this, motor function in rats [74]. FGF2-dependent regulation 
is predicted to be inhibited in GAS mice and interestingly, the effect of FGF2 is activated when 
comparing CORT-GAS with CORT-PBS mice (see Supplementary Table 4). In addition, estradiol 
and IL2 are involved in (up)regulating the expression of FGF2 [75]. Further, CORT exposure 
leads to an upregulation of FGF2 in various brain regions, which fits with the observed inhibited 
FGF2-dependent regulation in GAS mice and may represent a defense mechanism through 
which the brain limits the deleterious effect of stress over time [76-79].

Leptin (LEP), a hormone and growth factor with multiple functions including appetite 
regulation [28], is predicted to be inhibited in the CORT-treated GAS mice, which fits with 
the finding that CORT downregulates LEP expression [80]. Further, dihydrotestosterone 
and beta-estradiol are also involved in upregulating [47] and downregulating [81,82] LEP 
expression, respectively. Moreover, LEP inhibits the release of DA, which fits with the finding 
that in CORT-treated GAS mice, the effect of LEP is inhibited while DA-induced regulation is 
activated [83]. Interestingly, LEP also plays a pro-inflammatory role through increasing IL2 
production by T-lymphocytes [84], which implies that the anti-inflammatory effect of CORT 
on GAS mice could be mediated in part by an inhibition of LEP-dependent regulation. 

IKKbeta (IKBKB) is a cytoplasmic kinase that is predicted to be inhibited in CORT-
exposed GAS mice and activates NF-kappaB (NF-κB), a pro-inflammatory transcription factor 
that is critical for the regulation of innate immunity [85]. In this respect, it is interesting that an 
inducible deletion of Ikbkb reduces GAS infection in mice [86] and that selective inactivation 
of Ikbkb normalizes OCD-like behavior in mice [87]. Furthermore, both glucocorticoids and 
estradiol negatively regulate the activity of IKBKB [88]. In addition, IKBKB is involved in 
upregulating the expression of IL2 [89] while FGF2 and LEP both regulate the activity of 
IKBKB [90,91]. 

Lastly, the transmembrane protein TREM-1 – which is highly expressed in neutrophils 
and macrophages – is a receptor for GAS and positively mediates the GAS-induced 
inflammatory response [92]. In this respect, it is interesting that TREM-1 has been tested 
and confirmed as a drug target to block in the treatment of GAS-induced [93] and other 
immunity-related disorders [94,95]. Further, it was demonstrated that CORT treatment 
significantly decreased the plasma expression levels of TREM-1 in febrile patients with 
autoimmune disease [96]. This all fits very nicely with our findings, i.e., neonatal exposure 
to CORT led to an inhibition of TREM-1-dependent regulation in GAS mice.
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ABSTRACT 
Chronic administration of L-DOPA, the first-line treatment of dystonic symptoms in 
childhood or in Parkinson’s disease, often leads to the development of abnormal involuntary 
movements (AIMs), which represent an important clinical problem. Although it is known that 
Riluzole attenuates L-DOPA-induced AIMs, the molecular mechanisms underlying this effect 
are not understood. Therefore, we studied the behavior and performed RNA sequencing 
of the striatum in three groups of rats that all received a unilateral lesion with 6-hydroxy-
dopamine in their medial forebrain bundle, followed by the administration of saline, L-DOPA, 
or L-DOPA combined with Riluzole. First, we provide evidence that Riluzole attenuates 
AIMs in this rat model. Subsequently, analysis of the transcriptomics data revealed that 
Riluzole is predicted to reduce the activity of CREB1, a transcription factor that regulates the 
expression of multiple proteins that interact in a molecular landscape involved in apoptosis. 
Although this mechanism underlying the beneficial effect of Riluzole on AIMs needs to be 
confirmed, it provides clues towards novel or existing compounds for the treatment of AIMs 
that modulate the activity of CREB1 and, hence, its downstream targets.
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INTRODUCTION 
Chronic administration of the dopamine precursor L-DOPA – the first-line treatment of 
dystonic symptoms manifesting in childhood or in Parkinson’s disease (PD) [1] – often leads to 
the development of so-called abnormal involuntary movements (AIMs). In humans, L-DOPA-
induced AIMs are referred to as L-DOPA-induced dyskinesia (LID) [2], which represents an 
important clinical problem as approximately 90% of PD patients develop LID within 10 years 
of starting L-DOPA treatment. As a result, the prescription of L-DOPA to PD patients is often 
delayed to minimize the risk of developing LID [3]. 

The pathogenic mechanisms underlying AIMs and clinical LID are still largely 
unclear. Literature evidence indicates that chronic L-DOPA administration affects multiple 
neurotransmitter systems [4-6], but mainly the dopaminergic system, i.e., L-DOPA activates 
striatal Dopamine 1 receptors (D1Rs), resulting in the overstimulation of the ‘direct’ 
nigrostriatal pathway [7,8]. In turn, this hypersensitivity of D1Rs in striatal neurons triggers 
a number of downstream signaling cascades involving – among others – cyclic AMP (cAMP)-
activated protein kinase A (PKA) [9,10], the phosphatase inhibitor DARPP-32 [10,11], 
and the ERK1 and ERK2 (ERK1/2) kinases [12,13] that are subsequently implicated in the 
development of LID through modulating gene expression and function [14,15]. In this 
respect, previous transcriptomic and methylation studies in rodent models indeed indicate 
that AIMs/LID are associated with aberrant gene expression through transcription factors, 
such as CREB1, proteins from the AP-1 complex [9,16] (such as FOSB) [17], and GADD45 
family proteins [17].

Recently, Riluzole has been suggested as a candidate drug to treat AIMs/LID. Indeed, 
several studies on rodent models have provided evidence for the efficacy of Riluzole in 
the management of AIMs [2,18,19]. As for human studies, Riluzole showed anti-dyskinetic 
effects without affecting the anti-parkinsonian action of L-DOPA in a small pilot study [20], 
but it was ineffective in another clinical trial [21]. Riluzole essentially has anti-glutamatergic 
properties – including effects on glutamate release, uptake and receptor signaling [22-25], 
and it protects against glutamate-induced activation of kinases such as ERK1/2 [26]. More 
specifically, although Riluzole has properties resembling those of a competitive NMDA 
receptor antagonist, its effects on reducing glutamatergic neurotransmission are more 
indirect [27]. Indeed, the anti-glutamatergic effects of Riluzole could result from a reduction 
of glutamate release from synapses through an inhibition of voltage-gated sodium channels 
[28], a reduction in the postsynaptic calcium influx mediated by P/Q-type calcium channels 
[29], a reduction in glutamine import into synapses (with glutamine being a precursor for the 
releasable glutamate pool) [30], or through interfering with the size of the readily releasable 
glutamate pool [31]. Further, animal model studies suggest that Riluzole is not selective 
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for glutamate but also reduces the release of acetylcholine, dopamine, and, to a lesser 
extent, serotonin through mechanisms independent of glutamate receptors [32]. However, 
a detailed understanding of the molecular mechanism(s) underlying the protective effect of 
Riluzole on AIMs/LID is essentially lacking.

In this study, we aimed to elucidate the molecular mechanisms underlying the 
beneficial effect of Riluzole on AIMs. Therefore, we studied the behavior and performed 
RNA sequencing of the striatum, followed by gene expression analysis and comparison in 
three groups of rats. All rats received a unilateral lesion with 6-hydroxy-dopamine (6-OHDA) 
in their medial forebrain bundle (MFB) – resulting in striatal dopaminergic hypersensitivity – 
after which they were administered saline, L-DOPA (which constitutes a rat model of AIMs), 
or L-DOPA combined with Riluzole. We found that Riluzole attenuates L-DOPA-induced AIMs 
in the rat model. In addition, further analysis indicated that Riluzole is predicted to reduce 
the activity of the transcription factor CREB1, the key hub in a landscape of interacting 
proteins that are involved in regulating neuronal apoptosis.

MATERIALS AND METHODS 
Animals and ethical approvals
Juvenile male Wistar rats (RjHan:WI,) were used in this study. Rats were obtained from 
our provider (Janvier, Le Genest-St Isle, France) at the age of 14 days together with their 
mothers. In total, 5 juvenile rats and a mother were housed together with free access to 
food and water, under a 12h light and dark cycle in temperature and humidity-controlled 
rooms. All animals were habituated to their housing conditions for one week. Animal housing 
and experiments were approved by the appropriate institutional governmental agency 
(Regierungspräsidium Tübingen, Germany) and performed in an AAALAC (Association for 
Assessment and Accreditation of Laboratory Animal Care International) -accredited facility, 
following the European Convention for Animal Care and Use of Laboratory Animals.

Stereotaxic surgery
After 1 week of habituation at post-natal day (PND) 21 (n = 48), the rats were separated from 
their mothers and underwent stereotaxic surgery with 6-hydroxydopamine hydrobromide 
(6-OHDA). Further details are provided in the Supplementary Methods. 

Animal Treatment
Two weeks after stereotaxic surgery, the rats were randomly allocated to 4 groups (n 
= 12 animals per group) associated to different pharmacological treatments, at the 
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same conditions: the first group was chronically administered (6 times in 2 weeks, intra-
peritoneally (i.p.)) with a solution of L-DOPA methyl ester hydrochloride and benserazide 
(Sigma-Aldrich Chemie GmbH, Germany) in saline (6/15 mg/kg, i.p). The second group 
(control) was administered with saline. The third group was chronically administered (6 times 
in 2 weeks) with Riluzole (Sigma-Aldrich Chemie GmbH, Germany) dissolved in 1% tween (6 
mg/kg i.p) and L-DOPA/Benserazide (6/15 mg/kg, i.p). The fourth (6-OHDA-lesioned) group 
followed the same procedure as group 1 and was used to verify the presence of the lesion 
by quantification of dopamine (DA) levels in striatal tissue using high-performance liquid 
chromatography (HPLC) coupled to electrochemical detection (ECD).

Phenotype scoring
Four weeks after surgery (PND 49), rats were administered their treatment and were 
individually observed for 1 min every 20 min. Abnormal Involuntary Movements (AIMs) of 
the limb, mouth and body axis were assessed according to the widely used AIMs rating 
scale [33]. Briefly, each type of movement was scored on a scale from 0 to 4 (0 = absent; 
1 = occasional; 2 = frequent; 3 = continuous but interrupted by sensory distraction; 4 = 
continuous, severe, not interrupted by sensory distraction). The sum of the independent 
scores of each body part per time point gave the total AIMs score.

Animal sacrifice and sample extraction
At PND 53, rats were sacrificed 2 h after the administration of a final treatment. Rats were 
anesthetized for 60 s in 5% isoflurane and quickly decapitated by guillotine. Following brain 
removal, lesioned and unlesioned striata were extracted, snapped-frozen in liquid nitrogen 
and stored at -80°C. A schema of the experimental procedure is outlined in Figure 1.

Striatal DA determination through HPLC
DA levels in 12 6-OHDA-lesioned striata compared to their contralateral controls were 
quantified using HPLC coupled to ECD. Further details are provided in the Supplementary 
Methods. 

Behavioral testing: Statistical analysis
Time-course data were analyzed for statistical significance using two-way analysis of variance 
(ANOVA) followed by Tukey’s multiple comparison test. Dopaminergic HPLC quantification 
in lesioned versus unlesioned striata was analyzed using a Wilcoxon matched-pairs signed-
ranked test.
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FIGURE 1. Schematic diagram of the protocol employed including the time course of the experiment 
and the different assays that were used.

RNA sequencing and data analysis
Total RNA was extracted from striatum tissue from 8 animals from each group using 
the QiagenAllPrep Kit (Qiagen, Hamburg, Germany), according to the manufacturer’s 
instructions. RNA was further quantified using the NanoDrop 1000 Spectrophotometer and 
Bioanalyzer 2100 (Agilent). Samples with RIN value above 8.0 were used for transcriptome 
analysis. The sequencing library preparation was done using 200 ng of total RNA input 
with the TrueSeq RNA Sample Prep Kit v3-Set B (RS-122-2002, Illumina Inc, San Diego, CA) 
producing a 275bp fragment including adapters in average size. In the final step before 
sequencing, 12 individual libraries were normalized and pooled together using the adapter 
indices supplied by the manufacturer. Pooled libraries were clustered on the cBot Instrument 
from Illumina using the TruSeq SR Cluster Kit v3 – cBot – HS (GD-401-3001, Illumina Inc, 
San Diego, CA) and sequencing was then performed as 78 bp, single reads and 7 bases 
index read on an Illumina HiSeq3000 instrument using the TruSeq SBS Kit HS- v3 (50-cycle) 
(FC-401-3002, Illumina Inc, San Diego, CA). Reads were aligned to the rat genome using 
the STAR Aligner v2.5.2a [34] with corresponding Ensembl 84 reference genome (http://
www.ensembl.org). Sequenced read quality was checked with FastQC v0.11.2 (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and alignment quality metrics were 
calculated using RNASeQC v1.18 [35]. Following read alignment, duplication rates of the 
RNA sequencing samples were computed with bamUtil v1.0.11 to mark duplicate reads and 
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the dupRadar v1.4 Bioconductor R package for assessment [36]. Gene expression profiles 
were quantified using Cufflinks software version 2.2.1 [37] and the feature counts software 
package [38]. Transcripts with at least 10 reads in 8 samples were retained and further 
used to identify differentially expressed genes between the following three experimental 
groups: Saline, L-DOPA and L-DOPA + Riluzole. Statistical analyses were performed using 
R (www.r-project.org) and the Bioconductor package ([39], www.bioconductor.org) limma-
voom [40]. The Benjamini-Hochberg’s method was used to correct for multiple testing, 
and only protein-coding genes with adjusted P-value <0.01, independent of magnitude of 
change, were considered as differentially expressed and used in the subsequent analyses. 
The Venn diagram of the final sets of significantly differentially expressed genes for the two 
comparisons was built with Venny [41]. To assess the effect of Riluzole on L-DOPA-regulated 
genes, we also looked at the overlap between the genes regulated by L-DOPA (L-DOPA vs. 
Saline, comparison 1) and the genes regulated by Riluzole in the L-DOPA model (L-DOPA + 
Riluzole vs. L-DOPA, comparison 2). To quantify this overlap, we used the hypergeometric 
distribution test [42]:

This test calculates the chance of observing exactly x overlapping genes from a total 
of n differentially expressed genes by Riluzole in the L-DOPA model, with a total of M genes 
that were differentially expressed by L-DOPA and a total of N genes detected with RNAseq. 
The total number of unique genes detected with RNAseq (N) consists of genes detected 
in both comparisons, irrespective of their FC or expression P-value. For all comparisons, 
only protein-coding genes were considered. To determine the correlation between the fold 
changes for the overlapping genes in the two comparisons, we created a scatter plot and 
calculated the Spearman correlation coefficient using the ggscatter function in R package 
ggpubr. 

Upstream regulator and gene enrichment analyses 
Using Ingenuity Pathway Analysis (IPA; Qiagen Inc.), we performed upstream regulator and 
gene enrichment analyses. Based on the differentially expressed genes, IPA generates a 
list of ‘upstream regulators’, i.e., proteins or compounds that are able to explain observed 
gene expression changes in the input dataset. For each upstream regulator, IPA calculates a 
P-value of overlap (measuring the statistical significance of the overlap between the dataset 
genes and all genes that are regulated by the upstream regulator) and a z-score (reflecting 
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the inhibition or activation of the upstream regulator-dependent effects on target gene 
expression). We selected the major upstream regulator with the best z-score and P-value 
of overlap for the two comparisons – i.e., L-DOPA vs. Saline and L-DOPA + Riluzole vs. 
L-DOPA – and used the target genes of this upstream regulator for further analyses. In the 
gene enrichment analysis, IPA assigns genes and their corresponding mRNAs/proteins to 
functional (sub)-categories, i.e., ‘canonical pathways’ and ‘biofunctions’, with the latter 
including ‘diseases and disorders’ and ‘molecular and cellular functions’. 

Molecular landscape building
Following the upstream regulator and enrichment analyses, we searched the literature for 
the functions and interactions of all proteins encoded by the target genes of the major 
upstream regulator and expressed in the opposite direction in the two comparisons, i.e., 
L-DOPA vs. Saline and L-DOPA + Riluzole vs. L-DOPA. First, we used the UniProt Knowledge 
Base ([43], http://www.uniprot.org) to gather basic information on the functions of all 
target genes and their encoded proteins. Subsequently and starting with the interactions 
reported by IPA, we used PubMed (http://www.ncbi.nlm.nih.gov/pubmed) to search for all 
functional, experimental evidence-based interactions between the proteins. Based on all 
gathered information, we generated a protein interaction landscape. The figure depicting 
this landscape was made using the drawing program Serif DrawPlus version 4.0 (www.serif.
com).

qPCR validation of selected CREB1 targets 
To provide an additional validation of the RNA sequencing data, we performed qPCR to assess 
and compare the mRNA expression levels of 10 randomly chosen CREB1 targets in each of 
the samples of the groups investigated in this study (Saline, L-DOPA, L-DOPA + Riluzole). 
RNA from the same samples used for the RNA sequencing was reverse-transcribed to cDNA 
using the RT2 First-Strand Kit (Qiagen, Cat. number 330404) according to the manufacturer’s 
instructions. Three-step qPCR (95°C for 10min, followed by 40 two-step cycles at 95°C for 
15s and 60°C for 30s, and the generation of melting curves from 70 to 95 °C; Rotor-Gene Q 
1000, Qiagen) was performed using RT² SYBR Green ROXTM qPCR Mastermix (Qiagen, Cat. 
number 330521) and RT2 qPCR primer Assays provided by Qiagen The housekeeping genes 
Bcap29 and Cdkn1b were used as reference for normalization of gene expression, and a 
Student’s t-test was used to assess statistical significance. The full list of primers is specified 
in Supplementary Table 1.

http://www.serif.com
http://www.serif.com
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RESULTS
Assessment of striatal DA depletion by assaying its content 
To confirm the degree of dopaminergic denervation in the unilateral 6-OHDA-lesioned 
rats, total (intracellular and extracellular) dopamine (DA) tissue content in the ipsilateral 
(lesioned) and contralateral (control) striatum relative to the lesion was assayed by HPLC 
coupled to ECD. 6-OHDA lesion induced a marked decrease (76 %) in DA concentration in the 
ipsilateral striatum compared with the contralateral side (Supplementary Figure 1).

Behavioral effects: induction of AIMs by L-DOPA in 6-OHDA-lesioned 
rats and their mitigation by Riluzole
Intra-MFB 6-OHDA lesion plus 2 weeks of chronic L-DOPA exposure induced strong abnormal 
involuntary movements (p<0.001), while 6-OHDA-lesioned rats given saline showed no 
abnormal motor phenotype. Chronic treatment with Riluzole together with L-DOPA was 
associated with fewer AIMs than L-DOPA alone (p<0.001), as shown in Figure 2.

RNA sequencing data analysis and upstream regulator/gene 
enrichment analyses
Transcriptomic analysis was performed on the mRNA from the RNA samples isolated from 
the (lesioned) striatum of Saline-, L-DOPA-, and L-DOPA + Riluzole-treated rats 2 h after 
the administration of a final injection. This allowed examination of the striatal mRNA gene 
expression profiles (and assessment of the counteracting effect of Riluzole) at the peak of 
L-DOPA effectiveness. The statistically significant differences in gene expression levels in 
striatum of L-DOPA- vs. Saline-treated rats (comparison 1) and in L-DOPA + Riluzole- vs. 
L-DOPA-treated rats (comparison 2) are shown in Supplementary Data file 1.

Among the differentially expressed genes, 667 were differentially expressed only in 
comparison 1 and 1200 genes were differentially expressed only in comparison 2. Further, 
465 genes were overlapping in that they were differentially expressed in both comparisons 
(Supplementary Figure 2), and all of these genes were differentially expressed in the 
opposite direction in the two comparisons (i.e., genes that were upregulated by chronic 
L-DOPA treatment were downregulated by Riluzole co-administration, and vice versa). 
The significance of the overlap in differentially expressed genes was calculated by using 
the hypergeometric distribution test, which showed that the overlap is much greater than 
would be expected based on random gene selection (P-value = 1.01E-142). 
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FIGURE 2. Induction of AIMs by L-DOPA in 6-OHDA-lesioned rats and their mitigation by Riluzole. Data 
shown as mean +/- S.E.M. AIMs scores. Significant differences between the saline and L-DOPA-treated 
groups are indicated as **p<0.01 and ****p<0.001, and between the L-DOPA and L-DOPA + Riluzole-
treated groups as ####p<0.001. 

As indicated in Supplementary Table 2, cAMP responsive element binding protein 1 
(CREB1) is the top upstream regulator of both the genes that were differentially expressed 
in comparison 1 and comparison 2, and in these comparisons, CREB1 is predicted to be 
activated and inhibited, respectively. In addition, CREB1 is the top upstream regulator of 
the 465 overlapping differentially expressed genes (see previous texts) and there is a highly 
significant, negative correlation (r= - 0.91, P-value = 2.2E-16) between the fold changes 
for these genes – including the 58 direct CREB1 target genes – in the two comparisons 
(Supplementary Figure 3). 

Furthermore, gene enrichment analysis (Supplementary Table 3) revealed that the 
three sets of differentially expressed genes are significantly enriched for a number of 
‘diseases and disorders’ categories, including ‘epileptic seizure’ (enriched in all three gene 
sets), as well as ‘disorder of basal ganglia’ and ‘neuromuscular disease’ (enriched in the genes 
from comparison 1). In addition, the gene sets are enriched for multiple ‘molecular and 
cellular functions’ categories, such as ‘cell death/apoptosis’ and ‘expression/transcription of 
RNA’ (enriched in all three gene sets) as well as ‘development of neurons’ (enriched in the 
genes from comparison 2). 

Molecular landscape of CREB1 targets 
Subsequently, we further investigated the CREB1-mediated molecular mechanisms 
implicated in the counteractive effect of Riluzole on L-DOPA-induced changes in gene 
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expression. Therefore, the set of 58 CREB1 target genes that were regulated in the opposite 
direction by L-DOPA and Riluzole (Table 1) was studied in more detail and enrichment 
analysis of these 58 overlapping genes showed that ‘epileptic seizure’ and ‘apoptosis’ are the 
most significantly enriched ‘diseases and disorders’ and ‘molecular and cellular functions’ 
categories, respectively (Supplementary Table 4).

TABLE 1. CREB1 target genes that were significantly differentially expressed in comparisons L-DOPA vs. 
Saline and L-DOPA + Riluzole vs. L-DOPA with the corresponding fold changes (FDR corrected P-value 
<0.01). The genes in bold encode proteins that are included in our molecular landscape (Figure 3). 
CREB1 target 
gene

Description L-DOPA vs. 
Saline

L-DOPA + Riluzole 
vs. L-DOPA

Arc Activity regulated cytoskeleton-associated protein   6.41 -2.99

Atf3 Activating transcription factor 3 10.98 -6.06

Bag3 BCL2-associated athanogene 3   1.80 -1.73

Ccnd3 Cyclin D3   1.22 -1.31

Cdc37 Cell division cycle 37   1.27 -1.28

Cdk19 Cyclin-dependent kinase 19  -1.22  1.18

Cdkn1a Cyclin-dependent kinase inhibitor 1A   4.09 -2.57

Crem cAMP-responsive element modulator   1.73 -1.52

Crh Corticotropin-releasing hormone   6.32 -4.62

Csrnp1 Cysteine and serine-rich nuclear protein 1   3.06 -1.88

Dusp14 Dual specificity phosphatase 14   4.15 -2.44

Egr4 Early growth response 4 10.01 -4.16

Ehd4 EH domain containing 4   1.30 -1.30

Fgf13 Fibroblast growth factor 13  -1.29  1.26

Fos Fos proto-oncogene, AP-1 transcription factor 
subunit

12.99 -4.94

Fosb FosB proto-oncogene, AP-1 transcription factor 
subunit

17.17 -4.96

Frmd6 FERM domain containing 6   2.16 -1.59

Gaa Glucosidase alpha, acid   1.46 -1.34

Gadd45b Growth arrest and DNA damage-inducible beta   3.43 -1.76

Gadd45g Growth arrest and DNA damage-inducible gamma   4.59 -2.92

Gpr3 G protein-coupled receptor 3   8.19 -3.95

Hspa5 Heat-shock protein family A (Hsp70) member 5   1.64 -1.41

Id1 Inhibitor of DNA binding 1, HLH protein   1.44 -1.57

Igsf9b Immunoglobulin superfamily member 9B   1.93 -1.63

Inhba Inhibin beta A subunit   5.76 -3.41
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CREB1 target 
gene

Description L-DOPA vs. 
Saline

L-DOPA + Riluzole 
vs. L-DOPA

Irs2 Insulin receptor substrate 2   6.01 -3.00

Jun Jun proto-oncogene, AP-1 transcription factor 
subunit

  2.45 -1.70

Junb JunB proto-oncogene, AP-1 transcription factor 
subunit

  7.83 -3.28

Klf4 Kruppel like factor 4   2.00 -1.60

Lmo1 LIM domain only 1   1.25 -1.23

Midn Midnolin   2.52 -2.34

Ndufv1 NADH:ubiquinone oxidoreductase core subunit V1   1.19 -1.21

Nfil3 Nuclear factor, interleukin 3 regulated   2.08 -1.51

Npas4 Neuronal PAS domain protein 4   5.50 -5.07

Nptx2 Neuronal pentraxin 2   4.96 -2.70

Npy Neuropeptide Y   1.72 -2.23

Nr4a1 Nuclear receptor subfamily 4 group A member 1   4.27 -2.15

Nr4a3 Nuclear receptor subfamily 4 group A member 3 10.26 -4.16

Nrgn Neurogranin   1.56 -1.36

Pdxk Pyridoxal kinase   1.93 -1.69

Pdyn Prodynorphin   2.50 -1.75

Per1 Period circadian clock 1   2.18 -1.87

Pim3 Pim-3 proto-oncogene, serine/threonine kinase   1.41 -1.39

Plat Plasminogen activator, tissue type   1.47 -1.48

Ptgs2 Prostaglandin-endoperoxide synthase 2   5.15 -3.08

Pvr Poliovirus receptor   2.84 -2.34

Rem2 RRAD and GEM-like GTPase 2   5.42 -2.82

Rheb Ras homolog enriched in brain   1.49 -1.18

Scg2 Secretogranin II   2.90 -1.69

Sema7a Semaphorin 7A (John Milton Hagen blood group)   1.30 -1.27

Sertad1 SERTA domain containing 1   2.83 -1.74

Sh3kbp1 SH3 domain containing kinase binding protein 1  -1.15  1.13

Sik1 Salt-inducible kinase 1   3.10 -2.08

Slc32a1 Solute carrier family 32 member 1   1.79 -1.52

Srxn1 Sulfiredoxin 1   6.08 -3.28

Stat3 Signal transducer and activator of transcription 3   1.13 -1.13

Tac1 Tachykinin precursor 1   2,82 -1,92

Vegfa Vascular endothelial growth factor A   1,33 -1,30
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The proteins encoded by 43 of the 58 CREB1 target genes could be placed into a 
molecular landscape (Figure 3). In the supplementary results (Supplementary Materials), 
all the protein interactions in this landscape are described in great detail. That being said, 
we here give a succinct description of the main processes and signaling cascades in the 
landscape. Importantly, as the main signaling ‘hub’ in the landscape, CREB1 is a transcription 
factor that regulates the expression of many target genes involved in neuronal processes 
such as neuronal survival, differentiation, and development. Further, there are three main 
landscape cascades in the nucleus. First, the AP-1 transcription factor complex – consisting 
of JUN, FOS, JUNB and FOSB – binds and interacts with CREB1 and is regulated by and 
regulates the expression of a number of other landscape proteins, e.g., ATF3 and CREM. In 
addition, a complex of two functionally related transcription factors – NR4A1 and NR4A3, 
which regulate neuronal survival downstream of CREB1 – interacts with the AP-1 complex 
and is regulated by extracellular molecules that are involved in (dopaminergic) apoptosis,

FIGURE 3. The molecular landscape is located in a neuron and shows the functional interactions 
between proteins encoded by 43 of the 58 CREB1 target genes regulated in the opposite direction by 
L-DOPA and after Riluzole co-administration in our AIMs model.
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such as CRH, TAC1 and VEGFA. The third important signaling cascade in the nucleus centers 
around the transcription factors of the GADD45 family that regulate the neuronal stress 
response and apoptosis and interact with other transcription factors like CCND3 and CDKN1A. 
Further, most other landscape proteins interact with two proteins/protein complexes that 
regulate neuronal apoptosis and can be found both in the nucleus and cytoplasm, i.e., 
ERK1/2 and the adaptor protein STAT3. The signaling cascades dependent on ERK1/2 and 
STAT3 are in turn modulated by a number of extracellular proteins – e.g., FGF13, PLAT and 
SCG2 – and cytoplasmic regulators – e.g., DUSP14, HSPA5 and IRS2 – with prominent roles 
in neuronal function and survival.

qPCR validation of selected CREB1 targets 
To provide an additional validation of the RNA sequencing data, we performed qPCR to assess 
and compare the mRNA expression levels of 10 selected CREB1 targets. In Supplementary 
Figure 4, the expression differences are shown for both comparisons (L-DOPA vs. Saline 
and L-DOPA + Riluzole vs. L-DOPA). As we were able to validate 8 of the 10 tested mRNA 
expression differences and the two other differences were not statistically significant but 
still in the right direction, we submit that the RNA sequencing data in general and the 
expression data for the CREB1 targets in particular indeed reflect true expression changes. 

DISCUSSION 
In the current study, we ascertained that 6-OHDA-lesioned rats treated with L-DOPA 
demonstrate clear AIMS and this is counteracted by chronic exposure to Riluzole, a drug that 
has already been shown to have some effect on attenuating AIMS in previous studies. Our 
experiments revealed that Riluzole induces mRNA expression changes in the rat striatum 
that are tightly linked to the occurrence of L-DOPA-induced AIMs. 

Our findings point towards the regulation of apoptosis as a key molecular mechanism 
underlying both the effect of chronic L-DOPA administration – with the accompanying 
AIMs – and the ‘rebalancing’ effect of Riluzole, leading to a reduction of AIMs. In general 
terms, the landscape that we built based on the CREB1 targets that were expressed in the 
opposite direction in the AIMs model and after Riluzole administration suggests that chronic 
administration of L-DOPA tilts the neuronal survival/apoptosis balance towards increased 
survival (and hence less apoptosis). Conversely, Riluzole administration leads to a reversal of 
this balance towards less survival and more apoptosis. Indeed, most of the landscape genes 
encode proteins that have anti-apoptotic properties, and these genes are upregulated after 
chronic L-DOPA administration, an effect that is counteracted by Riluzole. Mechanistically, 
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as derived from the upstream regulator analysis, the effect of Riluzole is mediated through 
decreasing the activation of CREB1, i.e., CREB1 (and hence the regulation of its downstream 
targets) is predicted to be activated upon exposure to L-DOPA and inhibited after adding 
Riluzole. CREB1 acts as a functional ‘go-between’ between cytoplasmic kinase/enzyme 
signaling cascades and nuclear regulation of gene expression. More specifically, CREB1 
is known to be activated through phosphorylation by kinases such as ERK1/2 [44] and 
protein kinase C (PKC) [45] (see subsequent texts), which in turn leads to reduced neuronal 
apoptosis through the upregulation of anti-apoptotic gene expression by activated CREB1 
[46]. In addition, L-DOPA administration to 6-OHDA-lesioned rats was found to markedly 
increase CREB1 phosphorylation in striatal neurons [47,48] and, interestingly, a very recent 
study showed that Riluzole reduces neuronal CREB1 phosphorylation [49].

As for how Riluzole would decrease CREB1 activity, there are some clues from the 
literature. Taken together with our results, these literature findings have led us to propose a 
putative molecular mechanism – shown in Figure 4 – through which Riluzole could decrease 
CREB1 activity, modulate apoptosis and ultimately reduce AIMs. First, and as pointed out 
previously, Riluzole mainly exerts anti-glutamatergic effects which, through a number of 
mechanisms [27-31], lead to reduced glutamatergic neurotransmission. When activated 
by glutamate, postsynaptic NMDA receptors activate ERK1/2, kinases with an important 
role in our landscape that subsequently phosphorylate – and hence activate – CREB1 [44]. 
These data imply that through its anti-glutamatergic effects, Riluzole would decrease CREB1 
activity by reducing NMDA receptor-induced ERK1/2 signaling. Second, Riluzole is a potent 
intracellular inhibitor of PKC [50], a kinase that positively regulates NMDA receptor function 
[51] and phosphorylates/activates CREB1, either directly or through activating ERK1/2 
[45]. Although not shown in Figure 4, a recent paper reported that Riluzole also reduces 
presynaptic glutamatergic vesicle recycling and, hence, the size of the readily releaseable 
glutamate pool through inhibiting PKC [31]. Further, it is interesting that glutamate-induced 
activation of CREB1 is (partially) blocked by inhibiting ERK1/2 with U0126 [52], a compound 
that, as opposed to CREB1, is predicted to be inhibited after exposure to L-DOPA and 
activated by adding Riluzole (see Supplementary Table 2). 

Although our study yielded interesting findings, it has some limitations. First, while 
chronic L-DOPA administration is thought to be the main contributor to the AIMs phenotype 
through its effect on striatal projection neurons – i.e., through promoting dopamine 
receptor hypersensitivity in these neurons – lesioning with 6-OHDA affects dopaminergic 
as well as noradrenergic neurons. As such, a contribution of 6-OHDA-induced noradrenergic 
denervation to the AIMs phenotype cannot be excluded. In addition, although our results 
indicate that the effect of Riluzole on reducing AIMs is mediated through lowering CREB1 
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activity, further studies are needed to confirm that Riluzole (in)directly decreases CREB1 
activity through reducing its phosphorylation. In this respect, it is interesting to note that 
the literature provides some corroborating evidence that phosphorylation-dependent 
CREB1 activation is indeed an important contributing factor to the development of AIMs.

 

FIGURE 4. Putative mechanisms of how Riluzole could counteract CREB1-mediated gene expression by 
decreasing the activity of CREB1. Firstly, through a number of mechanisms, Riluzole reduces glutamatergic 
neurotransmission, which includes less glutamate binding to postsynaptic NMDA glutamate receptors. As a 
result, NMDA-mediated ERK1/2 signaling and the subsequent activation of CREB1 are also reduced. Secondly, 
Riluzole could inhibit PKC, a kinase that positively regulates NMDA receptors and activates CREB1 (directly or 
through activating ERK1/2), leading to a reduced CREB1 activity. The key players in this mechanism – L-DOPA, 
NMDA glutamate receptors, the kinases ERK1/2 and PKC, and CREB1 itself – are shown. 
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For example, psychostimulants such as amphetamines and cocaine, and other drugs such 
as the antipsychotic aripiprazole – that are all known to induce AIMs [53-55] – promote 
phosphorylation-dependent CREB1 activation in (striatal) neurons [56-58]. Therefore, 
in addition to confirming the effect of Riluzole, future studies could test other (novel or 
existing) drugs for their positive effect on AIMs (and LID) through decreasing CREB1 activity. 

In conclusion, we have demonstrated that Riluzole attenuates AIMs in 6-OHDA-
lesioned rats that were chronically treated with L-DOPA. In addition, RNA sequencing 
analysis revealed that Riluzole reverses the expression direction of genes regulating mainly 
pro-apoptotic processes, downstream of activated CREB1. This molecular mechanism 
underlying the beneficial effect of Riluzole needs to be confirmed in future studies and can 
be leveraged to design AIMs/LID treatment studies using novel and/or existing compounds. 
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SUPPLEMENTARY MATERIALS
Supplementary Data file 1 can be accessed via the publication online: https://doi.
org/10.1007/s12035-018-1433-x or through: http://gofile.me/5Nxbd/IvkZFnkGE.

Supplementary Methods
Stereotaxic surgery
After 1 week of habituation at post-natal day (PND) 21 (n=48), rats were separated from their 
mothers and were stereotaxically injected with a 4.4 µg/µl solution of 6-hydroxydopamine 
hydrobromide (6-OHDA, Sigma-Aldrich, Germany) in 0.02% ascorbate solution (4µl of injected 
volume at a speed of 0.3 µL/min) into the left medial forebrain bundle (MFB) according to 
the following coordinates calculated (in cm) from bregma: Anterior Posterior= -0.41, Medial 
Lateral= + 0.15, Dorsal Ventral= -0.75. After injection, the needle was left in place for 3 additional 
minutes and then retracted. Surgical anesthesia was induced with 4.5% isoflurane in N2O/O2 
(70: 30) and reduced to a minimum of 1.2-1.5% isoflurane to ensure anesthesia maintenance. 
Analgesia was provided with Meloxicam (1mg/kg SC in 2mg/ml injection volume, Boehringer 
Ingelheim Vetmedica GmbH, Germany) 20 minutes before the surgical procedure took place 
and at its end. After recovery, rats were housed in groups of 5 siblings to prevent isolation.

Striatal DA determination through HPLC
DA levels in 12 6-OHDA-lesioned striata compared to their contralateral controls were 
quantified using HPLC coupled to ECD. Frozen samples were homogenized by sonication 
in a solution of 0.4 N perchloric acid and centrifuged for 20 min at 4 °C. Supernatants were 
filtered and used for DA quantification. The HPLC system was composed of an HPLC P680 
ISO isocratic pump system and an automated ASI-100 sample injector (Dionex, Dreieich, 
Germany). The electrochemical detector was set at the potential of +650 mV using a 
glassy carbon electrode and an Ag/AgCl reference electrode (Antec VT-03, Zoeterwoude, 
Netherlands). A reversed-phase column (100 x 2.1 mm i.d. with pre-column 10 x 2.1 mm 
i.d., filled with ODS-AQ, 120 Å, 3 µm, YMC Europe GmbH, Dinslaken, Germany) was used for 
chromatographic separation. The mobile phase consisted of 1.7 mM of 1-octanesulfonic acid 
sodium salt, 1.0 mM Na2EDTA x 2 H2O, 8.0 mMNaCl, 100.0 mM NaH2PO4 x 2 H2O, adjusted 
to pH 3.80 with H3PO4, filtered through a 0.22 µm filter (Merck Millipore, Darmstadt, 
Germany), mixed up with 9.3 % acetonitrile, and delivered with a flow rate of 0.4 ml/min. 
Aliquots of 10uL were injected by an autosampler with a cooling module temperature of 
4°C (ASI-100, Thermo Scientific Dionex, Dreieich, Germany). DA was quantified through the 
comparison with an external five-point standard calibration. Chromeleon™ 7.1 software 
(Thermo Scientific Dionex, Dreieich, Germany) was used for data acquisition and calculation.

https://doi.org/10.1007/s12035-018-1433-x
https://doi.org/10.1007/s12035-018-1433-x
http://gofile.me/5Nxbd/IvkZFnkGE
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Supplementary Results
Description of the molecular landscape
As described in the Methods section, we built a molecular landscape located in a neuron 
that is based on a subset of genes/mRNAs that were differentially expressed between 
three groups of rats and are all downstream expression targets of CREB1 (cAMP response 
element binding protein 1). All these genes are listed in Supplementary Data file 1 and in the 
description below; the proteins encoded by these genes are indicated in bold. Moreover, 
the evidence linking a number of these genes/proteins to L-DOPA signaling is presented. 

Signaling in the molecular landscape originates in the nucleus and is centered around 
CREB1. As main signaling ‘hub’ in the landscape, CREB1 is an important transcription factor 
that regulates the expression of a large number of target genes involved in many neuronal 
processes, including neuronal survival, differentiation and development. L-DOPA has been 
found to directly activate the transcriptional function of CREB1 in striatal neurons [1,2]. 
Another important member of the CREB transcription factor family is CREM [3] which binds 
[4] and is involved in regulating the expression of CREB1 [5]. The CREB1-CREM complex also 
binds and interacts with FOS and JUN [6]. FOS and JUN bind each other as well as FOSB 
and JUNB. FOS, JUN, FOSB and JUNB are part of the AP-1 complex of transcription factors 
that interacts with CREB1 [7-11] and is known to play a role in apoptosis of (neuronal) cells 
in response to stress, DNA damaging agents and a general lack of ‘survival signals’ [12]. 
Further, CREB1 and CREM inhibit the transcriptional activity of JUN [6]. In addition, FOS 
and JUN interact with ATF3 [13] and CREM interacts with the transcription factor NFIL3 
[14] (see below). JUN regulates neuronal differentiation and cell survival. More specifically, 
JUN protects against apoptosis in differentiated PC12 cells that are often used as a model 
of neuronal differentiation [15]. Interestingly, increased expression levels of Fos were 
reported in rodents that had been injected with 6-hydroxy-dopamine (6-OHDA) [16,17] and 
subsequently treated with L-DOPA [18-20]. L-DOPA administration also produces a long-
lasting increase in the expression levels of FosB but not JunB [21]. In keeping with these 
finding, JunB was shown to protect against the death of nigral neurons [22].

Furthermore, the extracellular signal-regulated kinases 1 and 2 (ERK1/2) – that can 
function in both the cytoplasm and nucleus – activate both CREB1 and CREM (not shown) 
[23,24]. In addition, ERK1/2 are involved in increasing the expression of FOSB [25] and 
activate FOS [26,27] and ATF3 [28]. ERK1/2 were originally identified as kinases that regulate 
neuronal survival and neuroprotection but subsequently, it was found that ERK1/2 also play a 
critical role in secondary damage mechanisms implicated in a number of neurodegenerative 
diseases, stroke, CNS injury, and autoimmune diseases of the CNS [29-34]. In addition, a 
number of studies reported that activation of ERK1/2 in the dopamine-depleted striatum is 
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induced by L-DOPA administration [35-39]. ATF3 and ERK1/2 are involved in decreasing the 
expression of ID1 [40,41], an anti-apoptotic transcription factor [42], while ID1 decreases 
the expression of ERK1/2 [43]. Further, under normal circumstances, ATF3 is expressed at 
low levels in both neurons and glia cells but its expression is upregulated in response to 
injury or stressful stimuli, after which it positively regulates the survival of these cells [44]. 
In line with our findings, a chromatin immunoprecipitation (ChIP) study also showed that in 
6-OHDA-lesioned striata of mice, the expression of Atf3 as well as the transcription factors 
Klf4 and Npas4 (see below) was upregulated after acute L-DOPA administration [45].

Moreover, NR4A1 and NR4A3 belong to the NR4A orphan nuclear receptor family of 
transcription factors that is rapidly and strongly upregulated after stressful insults to the 
CNS. NR4A transcription factors are essential for neuronal survival downstream of CREB(1) 
signaling and may be suitable targets for intervention in neurodegenerative disease [46]. 

In the MPTP mouse model of PD, Nr4a1 activation protects dopaminergic neurons 
[47]. In addition, Nr4a1 knockout mice display higher locomotor activity, a greater sensitivity 
to dopamine [48] and increased L-DOPA-induced rotational behavior [49]. Further, Nr4a1 
expression was increased in the caudate nucleus and putamen upon L-DOPA treatment in 
MPTP monkeys (that are a non-human primate model of PD) [50]. Lastly, NR4A1 expression 
was found to be decreased in the blood of PD patients [51]. All these findings are in line with 
our results showing an overexpression of NR4A1. Within the landscape, NR4A1 binds and 
forms a functional complex with NR4A3 [52], NR4A1 decreases the activity of FOSB [53] and 
the kinase SIK1 – which can be found in both the nucleus and cytoplasm and is upregulated 
by CREM [54] – reduces NR4A1 expression [55]. In addition, TAC1 – an extracellular, 
potently anti-apoptotic protein [56] that was also found to be increased in a primate model 
of L-DOPA induced dyskinesia [57] – activates NR4A1 [58] and upregulates the expression 
of FOSB [59], which apart from the nucleus can also be found in the cytoplasm, were it 
forms a functional complex with BAG3, a co-chaperone protein that regulates neuronal 
apoptosis and autophagy [60,61]. Interestingly, Bag3-mediated autophagy is also involved 
in the clearance of aggregated proteins associated with age-related neurodegenerative 
disorders [62-64]. Lastly, corticotropin-releasing hormone (CRH) – which functions as a 
neurotransmitter in the central nervous system (CNS) [65] and regulates neuronal apoptosis 
[66] as well as dopaminergic neuron function [67] – increases the expression of JUNB [68], 
while FOSB increases the expression of CRH [69]. Further, CRH upregulates the expression 
of NR4A1 [70], TAC1 [71] and the growth factor (see below) VEGFA [72] and it activates 
ERK1/2 [73]. In turn, ERK1/2 upregulates NR4A3 [74].

Another signaling cascade in the landscape centers around CDKN1A, a transcription 
factor that is also known as p21 (WAF1/CIP1) and is involved in 6-OHDA-induced 
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dopaminergic cell death [75]. CDKN1A inhibits FOS and JUN [76] while it activates ERK1/2 
[77]. KLF4 and ERK1/2 are involved in upregulating CDKN1A expression [77,78], while ERK1/2 
also increases the expression of KLF4 [79]. Further, the growth factor FGF13 (see below), the 
transcription factor SERTAD1 and the cytoplasmic protein FRMD6 all increase the expression 
of CDKN1A [80-82], whereas ID1 and BAG3 decrease its expression [83,84]. CDKN1A also 
inhibits CCND3 [85], a nuclear regulator of the cell cycle that was found to be significantly 
increased during 6-OHDA-induced apoptosis of dopaminergic neurons, which is interesting 
given that loss of cell cycle control has been suggested to lead to death of dopaminergic 
neurons observed in Parkinson’s disease (PD) [86]. Moreover, GADD45G – a member of the 
GADD45 family of nuclear proteins that have an important role in regulating the neuronal 
stress response and apoptosis [87] – binds, interacts with, and increases the expression 
of CDKN1A [88] and also binds/interacts with MIDN [89], a nuclear protein encoded by a 
gene that has been strongly linked to Parkinson’s disease [90,91]. GADD45G, GADD45A and 
GADD45B – which also upregulates CDKN1A expression [92] – bind and form a functional 
complex [93]. Interestingly, knockout of Gadd45b in the L-DOPA-induced dyskinesia (LID)-
rodent model results in an increased expression of Fos and FosB [94], which implies that 
GADD45B downregulates the expression of FOS and FOSB (not shown). Another study on 
LID showed that the expression of Gadd45b and Gadd45g is increased in the lesioned side of 
the striatum after L-DOPA administration [95]. Gadd45a is also involved in 6-OHDA-induced 
brain toxicity in rats [96]. NFIL3 – a transcription factor that plays a neuroprotective role in 
neurons and constitutes a potential therapeutic target for neurodegeneration [97] – also 
downregulates the expression of GADD45B [98].

Multiple landscape proteins interact with STAT3, a protein that can function in both the 
cytoplasm and nucleus. STAT3-dependent signaling plays an important role in counteracting 
6-OHDA-induced neuronal cell death by promoting compensatory neuronal proliferation 
[99]. In the nucleus, STAT3 is involved in downregulating the expression of GADD45B and 
GADD45G [100,101], while it is inhibited by GADD45A [102] and KLF4 [103]. Further, STAT3 
activates CDKN1A [104], whereas CDKN1A inhibits STAT3 [105]. In the cytoplasm, STAT3 
forms a functional complex with HSPA5, which in turn binds and interacts with CDC37 
and BAG3 [106,107]. HSPA5 and CDC37 are regulators of normal protein homeostasis 
and the unfolded protein response under physiological stimulation [108-110]. Moreover, 
it has been reported that increased levels of Hspa5 protein protect against dopaminergic 
neurodegeneration in a rat model of PD [111]. ERK1/2 also upregulates HSPA5 expression 
[112] while BAG3 inhibits ERK1/2 function [113]. In addition, STAT3 and ERK1/2 activate 
each other [114,115]. STAT3 is involved in upregulating the expression of VEGFA [116] (see 
below), while the extracellular, neuroendocrine protein secretogranin-2 (SCG2) activates 
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STAT3 [114]. SCG2 is the precursor of secretoneurin (SN) (not shown), which modulates 
neurotransmission and inflammatory responses and is involved in neuronal differentiation 
[117]. Moreover, it was shown that SN induces expression of anti-apoptotic proteins 
through STAT3-dependent signaling [114]. ERK1/2 regulates the expression of SCG2 [118] 
and its activity is regulated by the FOS-JUN-complex [117]. This complex also upregulates 
SRXN1 [119], a cytoplasmic enzyme that protects against oxidative stress-induced damage 
of dopaminergic neurons [120,121].

There are a number of other signaling cascades in the landscape involving ERK1/2. 
First, TAC1 (see above) activates ERK1/2 [122], while ERK1/2 is involved in upregulating 
the expression of both TAC1 [123] and PTGS2 [124], a cytoplasmic enzyme that produces 
prostaglandin, and is upregulated through signaling involving the extracellular proteins 
CRH [125] and VEGFA [126] (see above) and downregulated by NFIL3 (see above) [127]. 
Furthermore, ERK1/2 regulates the activity of NPTX2 [128,129], an extracellular protein 
that is upregulated by NPAS4 [130]. NPTX2 is important in neuronal development, neuronal 
migration, synapse formation, and neurite outgrowth [131,132]. In addition, Nptx2 was 
found to be extremely upregulated (>800%) in the substantia nigra of PD patients [131] 
and it was reported that Nptx2 expression increases upon L-DOPA administration while 
LID severity is reduced in Nptx2 knockout mice [129]. Further, ERK1/2 activity is regulated 
by the cytoplasmic adaptor protein SH3KBP1 and by IRS2 [133], a cytoplasmic insulin-
signaling related protein that is also upregulated downstream of ERK1/2 [123]. IRS2 is 
implicated in apoptosis and in the regulation of the dopaminergic cell morphology [134], 
and 6-OHDA injection leads to degradation of Irs2 [135]. Moreover, the GTP-binding protein 
RHEB inhibits ERK1/2 [136] and decreases the expression of IRS2 [137]. RHEB regulates 
neuronal plasticity and differentiation in response to injury and stress, and it was shown to 
preserve and restore nigrostriatal dopaminergic axonal projections in a PD mouse model 
[138-140]. Interestingly, when it is overexpressed, Rheb is able to switch its function and 
hence become an apoptotic enhancer. ERK1/2 also upregulates the expression of EGR4, 
a transcription factor that is increased by L-DOPA [129]. Another negative regulator of 
ERK1/2 function is the phosphatase DUSP14 [141,142] and as such, it negatively regulates 
ERK signaling in dopamine-depleted striatal neurons during LID [143,144]. DUSP14 is also 
involved in downregulating the expression of PLAT [145], an extracellular enzyme with roles 
in neuronal migration and plasticity [146]. In vitro and ex vivo studies also suggest that Plat 
has pro-survival/anti-apoptotic effects on both neurons and oligodendrocytes [147]. PLAT 
increases the expression of the cytokine INHBA [148], and both PLAT and INHBA activate 
ERK1/2 [149,150]. In addition, INHBA increases the expression of JUNB [151] and VEGFA 
[150], a growth factor that itself activates JUNB [152] and ERK1/2 [153], and is upregulated 
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downstream of ERK1/2 [154] and FGF13 [155], a growth factor that also activates JUNB 
[8]. VEGFA has a key role in vascular and neuronal pattering in the developing central 
nervous system (CNS) [156] and VEGFA administration to 6-OHDA- lesioned rats lead to a 
significant increase in neuronal number [157]. Further, VEGFA increases the expression of 
FOSB [158] and NR4A3 [159] (see above), while VEGFA, TAC1 and KLF4 all upregulate PLAT 
expression [160-162]. CRH activates PLAT [163] and is activated by NPY, an extracellular 
hormone that is abundant in the CNS where it negatively and positively regulates apoptosis 
and autophagy, respectively [164,165], and that activates ERK1/2 [166]. NPY expression is 
also increased in the striatum of PD patients where it acts as a neuroprotective agent [167]. 
Further, CRH expression is downregulated by the kinase SIK1 [168] (see above) that also 
upregulates the expression of ARC, a brain-specific protein with a role in long-term synaptic 
plasticity and apoptosis [169,170] that was upregulated in the striatal neurons of a rat LID-
model [171,172]. In addition, ARC is activated by ERK1/2 [173] and downregulated by PDYN 
[174], a neuropeptide hormone that is upregulated by TAC1 [59] and has anti-apoptotic 
effects [175]. Increased expression of Pdyn was also observed in the striatum of a rodent 
LID model [176-178]. Lastly, ERK1/2 upregulates the expression of PER1 [179], a circadian 
clock protein that shuttles between the nucleus and cytoplasm and is upregulated by FGF13 
[180], and – in the nucleus – inhibited by NFIL3 [3] (not shown). FGF13 is widely expressed 
in the developing brain and it has a key role in establishing neuronal circuits in the cerebral 
cortex as well as neuronal polarization [181]. Furthermore, FGF13 activates ERK1/2 [182]. 

SUPPLEMENTARY FIGURE 1. Effect of unilateral 6-OHDA lesion in the MFB and chronic L-DOPA 
treatment on rat striatal tissue DA levels measured in the same animals (n= 12). Data is shown as 
mean +/- S.E.M with **** denoting p<0.001. 
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SUPPLEMENTARY FIGURE 2. Venn diagram of unique and overlapping significantly differentially 
expressed genes (FDR corrected p-value <0.01) in comparisons L-DOPA vs. Saline and L-DOPA + 
Riluzole vs. L-DOPA. All of these genes were differentially expressed in the opposite direction in the 
two comparisons. Using the hypergeometric test, we determined that this overlap in differentially 
expressed genes is highly significant (hypergeometric p-value = 1.01E-142).

SUPPLEMENTARY FIGURE 3. Scatter plot representing the correlation of log2 fold changes (log2FC) 
observed for overlapping differentially expressed genes – including 58 direct CREB1 target genes – in 
both comparisons. 
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SUPPLEMENTARY FIGURE 4. qPCR validation of 10 selected CREB1 targets. The housekeeping genes 
Bcap29 and Cdkn1b were used as reference for normalization of gene expression, and a Student’s 
t-test was used to assess statistical significance. Values are shown as log2FC (Mean + SEM) with blue 
and green bars representing L-DOPA vs. Saline and L-DOPA + Riluzole vs. L-DOPA, respectively. 
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SUPPLEMENTARY TABLE 1. List of primers used for qPCR validation
RT² qPCR Primer Assay (Qiagen)
Gene Symbol Catalog number RefSeq Accession 
Jun PPR53221A NM_021835.3
Npas4 PPR52619A NM_153626.1
Gpr3 PPR52464A NM_153727.1
Nr4a3 PPR51343E NM_017352.1
Srxn1 PPR50360B NM_00147858.3
Gadd45g PPR46380A NM_001077640.1
Pvr PPR44991A NM_017076.2
Atf3 PPR44403B NM_012912.2
Rem2 PPR06549B NM_022685
Ehd4 PPR43831A NM_139324
Housekeeping genes
Gene Symbol Forward Primer Reverse Primer
Bcap29 AGAAGGCTTCCGATGCCCT TGCTCTTTCAGGAGTCGGTCA
Cdkn1b CAGACGTAAACAGCTCCGAATT CTCAGTGCTTATACAGGATGTC
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SUPPLEMENTARY TABLE 2. Top 10 upstream regulators of significantly differentially expressed genes 
in comparisons L-DOPA vs. Saline and L-DOPA + Riluzole vs. L-DOPA (FDR corrected p-value <0.01) 
revealed by Upstream Regulator Analysis performed in IPA. 
Upstream Regulator Type Activation  

z-score
P-value of 
overlap

# Target 
genes

L-DOPA vs. Saline
CREB1 transcription regulator  7,52 8,53E-31 102
Forskolin chemical toxicant  6,06 5,56E-23 100
Cocaine chemical drug  5,58 1,02E-19 48
PDGF BB Complex  5,22 1,74E-19 61
beta-estradiol chemical - endogenous mammalian  4,05 2,01E-19 178
U0126 chemical - kinase inhibitor -5,07 7,54E-19 76
CREM transcription regulator  4,19 7,25E-18 39
dalfampridine chemical drug  4,58 2,66E-17 21
TGFB1 growth factor  3,82 1,10E-16 166
bicuculline chemical - endogenous non-mammalian  4,48 7,07E-15 21
L-DOPA + Riluzole vs. L-DOPA
CREB1 transcription regulator -6,53 1,21E-11 87
F2 Peptidase -6,33 8,46E-09 48
TP53 transcription regulator -2,80 2,41E-08 167
CREM transcription regulator -2,73 3,16E-08 32
2-amino-5-
phosphonovaleric acid

chemical - other  3,20 3,57E-08 31

PDGF BB Complex -5,31 6,20E-08 52
Forskolin chemical toxicant -5,48 1,26E-07 87
HIF1A transcription regulator -4,27 2,98E-07 58
CD40LG Cytokine -2,50 3,17E-07 57
U0126 chemical - kinase inhibitor  4,82 4,30E-07 67
Overlapping genes (fold change for Riluzole + L-DOPA vs. L-DOPA)

CREB1 transcription regulator -6,19 1,17E-24 58
Forskolin chemical toxicant -5,88 5,08E-22 60
Cocaine chemical drug -4,32 1,71E-15 28
CREM transcription regulator -3,00 5,60E-15 24
dalfampridine chemical drug -3,74 2,92E-14 14
PDGF BB complex -4,98 3,68E-14 33
U0126 chemical - kinase inhibitor  4,57 4,27E-13 39
kainic acid chemical toxicant -4,33 7,23E-13 22
bicuculline chemical - endogenous non-mammalian -3,65 8,91E-13 14

IL1B cytokine -3,60 1,59E-12 54



CHAPTER 3

130

SUPPLEMENTARY TABLE 3. Gene enrichment analysis of significantly differentially expressed genes 
(FDR corrected p-value <0.01) in comparisons L-DOPA vs. Saline and L-DOPA + Riluzole vs. L-DOPA.

Diseases and Disorders Molecular and Cellular Functions

Category P-value of 
overlap

# Genes Category P-value of 
overlap

# Genes

L-DOPA vs. Saline
Cancer 9,65E-27 979 Cell death 6,63E-17 387
Epileptic seizure 4,95E-26 60 Morphology of cells 4,95E-14 257
Disorder of basal ganglia 1,83E-18 134 Expression of RNA 5,15E-11 241
Neuromuscular disease 3,52E-16 142 Differentiation of connective 

tissue cells
2,05E-09 96

Huntington’s Disease 1,38E-13 96 Organization of cytoplasm 2,68E-09 182
Proliferation of tumor cells 6,68E-08 71 Cell cycle progression 3,94E-09 135
Hereditary optic atrophy 1,04E-06 11 Cell proliferation of fibroblasts 5,28E-09 60
Abnormal morphology of 
cardiovascular system

1,08E-06 73 Cell movement 1,23E-08 243

Abnormal morphology of 
skin

4,05E-05 36 Metabolism of protein 2,62E-08 124

Inflammation of joint 9,70E-05 115 Transport of molecule 6,12E-06 177
L-DOPA + Riluzole vs. L-DOPA
Cancer 5,86E-38 1403 Transcription of RNA 2,15E-19 310
Liver lesion 9,54E-10 605 Morphology of cells 1,11E-15 349
Growth failure 1,30E-09 112 Organization of cytoplasm 1,92E-14 263
Epileptic seizure 1,10E-08 44 Differentiation of connective 

tissue cells
8,70E-12 131

Infection of cells 7,22E-07 127 Cell death 1,92E-11 494
Abnormal morphology of 
cardiovascular system

7,76E-07 95 Development of neurons 1,13E-09 144

Proliferation of tumor cells 1,46E-05 83 Cell movement 1,50E-09 333
Pancreatic mass 2,92E-05 335 Cell cycle progression 5,30E-07 168
Autosomal dominant 
disease

3,67E-04 126 Protein kinase cascade 2,93E-05 69

Phagocytosis of tumor cell 
lines

5,67E-04 19 Metabolism of protein 1,66E-04 145

Overlapping genes
Epileptic seizure 2,00E-21 38 Transcription of RNA 8,48E-15 117
Cancer 1,06E-11 400 Apoptosis 1,62E-11 146
Proliferation of tumor cells 2,16E-08 41 Differentiation of connective 

tissue cells
2,37E-11 57

Necrosis of muscle 3,52E-05 28 Binding of DNA 5,71E-11 51
Abnormal morphology of 
embryonic tissue

6,35E-05 36 Morphology of cells 1,99E-09 118
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Diseases and Disorders Molecular and Cellular Functions

Category P-value of 
overlap

# Genes Category P-value of 
overlap

# Genes

Cell death of liver cells 1,65E-04 19 Colony formation 2,19E-09 47
Necrosis of kidney 4,28E-04 26 Cell movement 3,54E-07 114
Inflammation of organ 4,72E-04 67 Formation of filaments 8,37E-07 34
Inflammation of joint 1,93E-03 52 Lymphocyte homeostasis 8,75E-06 40
Abnormal morphology of 
skin

5,77E-03 16 Synthesis of protein 1,41E-04 32

SUPPLEMENTARY TABLE 3. Continued
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SUPPLEMENTARY TABLE 4. Top 10 ‘Diseases and Disorders’ and ‘Molecular and Cellular Functions’ 
categories revealed by gene enrichment analysis in IPA based on 58 overlapping target genes of CREB1. 
The genes in bold encode proteins that are included in our molecular landscape (Figure 3).
Diseases and Disorders

Functions and Annotations BH p-value Genes

epileptic seizure 2,98E-28 Arc, Atf3, Bag3, Cdkn1a, Crem, Egr4, Fos, Fosb, 
Gadd45b, Gadd45g, Inhba, Jun, Junb, Nfil3, Nptx2, 
Nr4a1, Nr4a3, Pdyn, Pim3, Ptgs2, Scg2, Sertad1, Tac1

proliferation of tumor cells 1,67E-10 Atf3, Ccnd3, Cdkn1a, Crem, Fos, Hspa5, Id1, Inhba, Jun, 
Nr4a1, Pim3, Plat, Ptgs2, Rheb, Stat3, Tac1, Vegfa

weight gain 9,67E-08 Cdkn1a, Crh, Fos, Id1, Inhba, Junb, Npy, Nr4a1, Ptgs2, 
Slc32a1, Stat3, Vegfa

hypertrophy of heart 1,34E-07 Atf3, Cdkn1a, Crem, Gaa, Inhba, Jun, Klf4, Nr4a3, Plat, 
Ptgs2, Rheb, Stat3

inflammation of organ 1,34E-07 Atf3, Cdkn1a, Crh, Dusp14, Gaa, Gadd45b, Gadd45g, 
Hspa5, Id1, Jun, Junb, Klf4, Nfil3, Npy, Nr4a1, Pdyn, 
Per1, Plat, Ptgs2, Stat3, Tac1, Vegfa

T-cell lymphoproliferative 
disorder

1,37E-06 Ccnd3, Cdkn1a, Crem, Gadd45b, Id1, Irs2, Jun, Lmo1, 
Nr4a3, Per1, Sertad1, Stat3, Vegfa

Polyarthritis 1,93E-06 Fos, Fosb, Gadd45b, Nr4a1, Nr4a3, Plat, Ptgs2, Stat3

disorder of basal ganglia 4,78E-06 Crem, Egr4, Fgf13, Fos, Fosb, Hspa5, Jun, Junb, Npy, 
Nr4a1, Nrgn, Ptgs2, Scg2, Slc32a1, Tac1

degranulation of mast cells 6,53E-06 Atf3, Crh, Fos, Junb, Nr4a3, Plat, Tac1

glucose metabolism disorder 8,85E-06 Atf3, Bag3, Cdkn1a, Crem, Crh, Fos, Gaa, Hspa5, Id1, 
Irs2, Jun, Klf4, Npy, Nr4a1, Nr4a3, Pdyn, Ptgs2, Stat3, 
Vegfa

Molecular and Cellular Functions

Functions and Annotations BH p-value Molecules

Apoptosis 3,48E-17 Arc, Atf3, Bag3, Ccnd3, Cdc37, Cdk19, Cdkn1a, Crem, 
Crh,�Csrnp1, Egr4, Ehd4, Fos, Fosb, Gadd45b, Gadd45g, 
Hspa5, Id1, Inhba, Irs2, Jun, Junb, Klf4, Nfil3, Npas4, 
Nptx2, Nr4a1, Nr4a3,�Pdxk, Pdyn, Per1, Pim3, Plat, 
Ptgs2, Rem2, Rheb, Sema7a, Sh3kbp1, Sik1, Srxn1, 
Stat3, Tac1, Vegfa

cell cycle progression 1,03E-13 Atf3, Ccnd3, Cdc37, Cdk19, Cdkn1a, Crh, Fos, Frmd6, 
Gadd45b, Gadd45g, Id1, Inhba, Irs2, Jun, Junb, Klf4, 
Nr4a1, Nr4a3, Per1, Pim3, Ptgs2, Rem2, Sertad1, Sik1, 
Stat3, Tac1, Vegfa

colony formation of tumor 
cell lines

2,56E-11 Atf3, Bag3, Cdkn1a, Fos, Frmd6, Gadd45b, Gadd45g, 
Id1, Jun, Klf4, Nr4a1, Ptgs2, Sertad1, Stat3, Vegfa

proliferation of lymphocytes 4,14E-11 Ccnd3, Cdkn1a, Crh, Dusp14, Fos, Gadd45b, Hspa5, 
Inhba, Irs2, Jun, Junb, Klf4, Lmo1, Nfil3, Npy, Pim3, 
Ptgs2, Sh3kbp1, Stat3, Tac1, Vegfa

transactivation of RNA 8,18E-10 Ccnd3, Crem, Fgf13, Fos, Fosb, Gadd45g, Id1, Inhba, 
Jun, Junb, Klf4, Nr4a1, Nr4a3, Per1, Ptgs2, Sh3kbp1, 
Stat3
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cellular homeostasis 2,6E-09 Bag3, Cdkn1a, Crh, Fos, Gaa, Gadd45b, Gadd45g,�Gpr3, 
Hspa5, Id1, Inhba, Irs2, Jun, Junb, Klf4, Lmo1, Nfil3, 
Npy, Nr4a1, Ptgs2, Rheb, Sh3kbp1, Sik1, Srxn1, Stat3, 
Tac1, Vegfa

morphology of cells 1,94E-08 Atf3, Ccnd3, Cdkn1a, Crem, Crh, Egr4, Ehd4, Fgf13, Fos, 
Gaa,�Gpr3, Id1, Inhba, Irs2, Jun, Junb, Klf4, Nfil3, Npas4, 
Npy, Nr4a1, Nr4a3, Pim3, Plat, Ptgs2, Rheb, Stat3, 
Tac1, Vegfa

degeneration of cells 2,93E-08 Atf3, Crem, Jun, Nfil3, Npas4, Nr4a3, Pdyn, Pim3, Plat, 
Ptgs2, Rheb, Stat3, Vegfa

synthesis of DNA 2,93E-08 Atf3, Cdkn1a, Crem, Fos, Id1, Inhba, Irs2, Jun, Nr4a1, 
Nr4a3, Ptgs2, Stat3, Tac1, Vegfa

incorporation of thymidine 4,39E-08 Atf3, Cdkn1a, Crem, Inhba, Jun, Ptgs2, Stat3, Vegfa

SUPPLEMENTARY TABLE 4. Continued
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ABSTRACT
Tourette’s disorder (TD) is a highly heritable childhood-onset neurodevelopmental disorder 
and is caused by a complex interplay of multiple genetic and environmental factors. Yet, 
the molecular mechanisms underlying the disorder remain largely elusive. In this study, we 
used the available omics data to compile a list of TD candidate genes, and we subsequently 
conducted tissue/cell type specificity and functional enrichment analyses of this list. Using 
genomic data, we also investigated genetic sharing between TD and blood and cerebrospinal 
fluid (CSF) metabolite levels. Lastly, we built a molecular landscape of TD through integrating 
the results from these analyses with an extensive literature search to identify the interactions 
between the TD candidate genes/proteins and metabolites. We found evidence for an 
enriched expression of the TD candidate genes in four brain regions and the pituitary. The 
functional enrichment analyses implicated two pathways (‘cAMP-mediated signaling’ and 
‘Endocannabinoid Neuronal Synapse Pathway’) and multiple biological functions related 
to brain development and synaptic transmission in TD etiology. Further, we found genetic 
sharing between TD and the blood and CSF levels of 39 metabolites. The landscape of TD 
not only provides insights into the (altered) molecular processes that underlie the disease 
but, through the identification of potential drug targets (such as FLT3, NAALAD2, CX3CL1-
CX3CR1, OPRM1, and HRH2), it also yields clues for developing novel TD treatments.
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INTRODUCTION
Tourette’s disorder (TD) is a childhood-onset neurodevelopmental disorder characterized 
by multiple motor and vocal tics lasting more than one year. Tics are generally preceded 
by premonitory urges, peak in severity between the ages of 10 and 12, fluctuate over 
time, and, in most cases, show improvement by late adolescence or early adulthood. TD 
affects approximately 1% of the general population, is more prevalent in males and is 
often associated with other neuropsychiatric comorbidities, including attention-deficit/
hyperactivity disorder (ADHD), obsessive-compulsive disorder (OCD), autism spectrum 
disorders (ASDs), anxiety, and depression [1,2]. TD is a highly familial and heritable disorder 
[3]. Furthermore, TD is thought to be a complex disease resulting from interactions between 
multiple genetic and environmental risk factors, although the etiology and pathogenesis of 
TD have not yet been (fully) elucidated. Genetic studies have suggested that both common 
genetic variants with small effects and rare variants with larger effects contribute to TD 
risk, although small sample sizes have hindered the discovery of genome-wide significant 
signals. Various biological effects of the genes (and their encoded proteins) that have been 
associated with TD, including alterations in the histaminergic pathway, synaptic transmission, 
cell adhesion and mitochondrial function, highlight the complexity of the disorder [4,5]. 
Moreover, environmental factors, such as pre-, peri- and postnatal events, psychological 
stress and infections, could not only contribute to gene-environment interactions but also 
affect the development, course, and severity of TD symptoms [6,7]. Neurobiologically, TD 
appears to involve abnormalities in the development, structure and function of cortico-
striato-thalamo-cortical (CSTC) circuits associated with motor and behavioral control and 
with impaired signaling of multiple modulatory neurotransmitters, especially dopamine [8]. 

As for treating TD, current therapies – including psychoeducation, behavioral interventions 
and medication, such as atypical antipsychotics – may partly ameliorate symptoms. However, 
inadequate control of tics and the occurrence of adverse side effects hinder the treatment of 
TD. Therefore, novel strategies are required to enhance our understanding of the molecular 
basis of this disorder, which could in turn provide clues for the development of (more) 
effective treatments. Previous studies have shown that drug candidates are more likely to 
pass clinical trials and be approved for patients if they target genes linked to human disease 
[9,10], highlighting the importance of human genetics in drug target identification. In addition, 
considering that well-powered studies of candidate gene hypotheses for other complex traits, 
e.g., schizophrenia [11,12], showed that previously reported positive findings were highly 
likely to be false positives, we decided to focus on omics data sets.

More specifically, we applied and extended the approach that we used before to build 
so-called ‘molecular landscapes’ of complex neuropsychiatric diseases, including ADHD 
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[13], ASDs [14], OCD [15], and Parkinson’s disease (PD) [16]. In short, we first compiled 
a comprehensive list of candidate genes that are associated with TD through one or 
more types of omics data. These data primarily included genomic data (different types 
of common and rare genetic variants) and were corroborated by epigenomic data (DNA 
methylation) and transcriptomic data (differential gene/mRNA expression in blood and 
brain). To identify the molecular mechanisms that are affected in TD, we then performed 
tissue/cell type specificity and functional enrichment analyses of the TD candidate genes. As 
biofluid levels of many metabolites represent ‘intermediate phenotypes’ (that link genetic 
or environmental risk factors to a disease) and the variation in these metabolite levels is at 
least in part attributable to genetic factors [17-19], we also used genomic data to investigate 
the extent and direction of genetic overlap between TD and the levels of a large number 
of blood and cerebrospinal fluid (CSF) metabolites. Subsequently, we applied additional 
selection criteria – that reflected the amount of independent omics evidence – to the list 
of TD candidate genes, resulting in ‘prioritized’ TD candidate genes and candidate genes for 
which less omics evidence implicating them in TD etiology was available. Lastly, we built 
a molecular landscape of TD through integrating the results from the tissue/cell type and 
functional enrichment analyses with an elaborate literature search for interactions between 
the proteins encoded by the TD candidate genes and the metabolites implicated through 
the genetic overlap analyses and other metabolome/microbiome studies. The resulting TD 
landscape provides insights into the (altered) molecular processes that underlie the disease 
as well as potential drug targets that could be further developed into treatments. 

RESULTS
Input omics datasets and candidate genes
Based on the literature search and our analyses of the TD GWAS data, we compiled a list 
of TD candidate genes from the single-omics studies of TD (i.e., genomics, transcriptomics, 
epigenomics, metabolomics, microbiomics). We provide the characteristics of the included 
studies in Table S1 and below, we briefly describe the included studies. 

Based on the type of omics evidence they provide, we classified the studies as guiding 
(genomics studies), corroborating (epigenomics and transcriptomics studies) and additional 
(metabolomics and microbiome) studies. For the genomics data, we compiled a list of 
TD candidate genes from studies of rare genetic variants/events – (i) eight chromosomal 
rearrangements studies [20-27] (the main list includes 15 genes and the extended list 
consists of 23 genes), (ii) fifteen single nucleotide variation (SNV) studies [23,28-41] (the 
main list includes 134 genes and the extended list consists of 846 genes), and (iii) eleven 
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copy number variations (CNV) studies [33,40,42-50] (the main list includes 52 genes, and 
the extended list consists of 956 genes) – and studies of common genetic variants (of single 
nucleotide polymorphisms or SNPs), i.e., genome-wide association studies (GWASs). The 
GWAS-derived genes include the results from our own, unpublished analyses of the summary 
statistics data from the TD GWAS by Yu et al. [51], i.e., 113 genes from the MAGMA analysis, 
224 genes from the FUMA analysis, and 143 genes from the TWAS analysis. In addition, 
the GWAS-derived candidate genes include published results of (other) studies using TD 
GWASs, including cross-disorder studies and annotation of the GWAS by Yu et al. from the 
GWAS Catalog [52-56], as well as the preliminary MAGMA results from the newest TD GWAS 
(available as a preprint on medRxiv at the time of analysis) [57]. 

Corroborating evidence for the genomic-studies-derived genes was assembled from 
two epigenome-wide association studies (EWASs) that investigated DNA methylation in the 
peripheral blood of TD patients versus controls [58,59] (the main list includes 71 genes and 
the extended list consists of 8 genes), and transcriptomic studies in the brain (postmortem, 
in the striatum of medicated TD patients vs controls) [60] (957 genes) and blood (medicated 
[61,62] and unmedicated [63,64] TD patients versus control). We could not find any 
published proteomic studies of TD. 

As for additional evidence, we included findings from three studies that investigated 
metabolomic changes in the plasma of TD patients [65], serum of PANS patients [66], 
and urine in a case study of PANDAS-associated tics [67], and from microbiome studies in 
children with tic disorder [68] and in PANS/PANDAS patients with tics [69]. These results 
were used as supportive evidence for the metabolites linked to TD through the PRS-based 
analyses (see below). 

We combined the lists of genes implicated through the abovementioned genomic, 
epigenomic and transcriptomic studies along with their functional annotations into one 
table (Table S2). In total, we compiled a list of 872 TD candidate genes implicated in TD 
through the genomic studies (guiding evidence), and this list was subsequently used in 
tissue and cell specificity and functional enrichment analyses. 

Tissue and cell type specificity
We performed specificity analyses to identify the tissues and cell types with enhanced 
expression of TD-associated genes. We separately analyzed the genes associated with 
TD based on all types of genomic data and on the postmortem brain transcriptomic data 
to identify tissues and cell types that contribute to the development of TD and that are 
particularly affected by lifelong TD, respectively.
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Genomic data
In the Tissue Specific Expression Analysis (TSEA), we found that genes preferentially 
expressed in two out of the 25 human tissues tested were significantly enriched (pSI < 0.05, 
FDR p-value < 0.05, see Materials and Methods) within the 872 TD candidate genes: the 
brain as a whole (FDR p-value =9.17E-09, 148 genes) and the pituitary (FDR p-value =1.30E-
05, 114 genes; of note, 74 genes were enriched in both the brain and pituitary). We also 
observed strong expression enrichment in the brain and, to a lesser extent, the pituitary 
at the more stringent pSI cutoff of 0.01 (brain: FDR p-value = 2.73E-05, 81 genes; pituitary: 
FDR p-value = 0.013, 46 genes), which indicated an expression enrichment of specific TD 
candidate genes in the brain (and pituitary) (File S1). 

In the analysis of human spatiotemporal brain gene expression data (6 brain regions 
across 10 developmental periods), we found that TD gene expression was enriched in 
seven spatiotemporal coordinates, involving 4 brain regions during specific developmental 
periods: (I) cerebellum: early fetal period (FDR p-value = 0.028, 53 genes); (II) cortex: early 
mid-fetal period(FDR p-value = 0.004, 51 genes), neonatal period/early infancy (FDR p-value 
= 0.005, 33 genes), adolescence (FDR p-value = 0.014, 34 genes), young adulthood (FDR 
p-value = 5.021E-04, 48 genes); (III) striatum: early mid-fetal period (FDR p-value = 0.043, 
36 genes); (IV) thalamus: neonatal period/early infancy (FDR p-value = 0.021, 46 genes). We 
also observed a trend-significant enrichment of the late mid-fetal period in the cortex (FDR 
p-value = 0.052, 36 genes) and mid-late childhood in the cerebellum (FDR p-value = 0.079, 
53 genes) (File S2). 

Taking into account the substantial cellular heterogeneity in brain tissue, we then used 
single-cell data from adult mice to identify individual candidate cell populations that are 
likely to be affected in TD. In the Cell Specific Expression Analysis (CSEA), we observed a 
trend-significant enrichment of two cell populations: Drd2+ medium spiny neurons (MSNs) 
of the striatum (33 genes) and layer 6 corticothalamic neurons (Ntsr+, 21 genes), although 
these results did not pass our threshold for significance (FDR p-value = 0.160 for both cell 
types) (File S3). 

Brain transcriptomic data 
Alterations of gene expression from a complex mix of cells, such as those from brain tissue, 
may represent changes in the (relative) cellular composition of the tissue [70]. To this end, 
we also applied the CSEA method to the transcriptomic data from the postmortem striatum 
of TD patients [60] to infer the cellular fingerprint of a lifelong disease. Among the striatal cell 
types assessed by CSEA, genes downregulated in TD striatum were overrepresented in the 
expression profiles of cholinergic interneurons (FDR p-value < 0.05 across all pSI thresholds) 
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and, to a lesser extent, Drd1+ MSNs (FDR p-value = 0.06), indicating a loss and/or reduced 
function of these cell types. Of note, the enrichment of cholinergic interneurons was also 
significant for the basal forebrain, which is consistent with their restricted distribution in 
the central nervous system (CNS), i.e., with these cell types being concentrated in these 
particular brain regions (the basal forebrain, caudate and putamen) [71]. Furthermore, genes 
downregulated in the TD striatum were also enriched for genes that are highly expressed 
in cortical cells, i.e., layer 6 corticothalamic neurons (Ntsr+ neurons), layer 5 pyramidal 
neurons projecting to the thalamus, spinal cord and striatum (Glt25d2 neurons), and cortical 
neurons that express the prepronociceptin gene (Pnoc+ neurons) (File S4). The analysis 
of the WGCNA module that was enriched for downregulated genes further confirmed an 
overabundance of genes that are highly expressed in interneurons, and it provided evidence 
for an involvement of Drd2+ MSNs (FDR p-value < 0.05 across all pSI thresholds) (File S5). 
Lastly, the analysis of upregulated genes revealed an overrepresentation of immunity-
related cell types (in the cortex) and glial cells (in the cerebellum and cortex) (File S6), while 
the WGCNA module analysis yielded a specific enrichment of immune cells (File S7).

Functional enrichment analyses
We used Ingenuity Pathway Analysis (IPA) to identify canonical pathways, diseases/ biological 
functions and upstream regulators that are enriched within the 872 TD candidate genes. 
We provide the full results of all analyses performed with IPA in Table S3, while below, we 
describe the most significant findings (i.e., with FDR p-value < 0.05). 

The canonical pathway analysis in IPA identified two signaling pathways that were 
significantly enriched within the 872 genes: ‘cAMP-mediated signaling’ and ‘Endocannabinoid 
Neuronal Synapse Pathway’ (Table 1). Three genes – ADCY2,�MAPK3,�and PRKAR2A – were 
implicated in both pathways, suggested a (partial) shared underlying biology. 

TABLE 1. Canonical Pathways enriched within the TD candidate genes. 
Canonical 
Pathway

FDR 
p-value

Ratio Dataset genes in the pathway

cAMP-mediated 
signaling

1.95E-02 22/235 ADCY2,�AKAP9,�CAMK1D,�CRHR1,�DRD2,�DUSP6,�FFAR3,�
FPR1,�FPR2,�GRK4,�HRH2,�MAPK3,�MPPE1,�OPRD1,�OPRK1,�
OPRM1,�PALM2AKAP2,�PDE4A,�PDE6B,�PDE9A,�PRKAR2A,�
RGS12

Endocannabinoid 
Neuronal Synapse 
Pathway

2.19E-02 16/149 ADCY2,�CACNA1D,�CACNA1I,�CACNA1S,�CACNA2D3,�DAGLA,�
DNAH1,�DNAH10,�DNAH3,�GNB1L,�GRIN2A,�MAPK3,�PLCH1,�
PRKAG1,�PRKAR2A,�RIMS1
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In the diseases and biofunctions analysis, IPA identified significant enrichment of 71 
functional annotations contained within two functional categories: Molecular and Cellular 
Functions and Physiological System Development and Function (Table 2). Most of the 
enriched functions are linked to the development and function of the nervous system and 
include many overlapping genes (Table S3-b). The Diseases and Disorders category was 
highly enriched for cancer-related diseases (Table S3-b). This result is partly driven by the 
inclusion in IPA of findings from the COSMIC and ClinVar projects, which identified many 
associations between genes and various cancers, and genes involved in normal biological 
processes are impacted when these functions are dysregulated by cancer. After filtering 
the results to exclude cancer, we found a significant association (FDR p-value < 0.05) with 
119 disease annotations falling into several higher-level categories, including ‘Neurological 
Disease’ (54 annotations), ‘Psychological Disorders’ (30), ‘Developmental Disorder’ (19), 
‘Hereditary Disorder’ (17), ‘Cardiovascular Disease’ (9), ‘Skeletal and Muscular Disorders’ 
(9), ‘Gastrointestinal Disease’ (7), ‘Infectious Disease’ (5), and ‘Inflammatory Disease’ (4). 

TABLE 2. Biological functions enriched within TD candidate genes. 
Molecular and Cellular Functions Physiological System Development and Function

Functional annotation FDR 
p-value

Genes Functional annotation FDR 
p-value

Genes

Cell movement of neurons 5.73E-09 40 Cognition 8.33E-12 72
Development of neurons* 2.00E-08 92 Learning 4.23E-09 62
Neuritogenesis* 2.03E-08 48 Morphology of nervous system 9.54E-09 107
Migration of neurons* 2.11E-08 38 Development of head 1.32E-08 108
Development of neural cells* 2.90E-08 95 Morphogenesis of nervous tissue 1.95E-08 76
Neurotransmission* 7.57E-08 54 Development of body axis 2.66E-08 112

Organization of cytoplasm 2.01E-07 148 Morphology of brain 2.94E-08 66

Organization of cytoskeleton 4.55E-07 136 Morphology of central nervous system 4.82E-08 70

Microtubule dynamics 6.08E-07 121 Organismal death 5.02E-08 220
Formation of cellular 
protrusions

9.93E-07 38 Development of central nervous 
system

1.29E-06 73

Migration of neural cells 2.02E-06 40 Formation of brain 1.54E-06 60
Quantity of neurotransmitter 5.87E-06 27 Abnormal morphology of brain 1.38E-05 50

Transport of molecule 6.29E-06 141 Spatial learning 1.44E-05 28
Synaptic transmission* 2.07E-05 41 Emotional behavior 2.01E-05 38
Cell movement of brain cells 3.39E-05 18 Conditioning 2.17E-05 30
Axonogenesis* 3.68E-05 37 Abnormal morphwology of nervous 

system
2.23E-05 81
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Molecular and Cellular Functions Physiological System Development and Function

Functional annotation FDR 
p-value

Genes Functional annotation FDR 
p-value

Genes

Branching of cells 4.59E-05 75 Morphology of head 2.26E-05 101
Action potential of cells* 4.61E-05 23 Morphology of nervous tissue 2.44E-05 72

Proliferation of neural cells* 5.92E-05 70 Abnormal morphology of central 
nervous system

2.46E-05 53

Length of cells 6.46E-05 31 Prepulse inhibition 2.68E-05 17

Morphology of neurons* 7.13E-05 38 Quantity of neurons 3.93E-05 51
Sprouting 1.06E-04 99 Vocalization 4.81E-05 12

Proliferation of neuronal cells* 1.11E-04 56 Vertical rearing 9.39E-05 16

Length of neurons* 1.83E-04 47 Movement of rodents 1.35E-04 26

Shape change of neurites 2.85E-04 20 Social exploration 2.34E-04 12

Abnormal quantity of 
neurotransmitter

3.28E-04 9 Social behavior 2.61E-04 18

Branching of neurons* 3.36E-04 18 Exploratory behavior 2.65E-04 16

Length of neurites* 3.52E-04 16 Abnormal morphology of body cavity 3.43E-04 126
Migration of brain cells 3.80E-04 15 Nest building behavior 4.37E-04 8
Branching of neurites* 4.15E-04 65 Abnormal morphology of head 4.81E-04 86
Organization of cells 5.56E-04 22 Locomotion 5.03E-04 39

Quantity of monoamines 5.90E-04 24 Morphology of body cavity 6.05E-04 139

Quantity of catecholamine 5.95E-04 20 Development of body trunk 6.47E-04 104

Action potential of neurons* 7.23E-04 19 Quantity of cells 7.26E-04 157

Uptake of dopamine 8.48E-04 7 Self-abusive behavior 7.51E-04 4

   Passive avoidance learning 9.72E-04 9

Table 2 presents the enriched biological functions, the FDR p-value of overlap and number of genes 
involved in each function. * Functional annotations that are shared between the two main functional 
categories but are reported only once.

In the upstream regulator analysis, none of the identified upstream regulators 
remained significant after correction for multiple testing (Table S3-c). That being said, 
the top regulators at a suggestive p-value threshold (uncorrected p-value <0.01) include 
– among ‘Drugs and Chemicals’ – molybdenum disulfide (chemical reagent), topotecan 
(chemical drug), GnRH analog (biologic drug), lipoxin LXA4 (endogenous chemical), and – 
among ‘Genes, RNAs and Proteins’ – NEDD4 (enzyme), OPRM1 (G-protein coupled receptor), 
ANGPT2 (growth factor), CLCA2 (ion channel), and TEAD4 (transcription regulator). 

TABLE 2. Continued
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Shared genetic etiology analyses with levels of blood and cerebrospinal 
fluid metabolites
Polygenic risk score (PRS)-based analyses
We conducted PRS-based analyses to investigate the presence and extent of genetic overlap 
between TD and metabolite concentrations in blood and/or CSF. After Bonferroni correction 
for the number of tests performed, we identified significant associations between TD and 
the levels of 37 blood metabolites (out of the 993 blood metabolites tested) and 2 CSF 
metabolites (out of the 338 CSF metabolites tested). The results for these metabolites 
are presented in Table 3, along with the superpathway and pathway annotations (where 
applicable). Genetic variants associated with TD explained up to 2.08% of the genetically 
determined variation in the levels of the 37 significant blood metabolites, and up to 9.90% 
of the variation in the levels of the two significant CSF metabolites. The complete results of 
the PRS-based analyses for the blood and CSF metabolites are provided in Table S4a-b.

SNP effect concordance analysis (SECA) 
Through performing SECA for the significantly associated metabolites from the PRS-based 
analyses, we found a significant genetic concordance between TD and the levels of all 39 
metabolites (Table 3). Among these, 24 blood metabolites showed positive concordance, 
indicating that genetic variants associated with TD also convey genetic risk to increased blood 
levels of these metabolites. The remaining 13 blood metabolites – including indoxyl sulfate, 
homocitrulline, pyridoxate, myo-inositol, triacylglycerols – and the two CSF metabolites 
– N-acetyl-aspartyl-glutamate (NAAG) and butyrate – showed negative concordance with 
TD, implying that genetic variants associated with TD also convey genetic risk to decreased 
blood/CSF levels of these metabolites. 
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Molecular landscape of TD 
Through the approach described in the Materials and Methods and by integrating the 
results from the tissue/cell type specificity and functional enrichment analyses with the 
literature search for interactions between the proteins encoded by the 872 TD candidate 
genes and the metabolites implicated through the PRS-based analyses, we built a molecular 
landscape of TD (Figure 1). The landscape is located in the synapse, where presynaptic 
and postsynaptic neurons interact with astrocytes, microglial cells and the extracellular 
matrix (ECM), together forming a structure referred to in the literature as the pentapartite 
synapse [77,78]. For building the landscape, we focused on the 239 proteins encoded by the 
prioritized TD candidate genes (see Materials and Methods) – that are dark blue in Figure 
1 – and their interactions. In addition, if they interacted with at least one of the dark blue 
proteins, we added some of the remaining proteins encoded by the remaining TD candidate 
genes for which there was less omics evidence available (see Materials and Methods) – 
and these proteins are light blue in Figure 1. In total, this amounted to 197 (unique) dark 
blue proteins and 276 (unique) light blue proteins that are shown in the landscape. The 
landscape also includes 42 yellow proteins/molecules that have been implicated in TD 
through transcriptomics/metabolomics data and/or other functional evidence. Lastly, the 
11 blood and 2 CSF metabolites of which the levels were found to show significant genetic 
overlap with TD are indicated in orange and grey, respectively. All interactions between the 
landscape proteins/molecules can be found – with their corresponding literature references 
– in Table S5, but below, we have provided a description of the main processes in the 
landscape, with the key implicated proteins/molecules/metabolites in bold and by part of 
the neuronal cells where these processes/cascades are mainly taking place.

Description of the TD landscape
Presynaptic and postsynaptic neurons
Extracellular matrix (ECM)
Synapses are enwrapped by a layer of extracellular matrix (ECM), which is important for 
(shaping and maintaining) synaptic morphology and function. The ECM of the brain consists 
of non-fibrous proteins such as glycoproteins, matricellular proteins (such as periostin and 
tenascins), enzymes that regulate ECM deposition and degradation, and fibrous/structural 
proteins (such as collagens and laminins) [79]. The ECM proteins can modulate the activity 
or bioavailability of extracellular signaling molecules, such as growth factors, cytokines, 
chemokines, and extracellular enzymes, and/or bind directly to cell surface receptors to 
regulate cellular functions. ECM components are synthesized intracellularly in glia and 
neurons and secreted into the ECM, where they aggregate with the existing matrix, fill the 
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synaptic cleft, and interact with cell surface receptors. Furthermore, the ECM is also involved 
in the exchange of nutrients and metabolites between the CNS and systemic circulation [80]. 

FIGURE 1. Molecular landscape of TD. In this landscape, the interactions between the key proteins/
molecules/metabolites implicated in TD in pre- and postsynaptic neurons, astrocytes and/or microglial 
cells are shown. In Table S5, all interactions between the landscape proteins/molecules/metabolites 
are provided. In File S8, we provide a pdf version of Figure 1 that will allow interested readers to look 
up proteins and molecules in the landscape through using the search function. In addition, a larger 
version of Figure 1 is provided as a fold-out page at the end of this thesis.

First, THBS1, an adhesive glycoprotein that is downregulated by indoxyl sulfate (IS), binds 
and interacts with multiple other landscape proteins, both in the ECM and membrane. Another 
ECM glycoprotein involved in – among other functions – cell adhesion is FN1, and this protein 
is upregulated by palmitic acid and (also) has very many interactions with other landscape 
proteins in ECM and membrane. In addition, POSTN (periostin) is an ECM protein that plays a 
role in cell adhesion and ECM remodeling by regulating the expression of landscape proteins 



CHAPTER 4

164

– including FN1 – and interacting with membrane proteins. The tenascin TNN is involved in 
neurite outgrowth through binding the ITGA4-ITGB1-complex in the membrane (of microglial 
cells). Moreover, enzymes that regulate ECM function are the peptidase DPP4 that (also) binds 
FN1, the protease HTRA3 that cleaves FN1, and LOLX1, an oxidase that catalyzes the formation 
of crosslinks in collagen and elastin fibers. In addition, RELN (reelin) is a serine protease that 
regulates many functions, e.g., neuronal adhesion, neuronal migration, neurite outgrowth 
and synaptic plasticity. RELN expression is regulated by the transcription factors NPAS3 and 
TBR1 as well as the membrane receptor FFAR3 (see below), while butyric acid decreases its 
acetylation and demethylation. Moreover, RELN degrades FN1 and binds/signals through the 
membrane protein LRP8 (in astrocytes). Fibrous/structural landscape proteins include several 
collagen proteins (COL4A2, COL5A1, COL6A3, and COL8A1) that regulate synaptogenesis and 
neuronal cell adhesion, and the laminin LAMA5.

Other ECM landscape proteins include the vasoactive peptide ADM (that downregulates 
FN1), lipid transport-regulating APOM (that downregulates FN1 and is downregulated by 
palmitic acid), GCG (which is a precursor that can be cleaved into multiple peptides, one 
of which downregulates FN1), CLCA2 (a chloride channel accessory protein that regulates 
the expression of CDKNA1 and FN1), CX3CL1 (a membrane protein that is cleaved by the 
neuronal membrane enzyme ADAM10 into a soluble form that is a ligand for both CX3CR1 
and the ITGA4-ITGB1-complex in the membrane of microglial cells), the interleukins IL17A 
and IL31, LTBP1 – a key regulator of transforming growth factor beta proteins such as TGFB1 
and TGFB3 – and NOTCH2NLA, a component of the NOTCH signaling pathway that regulates 
neuronal differentiation and can also be located in the cytoplasm. Other ECM proteins with a 
role in regulating neuronal differentiation and function are NXPH1 (that binds and interacts 
with NRXN1 in the presynaptic membrane), the protease inhibitor SERPINE2 (that, among 
other interactions, downregulates the expression of the cytokine TNFB), the nerve growth 
factor VGF (that, e.g., regulates CHGB, a neuroendocrine secretory granule protein), and 
members of the WNT protein family (WNT1, WNT3, WNT5A, and WNT10B) that modulate 
many processes such as neuronal differentiation and migration, dendrite development, 
synaptogenesis, adult neurogenesis, and neural plasticity (summarized in [81]). 

Cell membrane
Neuronal cell membrane proteins connect extracellular and intracellular signaling cascades 
and largely determine a neuronal cell’s capacity to communicate and interact with its 
environment. Different types of cell membrane proteins can be discerned, including 
enzymes, receptors, ion channels, transporters, cell adhesion-regulating proteins, and other 
membrane proteins [82].
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First, a number of landscape proteins are membrane-located enzymes, such as DPEP2 
(involved in the metabolism of arachidonic acid), FKBP11 (that regulates protein folding), 
MARK3 (involved in the phosphorylation of MAPT), and NAALAD2, an enzyme that is 
expressed in neuronal and astrocytic membranes and regulates glutamate synthesis, see 
below. In addition, DAGLA is a membrane-located enzyme that is involved in the metabolism 
of arachidonic acid and stearic acid. DAGLA also complexes with the presynaptic transporter 
SLC6A4 (see below) and with the postsynaptic density scaffolding protein HOMER2. 
Furthermore, like the related protein ZDHHC8 in the Golgi membrane (see below), the 
membrane-located enzyme ZDHCC17 transfers palmitic acid onto target proteins, and it 
also complexes with TNFB and other landscape proteins, including the membrane proteins 
LMBR1L and TMEM100B. 

As for receptors, different functional classes are located in the (neuronal) cell 
membrane. In this respect, several landscape proteins are G protein-coupled receptors 
(GPCRs). GPCRs are highly expressed throughout the brain and regulate synaptic 
transmission and plasticity [83]. After being bound and activated by their ligands, GPCRs 
regulate downstream signaling through stimulatory G-proteins – CRHR1, the receptor for 
the hormone CRH and in this way a major regulator of the hypothalamic-pituitary-adrenal 
(HPA) cascade, and HRH2, a receptor of histamine that interacts with the TD-linked enzyme 
histidine decarboxylase (HDC) (see below) and regulates arachidonic acid production – and 
inhibitory G proteins. Examples of the latter type of GPCRs include CX3CR1 (a membrane 
receptor that is highly expressed in microglial cells and that is activated and involved in 
regulating the immune response through binding its ligand CX3CL1, which itself also signals 
through the membrane ITGA4-ITGB1-complex) and DRD2, a dopamine receptor that 
interacts with, regulates, or is regulated by multiple landscape proteins. Other membrane 
GPCRs that signal through inhibitory G-proteins are FFAR3 (that is activated by butyrate and 
downregulates the expression of landscape proteins like RELN and the potassium channel 
(see below) KCNH5), as well as FPR1, FPR2 and FPR3, chemokine receptors that form a 
functional complex, regulate inflammation, and are regulated by the extracellular proteins 
ANXA1 and arachidonic acid metabolite LXA4 and by intracellular BHLE40 and COP1. Further, 
opioid receptors representing the μ, δ, and κ families – encoded by the OPRM1, OPRD1 
and OPRK1 genes, respectively – interact with each other (with OPRM1 signaling through 
both stimulatory and inhibitory G-proteins) and multiple landscape proteins in the cell 
membrane (CD302, DRD2, EGFR, SLC6A4), extracellular space (ADM, FN1) and cytoplasm 
(CKB, CRKL, HSP90AA1, NCL, PI4KA, TLN2). Lastly, the PROK2-PROKR2 complex induces the 
production of gonadotropin-releasing hormone (GnRH), which has been linked to TD (see 
below). Other non-GPCR landscape membrane receptors include the kinase receptors EGFR 
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– that interacts with many landscape proteins, including being inhibited by the cytoplasmic 
protein ERRFI1 – and FLT3 that, when bound/activated by the cytokine FLT3LG, regulates 
the phosphorylation of MAPK3 and MAPT. Moreover, FLT3 regulates the expression of 
nuclear EXCC6, cytoplasmic PIM1, and lysosomal MPO, and is degraded by RNF115. Other 
membrane receptors in the landscape include IL17RB – which forms a functional complex 
with IL17RA that has IL17A as its ligand – and PLA2R1, a receptor of phospholipase A2 (not 
shown) that upregulates the expression of the mitochondrial enzyme MGST1 (see below). 
Further, PTPRU is a (pre) synaptic phosphatase receptor involved in the development and 
maintenance of dopaminergic neurons [84], while NOTCH1 is a (pre)synaptic membrane 
receptor that interacts with multiple landscape proteins and, upon ligand activation, the 
notch intracellular domain (NOTCH1-ID) is released into the cytoplasm and subsequently 
the nucleus, where it functions as a transcription factor through, e.g., interacting with RERE 
(see below). Moreover, a number of landscape proteins are (subunits of) neurotransmitter 
receptors that, when activated through neurotransmitter binding, function as ligand-gated ion 
channels (see below): the acetylcholine receptor subunits CHRNA7 and CHRNB4, the GABA 
(γ-aminobutyric acid) receptor subunits GABRA2, GABRB3 and GABRG1, and the NMDA 
glutamate receptor subunits GRIN1, GRIN2A, GRIN2B and GRIN3A. Lastly, SELE (selectin-E) 
is a (pre-or post)synaptic membrane receptor that is involved in immunoadhesion and that is 
(also) highly expressed in brain vascular endothelial cells. SELE binds its membrane-located 
ligand extracellular SELPLG – which leads to its dephosphorylation – and its expression is 
regulated by intracellular ENO1, ESR1, indoxyl sulfate, MAPK3K4, MAPK3, MRTFA and 
RCAN1, membrane-located NOTCH1, and secreted, extracellular SERPINE2. 

In addition, several membrane-located ion channels operate in the landscape. A first 
group of ion channels are the neurotransmitter receptors that, upon activation, function as 
ligand-gated ion channels (see above). Secondly, the landscape contains multiple (subunits 
of) voltage-gated ion channels that mediate the transport of (univalent and divalent) ions 
into neuronal cells, including the calcium channel subunit CACNA1D, the chloride channel 
subunit CLCN2 (which is activated by arachidonic acid), the sodium channel subunit SCN5A, 
and the potassium channel subunits HCN1, HCN4, KCNH3, KCNH5, KCNJ11 and astrocytic 
KCNK1, with the latter also being regulated by the cytoplasmic enzyme SENP1 (see below).

Members of the ATP-binding cassette (ABC) family of transporters – ABCA7 and ABCG8 
(which itself forms a functional complex with extracellular APOM (see above)) – play a role in 
lipid homeostasis. In addition, ABCC1 mediates the export of organic anions and many drugs 
from the cytoplasm. In astrocytes, the expression of ABCG8 is regulated by NR1H2, whereas 
ABCC1 forms a complex with the multifunctional membrane protein LMBR1L (see below). 
Other landscape transporters belong to the solute carrier family of proteins, including the 
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(post)synaptic sodium/bicarbonate cotransporter SLC4A10 that regulates intracellular pH, 
SLC6A2 – a presynaptic amine transporter that inhibits both DRD2 and SLC6A4 – and the 
presynaptic serotonin transporter SLC6A4 that interacts with many landscape proteins and 
terminates the action of serotonin in the synaptic cleft by transporting serotonin (back) 
into presynaptic neurons. In addition, SLC23A1 transports vitamin C into presynaptic 
neurons, SCL26A2 transports sulfate into these neurons (not shown), and SLC30A9 as well 
as SLC39A12 transport zinc into postsynaptic neurons and astrocytes, respectively.

Several membrane proteins in the landscape also have an important role in regulating 
cell adhesion, i.e., CD47 – which is bound and activated by THBS1 and forms a complex with 
the (microglial) ITGA4-ITGB1-complex – and CD276 that form a presynaptic complex, and 
CD302 that forms a presynaptic complex with OPRM1. Further, CNTN6 – which complexes 
with NOTCH1, leading to the release of NOTCH1-ID to the nucleus (not shown) – and 
CNTNAP2 – of which the expression is regulated by the transcription factor FOXP2 – are 
proteins of the contactin family that regulate (pre)synaptic cell adhesion. In addition, CDHR1 
is a cell adhesion protein of which the expression is upregulated by CX3CL1, while presynaptic 
NRCAM and the postsynaptic protocadherins PCDH7, PCDH12 and PCDH17 – which also 
interact with each other – are cell adhesion proteins that are involved in the establishment 
and maintenance of specific neuronal connections in the brain. Lastly, the teneurin proteins 
TENM2 – that binds the ADGRL1 receptor – and TENM4 – that complexes with extracellular 
OLFM1 (see below) – also regulate neuronal cell adhesion and connectivity. 

Lastly, a number of ‘other’ membrane proteins act in the landscape. First, presynaptic 
neuroligins like NLGN3 and NLGN4X regulate synapse function and synaptic signal 
transmission through forming a synapse-spanning functional complex with postsynaptic 
neurexins such as NRXN1. In the same way, presynaptic EFNA5 and postsynaptic EPHB2 
can form a synapse-spanning complex that modulates synaptic function. Moreover, the 
membrane protein RIMBP2 regulates (pre)synaptic transmission through interacting with 
the membrane-located scaffold protein RIMS1 and the calcium channel CACNA1D. AGRN 
(agrin) is a transmembrane protein that is large enough to span the synaptic cleft and act 
across it [85,86] (not shown) and forms multiple functional complexes with other intra-
and extracellular landscape proteins. Another membrane protein that interacts with many 
other landscape proteins is LMBR1L. In addition, the membrane protein KIDINS220 is a key 
regulator of synaptic plasticity through binding and interacting with extracellular FN1 and 
OLFM1, as well as cytoplasmic GAK (see below). In turn, OLFM1 – which also binds TENM4 
(see above) – inhibits complex formation between the inner cell membrane-associated 
protein RTN4R and the transmembrane protein LINGO1, with the RTN4R-LINGO1-complex 
being a key regulator of axonal growth. 



CHAPTER 4

168

Cytoskeleton
The cytoskeleton has three components, i.e., actin filaments, intermediate filaments, and 
microtubules (MTs), and a large number of landscape proteins regulate the function of these 
components and interact with each other as well as cytoplasmic, nuclear, and membrane-
located proteins. In CNS cells, the cytoskeleton is crucial for cell shape and physiology, and 
it also forms specialized structures such as growth cones – that are responsible for axon 
elongation and guidance during development – dendritic spines and synapses – that form 
the structural basis for nerve cell communication and higher order processes such as learning 
and memory – and membrane specializations critical for the initiation and propagation of 
nerve impulses.

Firstly, actin filaments play an important role in neuronal development, including 
regulating growth cone dynamics (ACTR3), remodeling of dendritic spines (ABI2, DBN1), and 
migration of neuronal precursors [87] (ABI2, DBN1). In addition, certain landscape proteins 
link the cytoskeleton to the cell membrane (ANK3, EPB41), while other – at least to some 
extent cytoskeletal – proteins regulate actin filament organization (KLHL5, LIMCH1, MPRIP, 
PDLIM7), actin-based transport (myosins including MYO10, MYO19), and cell adhesion 
(CTNNA3, LIMCH1, PKP4, TLN2, TRIP6). 

Secondly, intermediate filaments (or neurofilaments) are important for organelle 
positioning, transport, and function [88], and PRPH is an important protein in neurofilaments. 

Lastly, the crosstalk between actin filaments and MTs is important for regulating 
cytoskeleton-associated processes such as cell migration, cell division, cell polarity and 
cell (neuronal) shape. More specifically, MTs are composed of tubulin dimers – different 
combinations of TUBA1A, TUBA1B and/or TUBA1C – and serve as routes for intracellular 
transport and structural support for dendrites and axons. In addition, MTs contribute to 
the development, maintenance, and plasticity of synapses, including roles in (pre)synaptic 
vesicle (re)cycling, mitochondrial arrangement, and interactions with receptors in the 
neuronal membrane [89]. In addition, the centrosome is the main MT-organizing centre 
and is the main site of microtubule nucleation and anchoring involved in many processes, 
particularly during cell division, cell migration and differentiation. In this respect, the 
landscape contains several proteins that are involved in centrosome function: CEP85L, 
CEP128, CENJP, HAUS3, MPHOSPH9, PCM1, and WDR62. Furthermore, the landscape 
contains a large number of MT-associated motor proteins that move along MTs and regulate 
intracellular protein trafficking and transports: proteins from the DNAH-complex (DNAH1, 
DNAH3, DNAH5, DNAH7, DNAH10 (not shown), and DNAH11), DYNC2H1 and DYNC2I1 
(involved in retrograde transport), KIF26B and KLC1 (that specifically regulate organelle 
transport along MTs). 
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Lastly, landscape proteins regulate the function/stability/organization of MTs, including 
ABGL4, CAPN6, CCDC66, MAPT, MTUS2, NCKAP5L, and NINL. 

Cytoplasm
The cytoplasm has many functions in (neuronal) cells, including regulating signal transduction 
between the cell membrane and the nucleus and/or cellular organelles/other cell parts, 
producing molecules/metabolites involved in many signaling cascades (e.g., glycolysis, 
gluconeogenesis, protein biosynthesis) and storing or transporting these molecules/
metabolites from their production site to other parts of the cell, post-translational 
modifications of synthesized proteins, and cell cycle regulation. 

First, a number of landscape proteins are located in the cytoplasm but mainly regulate 
cytoskeletal processes. These proteins include RHOA and its activators ARHGAP26, DLC1, 
KALRN, NGEF and TRIO. In addition, cytoplasmic FARP2, GCA, TJP1 and TROAP regulate cell 
adhesion through interacting with the cytoskeleton. 

Moreover, a large number of cytoplasmic landscape proteins are enzymes, including 
DGKQ (involved in lipid metabolism), ENO1 (involved in glycolysis) and POFUT1 – that form a 
complex, with POFUT1 also regulating, through fucosylation, membrane-located NOTCH1 and 
transmembrane AGRN – MDH1 (involved in the TCA cycle) and PFKM (involved in glycolysis 
and inhibited by citrate). Other cytoplasmic landscape enzymes are involved in regulating the 
metabolism of phosphatidylinositol (PI), with (changes in) PI (metabolites) having been linked 
to normal human brain development and aging as well as organizing the cell membrane [90] 
[91], i.e., IMPA1 (important enzyme for maintaining intracellular levels of the PI metabolite myo-
inositol (MI) that mediates brain signaling in response to hormones, neurotransmitters and 
growth factors [92]), OSBPL2, PI4KA, PIKFYVE and PLCH1. Further, two (partially) cytoplasmic 
landscape enzymes – AHCY and COMT – are involved in the metabolism of S-adenosylmethionine 
(SAM) – the methyl donor for most methylation reactions in cells, including histone and DNA 
methylation in the nucleus – that for its synthesis requires betaine, which itself is synthesized 
in the mitochondria (see below). In addition, PRMT1 – which is activated by FAM98B – is 
involved in (arginine) methylation of multiple proteins and histones. Moreover, cAMP – that is 
produced by ADCY2 – is degraded by PDE4A, an enzyme that binds and interacts with PRKAR2A, 
a kinase that is regulated by cAMP. Further, SULT4A1 is involved in the metabolism of multiple 
neurotransmitters. Lastly, HDC – an enzyme that is upregulated by TNFB – interacts with the 
histamine receptor HRH2 (see above) and converts histidine to histamine using pyridoxal 
5’-phosphate (PLP, the active form of vitamin B6) as cofactor, while WWOX is an oxidoreductase 
enzyme that interacts with multiple landscape proteins in the cytoplasm and nucleus where it 
functions as an adaptor protein and transcriptional repressor, respectively. 
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Multiple cytoplasmic proteins also regulate (mainly presynaptic) vesicle transport/
trafficking (CLTC1, NSF, VPS13A), recycling (GAK and STON2 (highly expressed in astrocytes) 
and exocytosis (DYSF , PREPL, SNAP29). DYSF is a cell membrane and cytoplasmic protein 
that uses calcium as a cofactor and regulates the expression of both extracellular FN1 and 
cytoplasmic ACTR3. 

Further, a large number of cytoplasmic landscape proteins regulate post-translational 
modifications of proteins, i.e., ubiquitination and SUMOylation. Both these modifications are 
reversible processes that regulate protein localization and activity. Ubiquitination marks proteins 
for proteasome-dependent degradation, while sumoylation is not used to tag proteins for 
degradation but modifies proteins involved in many cellular processes including gene expression, 
chromatin structure, signal transduction, DNA damage response and cell cycle progression. 
Molecular chaperone proteins like BAG5 and HSP90AA1 – that has very many interactions in 
the landscape, such as forming a complex with the adaptor protein ST13 – play an important 
role in maintaining a protein’s native folding and function, which protects against the buildup of 
misfolded proteins [93]. When misfolded proteins interact with chaperones (which cannot be 
refolded), they can be shuttled for ubiquitin-dependent proteasome degradation. 

As for ubiquitination-related proteins, the landscape contains both ubiquitin-
conjugating enzymes – including UBE2J1 and BIRC6, an anti-apoptotic protein that has 
CASP8 (which itself is a protease with multiple interactions in the landscape) and DIABLO 
as its ubiquitination targets – and many E3 ubiquitin ligases, i.e., ASB3 (which degrades 
TNFRSF1B) and ASB8, the complex of COP1, COPS9, DCAF1 (which degrades ESR1) and 
RBX1, DCAF12, FBXL17 (which degrades PRMT1), RNF115 (which degrades EGFR and 
FLT3), RNF4 and RNF41. After having been ubiquitinated, proteins are degraded by the 
26S proteasome complex, of which the landscape proteins ADRM1, PSMD7, PSMD14 are 
subunits. In addition, PSME4 is an associated component of the proteasome that promotes 
ubiquitin-independent degradation and binds with PSMD14 and FBXL17. Ubiquitination is 
counterbalanced by the action of deubiquitinating enzymes (DUBs) that remove ubiquitin 
from target proteins, such as UCHL1 and USP4. Lastly, DESI1, PIAS3, PIAS4, SENP1, and 
SENP6 are proteins that can operate in the cytoplasm and – mainly – the nucleus and that 
regulate the SUMOylation of proteins.

The landscape also contains several RNA-binding proteins (RBPs) that function both 
in the cytoplasm and nucleus and regulate various aspects of mRNA metabolism, including 
mRNA processing, stability, transport and translation and thus affect neurodevelopment, 
synapse homeostasis, and the neuronal cytoskeleton [94]: EDC4, MARF1, MEX3B, and PAN3 
– that all form a complex – IGF2BP1, NCL, PIWIL1 – which binds and stabilizes the mRNA 
of DHX57 – MAPT, RBMS1 (that complexes with MEX3B), RBFOX1, SPATS2, TNRC6A, and 
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YTHDF2. 
In addition, the landscape contains many cytoplasmic kinases that are involved in 

specific signaling cascades, including MAPK3 – a kinase that regulates and interacts with 
many other landscape proteins – and the NF-kappa-B (NFKB) kinase complex that interacts 
with the landscape proteins/kinases LRRC14, TANK – that downregulates TNFB expression 
– TBR1, TNIP2, TRAF3, and TRIP6. Other kinases in the landscape include CRKL (a kinase 
that interacts with multiple other landscape proteins, including increasing the expression of 
HDC and TNFB as well as activating MAPK3), GRK4 (which inhibits MAPK3), and the cAMP-
dependent PRKAR2A. In addition to kinases, a number of phosphatases operate in the 
landscape, such as DUSP6, PPP1R3A, PPP1R3B and PPP2R2B. 

Further, multiple cytoplasmic landscape proteins – some of which can also be located in 
the nucleus – regulate the cell cycle. In this respect, CDKN1A, a protein with many interactions 
in the landscape, is an important regulator of cell cycle progression (and other landscape 
processes). PIM1 phosphorylates CDKN1A, which results in the relocation of CDKN1A to the 
cytoplasm and enhanced CDKN1A stability, while the nuclear/cytoplasmic protein FHIT – that 
also complexes with ENO1 – upregulates CDKN1A expression. Other cytoplasmic landscape 
proteins involved in cell cycle regulation are the kinases GAK, PKN2 and STK38, and TOB2. 

Lastly, four ‘miscellaneous’ landscape proteins can be located in the cytoplasm and – to 
some extent – in the nucleus and have (very) many interactions with other landscape proteins, 
i.e., CASP8, EP300, ESR1 and RICTOR. First, CASP8 is a key regulator of apoptosis, and its activity/
expression is regulated by arachidonic acid, butyric acid, citrate, GABA, glutamate, and palmitic 
acid. Further, CASP8 activity is regulated by – among other proteins – cytoplasmic DIABLO and 
nuclear IP6K2 (an enzyme involved in phosphatidylinositol metabolism, see above). In addition, 
EP300 functions as an acetyltransferase for proteins such as ESR1, ETS1, GABPB1, PHF5A and 
TADA3 (in the nucleus), and MAPK3, MAPT, PRMT1 (in the cytoplasm). Upon binding its ligand, 
the female sex hormone estradiol, ESR1 can either function as a cytoplasmic adapter protein 
or as a nuclear transcription factor. The nuclear translocation – and hence transcriptional 
activation/activity – of ESR1 activity/activation is regulated by MACROD1 and the WWC1-DLC1-
complex. RICTOR is part of the mammalian target of rapamycin (mTOR) complex 2 (mTORC2), 
a multiprotein complex critical for cell growth and metabolism. RICTOR forms a functional 
complex with multiple landscape proteins and regulates the expression of membrane-located 
DRD2, cytoplasmic PSMD7 and PSME4, and mitochondrial NDUFA4. 

Organelles
Multiple interacting landscape proteins are involved in regulating mitochondrial functioning 
in both pre-and postsynaptic neurons.
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Specifically, several TD landscape proteins are mitochondrial matrix proteins that regulate 
mitochondrial translation, including translation factors (GUF1, LRPPRC, GFM2, MTIF3, MTRFR), 
mt-tRNA synthetase (NARS2), 39S subunit proteins of mitochondrial ribosome (MRPL3 
and MRPL40) and rRNA methyltransferase MRM1. Mitochondrial translation is essential 
for maintaining the cellular energetic balance through the synthesis of proteins involved in 
the oxidative phosphorylation (OXPHOS). This is required for adenosine triphosphate (ATP) 
production and the folding of the mitochondrial cristae. Therefore, impaired mitochondrial 
translation results in diminished ATP production and consequent cellular energy deficit [95], 
as well as impaired maintenance of mitochondrial DNA (mtDNA) [96].

Several mitochondrial proteins are involved in importing and sorting other proteins 
(IMMP2L, XPNPEP3, DNAJC15). Specifically, IMMP2L and DNAJC15 – located in the 
mitochondrial inner membrane – are involved in the processing and activation of DIABLO, 
which is subsequently released into the cytosol, where it can initiate apoptosis through 
activating caspases (such as CASP8). Other landscape proteins are involved in mitochondrial 
fusion and cristae formation (OPA1) and mitophagy (PARK7 and MAP1LC3B).

Multiple mitochondrial landscape proteins operate in metabolic pathways. These 
include proteins that regulate the metabolism of: (1) carbohydrates related to the 
tricarboxylic acid (TCA) cycle, such as the interconversion of citrate (CIT) to isocitrate via cis-
aconitate (CAA), catalyzed by ACO2, the transport of citrate by SLC25A1, and the conversion 
of malate to pyruvate catalyzed by ME2; (2) the urea cycle, in which the CPS1 enzyme is 
required to convert ammonia into urea and protect the brain from ammonia toxicity [97]; (3) 
amino acids, including NAT8L, an enzyme that synthesizes N-acetylaspartate (NAA), which 
is subsequently converted with glutamate to form N-acetylaspartyl-glutamate (NAAG), in 
a cytoplasmic reaction catalyzed by RIMKLA and RIMKLB; (4) choline and betaine, with 
both enzymes catalyzing one step of the two-step process of choline to betaine conversion: 
CHDH and ALDH7A; and (5) detoxification/control of reactive oxygen species (ROS) levels 
and glutathione metabolism (TXNRD2 and MGST1).

The neurodevelopment and normal function of synapses also depend on a readily 
available supply of ATP. In neurons, the majority of ATP is generated in the mitochondria 
by OXPHOS via the electron transport chain (ETC) and the ATP synthase complex. Multiple 
landscape proteins are subunits or assembly factors of the ETC, specifically Complex I proteins 
(NDUFA13, NDUFA6, NDUFB1, NUBPL), Complex IV proteins (NDUFA4, PNKD), and the ATP 
synthase complex (ATP5IF1). Furthermore, creatine kinase B (CKB) reversibly catalyses the 
transfer of phosphate between ATP and creatine (CR) for the synthesis of phosphocreatine 
(PCR) in the so-called phosphocreatine shuttle, which acts as an energy buffering system 
between the mitochondrial sites of ATP production and the cytosolic sites of ATP utilization. 
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In addition, MPV17, an ion channel in the inner mitochondrial membrane, may also be 
involved in the control of OXPHOS, apart from its role in mitochondrial deoxynucleotide 
homeostasis and mtDNA maintenance. Similarly, POLG that encodes the catalytic subunit of 
DNA polymerase γ, is responsible for mtDNA replication and maintenance.

 Lastly, MICU3 is a brain-specific enhancer of mitochondrial calcium uptake that forms 
a heterodimer with MICU1.

The endoplasmic reticulum (ER) is a large, dynamic organelle that has multiple roles 
in the cell. First, the ER has an important role in lipid biosynthesis and metabolism, e.g., 
enzymes such as CEPT1 (involved in phospholipid metabolism), CERS5 and SGPP2 (involved 
in sphingolipid metabolism), and DHDDS and NUS1 (involved in lipid metabolism in general). 
In addition, ER-located enzymes in the landscape are involved in protein modification, 
including fucosylation (POFUT1) and palmitoylation (ZDHHC11, which catalyzes the addition 
of palmitic acid onto various proteins thus affecting their localization and function). Further, 
landscape ER proteins regulate intracellular protein transport: LMAN2, MPPE1, PIGW, SORT1, 
and VAMP7. Other landscape proteins are involved in ubiquitin-dependent degradation of 
misfolded ER proteins: chaperone proteins DNAJC18 and DNAJC22, GABARAPL2, SEL1L, 
SELENOK, TMBIM6, TMEM33, and UBE2J1. Lastly, TMBIM6 also functions as a calcium 
transporter that modulates ER calcium homeostasis. 

The Golgi apparatus (GA) is the main site of protein modification, which includes 
transferring chondroitin sulfate (CS), the most abundant type of proteoglycan expressed in CNS 
acting as a barrier molecule affecting axonal growth, neuronal cell migration and plasticity [98] 
(CSGALNACT2), and transferring palmitic acid onto DRD2 (ZDHHC8), which is important for 
DRD2 relocating to the neuronal membrane [99]. In addition, the GA is involved in regulating 
protein trafficking (AP3B2, DOP1B, MPPE1, SORT1, and VAMP7) and zinc transport (SLC30A6).

The peroxisomes are multifunctional organelles that contribute to fatty acid/lipid 
metabolism (ACAA1 and SLC27A2) and metabolite/cofactor transport (SLC25A17, which is 
inhibited by pyridoxal 5’-phosphate). In addition, two landscape proteins are involved in 
peroxisome biogenesis and proliferation, i.e., PEX2 and PEX11B. 

The lysosomes constitute the major proteolytic compartment and contain multiple 
landscape proteins, i.e., KLHL22, LAPTM5 and VPS13A, that are involved in the degradation 
of target proteins such as DEPDC5 and NPRL2. In addition, the peroxidase MPO is activated 
by arginine, inhibited by butyric acid, forms a functional complex in the extracellular space 
with FN1, and is involved in oxidative stress and lysosomal damage. 

In presynaptic neurons, several landscape proteins regulate the function of endosomes 
(EN), including membrane trafficking, degradation of proteins such as EFGR, and protein 
transport to lysosomes or cytoplasmic vesicles (CVs) (ARL8B, DNAJC13, PIKFYVE, and 
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ZFYVE28). In turn, CVs mediate autophagy and protein transport to and from the plasma 
membrane and between organelles, and landscape proteins are specifically involved in 
CV-linked autophagy (GABARAPL2, MAP1LC3B, TBC1D5), CV trafficking, exocytosis (of 
proteins like PAM, an enzyme that catalyzes the conversion of inactive to active (secreted) 
neuropeptides) and/or recycling (ASTN2, CLTCL1, PTPRN2, SORT1, VAMP7). 

Nucleus
In the nucleus of pre-and postsynaptic neurons, four groups of proteins can be discerned. The 
first group of proteins are part and/or regulate the function of the nuclear pore complex (NPC) 
that mediates nucleocytoplasmic transport, genome organization and gene expression [100]: 
GLE1, NUP85, NUTF2, RANBP1, RANGAP1, TOR1A, TNIK, and WDR62. The second group of 
proteins regulate rRNA processing and ribosome synthesis, including BMS1, DGCR8, NOP14, 
and TCOF1. The third group of landscape proteins in the nucleus are functionally involved 
in transcriptional regulation as well as DNA and histone modifications. In this respect, the 
landscape contains a large number of transcription factors, such as BBX, CDX2, GABPB1, 
GTF2H1, GTF2IRD1, HOXB4, JUND, MYT1L and POU3F2 (which both have a key role in 
neuronal differentiation), NR4A2 (which is highly expressed in dopaminergic neurons and 
e.g., upregulates DRD2 expression), PHF3, TEAD2, TERF2IP, USF2, and the zinc finger proteins 
ZNF536, ZNF664, ZNF837, and ZNHIT3. In addition, some of the landscape transcription 
factors are specifically known to activate gene transcription, e.g., ETS1 – which is activated by 
TCF20, itself a transcriptional activator – GTF2A1, MRTFA, and POU4F2. Other transcription 
factors specifically repress gene transcription, including AEBP1, ATN1, BHLHE40, FOXP1 – 
which is specific to dopaminergic neurons, regulates the expression of landscape proteins like 
CDKNA1 and CNTN6, and is regulated by EP300 – POU4F2, RERE – which functionally interacts 
the intracellular, nuclear domain of NOTCH1 (NOTCH1-ID) – RUNX1T1 – which interacts with 
ATN1, ETS1 and the histone-modifying enzyme (see below) EP300 – and TBR1. Further, the 
landscape contains a few other proteins that regulate the transcriptional process itself, i.e., 
the subunits of the DNA-dependent RNA polymerases II (POLR2I) and III (POLR3C, POLR3H), 
and XRN2. Moreover, as transcription proceeds, transcripts are (differently) capped, spliced, 
and polyadenylated so they can be efficiently exported across the nuclear envelope to the 
cytoplasm for translation of mRNA to protein. Landscape proteins that are involved in this pre-
mRNA processing include FIP1L1 (involved in polyadenylation), LRPPRC (which, in addition 
to its role in the mitochondria (see above), regulates nuclear mRNA export), and multiple 
proteins that regulate pre-mRNA splicing, as part of splicing complexes: ESS2, GEMIN6, SF3A2, 
SNU13, three splicing factors of the SRSF protein family – SRSF3 (also involved in nuclear 
mRNA export), SRSF4 and SRSF7 – and SUGP1. In addition, WDR61 – a nuclear protein that 
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has multiple interactions with other landscape proteins – and PHF5A bind each other and are 
a part of the PAF1C complex that regulates transcription elongation and chromatin structure 
(see below) [101], with PHF5A also being involved in pre-mRNA splicing. 

Multiple landscape proteins are implicated in chromatin remodeling, i.e., post-
translational modifications (PTMs) of DNA, histones and non-histone targets, including 
acetylation, methylation and sumoylation, which in turn affects gene transcription [102]. 
The PTMs are performed by multi-protein complexes that are recruited to act at specific 
regions of chromatin, and landscape proteins that are members of these complexes include 
ACTR8, INO80D and MCRS1 (that bind and are part of the INO80 complex), BCL11A and 
BCL7A (subunits of BAF complex), BRPF3, KANSL1, KAT14 and TADA3 (that bind and are part 
of the ATAC complex, with TADA3 also activating CDKN1A and being regulated by EP300), 
MORF4L2, and L3MBTL2 and PHC3 (that are part of the polycomb repressor complex, which 
keeps genes in a non-transcribed state). As for specific PTMs, the aforementioned and other 
landscape proteins are involved in DNA/histone acetylation (BRPF3, EP300 – that also acts 
on non-histone targets, including ETS1, GABPB1 and PRMT1 – KANSL1, KAT14, MCRS1, 
MORF4L2, PHF14, and TADA3), methylation (six histone methyltransferases – ASHL1, 
KMT5A, KMT2C, KMT2D, NSD1 and NSD3 – and one histone demethylase, KDM5B), and 
(de)sumoylation (PIAS4 – which mediates the sumoylation of e.g., PARK7 – and SENP6).

Lastly, the fourth group of nuclear landscape proteins are involved in DNA damage 
repair: ERCC5 (involved in repairing UV-induced DNA damage), GTF2H1 (a transcription 
factor (see above) that also repairs damaged DNA), IHO1 (which repairs double-strand DNA 
breaks), MAU2 and NIPBL – which are part of the cohesin complex that repairs DNA damage 
– RPA2 (which binds and stabilizes ssDNA) and XRCC6, a protein that repairs DNA damage 
and has very many interactions with other landscape proteins. 

Microglial cells and astrocytes
Microglial cells
Microglial cells play diverse roles in brain development and adult brain function, including 
the regulation of synaptic plasticity and pruning. They also serve as brain macrophages 
and are important for the brain immune response, as they are primary sources of immune 
response factors such as cytokines that in turn can modulate synaptic plasticity [103]. The 
membrane receptors/proteins (CD47, CX3CR1 (which is a microglia-specific receptor), 
ITGA4, ITGB1) and extracellular cytokines (CX3CL1) and other molecules (FN1 and TNN) that 
are expressed in and regulate the function of microglial cells have already been described 
above in the part about pre-and postsynaptic neurons.
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Astrocytes
Astrocytes and their projections envelop pre- and postsynaptic neurons and closely approach 
the synaptic cleft, representing key components of the synapse that are active mediators 
of synaptic function [104,105]. In addition, astrocytes are important for maintaining the 
blood-brain barrier (BBB) and brain cholesterol metabolism [106]. A number of protein 
interactions that (also) occur in astrocytes have already been described above in the part 
about pre-and postsynaptic neurons. Below, we have added proteins and their interactions 
that are – to some extent – specific to astrocytes. 

NR1H2 (also known as Liver X receptor beta, LXRβ) is a transcription factor that is 
mainly expressed in astrocytes and other glial cells [107] and that has an important role 
in regulating brain cholesterol metabolism and dopaminergic neuronal function. In the 
landscape, NR1H2 downregulates the expression of both TSHR and DIO2. TSHR is a GPCR 
that signals through stimulatory G-proteins and forms a functional complex with FN1 but 
that also regulates thyroid hormone synthesis through binding and being activated by its 
ligand, thyroid stimulating hormone (TSH). In addition, DIO2 is an ER membrane-located 
enzyme that the conversion of thyroxine or T4 (the inactive form of thyroid hormone) to 
triiodothyronine or T3 (the active form of thyroid hormone). T3 generated by DIO2 is then 
transported out of astrocytes and into neurons by the membrane transporter SLC16A2. 
Furthermore, DIO2 is degraded by the ER membrane-located ubiquitination protein 
UBE2J1, it forms a complex with cytoplasmic RBX1, and it is involved in downregulating the 
expression of the transcription factor NR4A2. NR1H2 also regulates the expression of the 
membrane cholesterol/lipid transporter ABCG8. Lastly, histamine (see above) is transported 
in and out of astrocytes (and presynaptic neurons) by the membrane transporters SLC22A3 
and SLC29A3, while in astrocytes, it is also methylated and hence inactivated by the HNMT 
enzyme. 

Below, we will provide six examples of key landscape proteins that are interesting 
putative (novel) drug targets for TD – i.e., FLT3, NAALAD2, CXC3R1 and CXC3L1, OPRM1, and 
HRH2 – and we discuss why and how these targets can be linked to four aspects of target 
specificity (i.e., regional, temporal, molecular and modulatory specificity).

DISCUSSION
In this paper, we have compiled, analyzed and integrated different types of omics data into 
a molecular landscape of TD. Below, we will discuss the main findings from our analyses 
and provide examples of putative drug targets derived from the landscape that could be 
modulated with a beneficial effect on TD. 
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First, we tested the (general) hypothesis that the expression of genes for a specific 
disease will be relatively enhanced in tissue and cell types that are vulnerable to this 
disease. We found that TD candidate gene expression is enhanced in the brain and 
pituitary, two tissues that were shown to be rich in neural cells [108]. Our subsequent 
spatiotemporal analysis of brain tissue revealed that especially the cerebellum, cortex, 
striatum, and thalamus across various developmental periods may be involved in TD 
etiology. These results are consistent with previous reports of alterations in anatomical 
and functional circuits involving the cortex, striatum and thalamus (see above) as well as 
the cerebellum being key contributors to the pathogenesis of TD [109,110]. Furthermore, 
our analyses of mouse data showed enriched expression of TD candidate genes in two cell 
types in particular, i.e., Drd2+ MSNs and layer 6 corticothalamic neurons. In keeping with 
their potential involvement in TD, these two cell types are also enriched among genes that 
were found to be downregulated in the postmortem striatum of TD patients, which further 
suggests that TD onset and progression may be particularly related to deficits in the function 
or presence of these cells. Drd2+ medium spiny neurons (MSNs) are inhibitory/GABAergic 
neurons (MSNs) that express the dopamine D2 receptor and, together with Drd1+ MSNs, 
they constitute approximately 95% of the neurons in the striatum, the main input structure 
of the basal ganglia. Drd2+ MSN neurons act as crucial regulators of striatal output via 
the ‘indirect’ pathway and so alter striatal mediated ‘action’. Further, these MSNs receive 
convergent excitatory inputs from the cortical and thalamic areas and further project to the 
output nuclei of the basal ganglia circuit [111]. In addition, Drd2+ MSNs have been shown 
to be crucial in habit formation in mice [112,113]. This is particularly interesting because 
both from a cognitive-behavioral and neuroscientific perspective, tics – the hallmark of TD 
– can be viewed as habits that have been formed over time and that are associated with 
premonitory sensations and can, at least partially, be controlled [114-118]. As a result, habit 
reversal training (HRT) is currently among the first-line behavioral interventions aimed at 
reducing tics [119,120]. Further, rodent studies have shown that Drd2 expression changes 
during development, with increased expression across early postnatal life and peak Drd2 
expression by early adolescence, followed by decreased expression in adulthood (reviewed 
in [121]). In accordance, the dopaminergic excitability of Drd2+ MSNs also decreases during 
the juvenile period [122] and in humans, a similar peak of dopaminergic innervation of the 
striatum was observed in preadolescence, with a subsequent decrease during adulthood 
[123]. In addition, postmortem studies have shown an increased DRD2 density in the 
frontal cortex and striatum of TD patients [124,125] while it was also demonstrated in 
monozygotic twins that differences in DRD2 binding influence TD severity [126]. Based on 
all these findings, it seems that drugs aimed at reducing DRD2 activity during the critical 
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time window associated with TD (i.e., childhood to (early) adolescence) would be beneficial 
and indeed, DRD2 antagonists are currently still the standard pharmacological treatment of 
TD/tics [127]. The downregulated genes in postmortem TD striatum were also enriched for 
genes that are highly specific to cholinergic neurons, in line with the observed reduction of 
cholinergic (ChAT+) interneurons in postmortem immunohistochemical studies of TD patient 
striatum [60,128]. Interestingly, habit formation (see above) is (also) modulated by striatal 
cholinergic interneurons [129,130], and these neurons are also important for synchronizing 
the activity of (Drd2+) MSNs that suppresses or ends a movement bout [131]. In addition, 
pharmacotherapy with cholinergic drugs has been observed to modulate motor tics [132]. 
Lastly, we found that the upregulated genes in postmortem TD striatum are highly expressed 
in glial and immune cells, which may imply that inflammation-mediated mechanisms (also) 
contribute to TD, but this enrichment was not found through our analysis of the genetic 
data. Taken together, our tissue and cell type specificity analyses suggest that TD is not 
confined to a single brain region and that there are potentially multiple cellular routes to TD. 

Our analyses of the TD candidate genes revealed two significantly enriched pathways: 
‘cAMP-mediated signaling’ and ‘Endocannabinoid Neuronal Synapse Pathway’. In Figure S1 
and Figure S2, we provide a graphical representation of the two pathways at the cellular 
level in which the proteins encoded by TD candidate genes and the metabolites implicated 
through the PRS-based analyses are indicated in purple. First, cAMP (3’-5’-cyclic adenosine 
monophosphate) is an important second messenger molecule that is used for intracellular 
signal transduction. cAMP is produced from ATP by adenylate cyclases (such as the landscape 
protein ADCY2) that themselves are activated through stimulatory GPCRs (including the 
landscape proteins CRHR1, HRH2, OPRM1, and TSHR) or inhibited through inhibitory GPCRs 
(landscape proteins DRD2 – the dopamine receptor that interacts with many landscape 
proteins and is also enriched in TD-linked Drd2+ neurons, see above – FPR1, FPR2, FFAR3, 
OPRD1, OPRK1, OPRM1). Furthermore, cAMP is degraded by phosphodiesterase enzymes 
[133], such as the landscape protein PDE4A and it regulates synaptic function through 
activating protein kinase A (PKA) (of which the landscape protein PRKAR2A is a regulatory 
subunit) [134]. All these findings suggest that abnormalities in cAMP signaling could be a 
central functional theme in TD etiology. In this respect, studies of postmortem brains from 
TD patients have revealed reduced concentrations of cAMP in the cerebral cortex and 
putamen [135,136]. Conversely, increased cortical and striatal levels of cAMP and associated 
reduced levels of phosphodiesterase activity have been associated with stereotypic, tic-like 
behavior of deer mice [137]. Changes in cAMP levels and activity in dopaminergic neurons 
during development may also underlie tic-like symptoms in ADHD, a disorder that is highly 
comorbid with TD [138]. Lastly and interestingly, some drugs that target cAMP-mediated 
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signaling are already in use to treat TD or in the clinical trial phase, e.g., the DRD2 modulator 
aripiprazole, the DRD2 antagonist risperidone and the opioid receptor antagonist naloxone 
(see below), further implying that cAMP signaling is altered in TD. 

The second pathway that is enriched within the TD candidate genes points 
towards an involvement of (altered) endocannabinoid signaling in TD etiology. The 
endocannabinoid system (ECS) comprises two cannabinoid receptors – CNR1 and CNR2 
– their ligands, the endocannabinoids, and the enzymes regulating endocannabinoid 
synthesis and degradation. CNR1 is highly expressed in the CNS, while CNR2 is mainly 
expressed in immune cells and activated microglia, with some expression also detected 
in the CNS. Further, endocannabinoids are endogenous lipid-signaling molecules that are 
produced in the cell membrane from phospholipid precursors and act as messengers that 
modulate pre-and postsynaptic functions [139,140] in multiple brain regions. The two best 
characterized endocannabinoids are arachidonoyl ethanolamide (AEA or anandamide) 
and 2-arachidonoylglycerol (2-AG). Interestingly, endocannabinoids are also derivatives of 
arachidonic acid (AA) and our PRS-based analyses implicated genetic sharing between TD 
and increased AA blood levels (see below). Previous studies have also suggested altered 
ECS signaling in the pathophysiology of TD. In this respect, studies have yielded inconclusive 
results regarding genetic variation in CNR1 being associated with TD [141,142] but 
significantly increased CSF levels of several endocannabinoids as well as AA were reported 
in TD patients compared with controls [143]. In addition, the enriched ‘Endocannabinoid 
Neuronal Synapse Pathway’ contains the key landscape protein DAGLA, an enzyme that can 
be located in the pre-and postsynaptic membrane (see above) and that produces 2-AG in 
an autocrine fashion [144]. Moreover, Dagla KO zebrafish show stereotypical movements 
and deficits in motion perception [145]. Interestingly, several enzymes in the enriched 
endocannabinoid-related pathway (shown in Figure S2) are also encoded by genes that 
are not TD candidate genes – and that are therefore not in the landscape – but of which 
the expression is differentially regulated in the blood of TD patients. Specifically, FAAH – 
an enzyme that hydrolyzes AEA to AA – was upregulated in the blood of TD patients aged 
5-9 [62]. In addition, ABHD6 – an enzyme that hydrolyzes 2-AG to AA – was upregulated 
in the blood of TD patients aged 13-16, and ABHD6 expression was positively correlated 
with symptom severity in adult TD patients [62,63]. AEA can also be produced through the 
hydrolysis of N-acyl-phosphatidylethanolamines (NAPEs) by the enzyme NAPEPLD – that 
was downregulated in the blood of TD patients aged 5-9 [62] – or by the combined action 
of the enzymes ABHD4 (downregulated in the blood of TD patients aged 13-16) and GDE1 
(of which the expression in blood was negatively correlated with TD severity) [62,63]. 
Furthermore, inhibition of FAAH and MGLL (an enzyme that degrades 2-AG to AA) resulted in 
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increased levels of AEA and 2-AG, respectively, which – in mice – disrupted habit formation 
[146,147] that has been hypothesized to also be underlying TD (see above). In addition, 
when bound and activated by endocannabinoids, CNR1 can act as an inhibitory GPCR that 
suppresses cAMP production and subsequent PKA activation [148,149]. This constitutes a 
link between the endocannabinoid pathway and the cAMP pathway discussed above, with 
the landscape proteins ADCY2 and PRKAR2A also being involved in both enriched pathways. 
Moreover, when CNR1 and DRD2 are co-expressed, co-stimulation with agonists of these 
two receptors led to an increase in cAMP production in striatal neurons, while when applied 
separately, CNR1 or DRD2 agonists inhibited cAMP production [150], which suggests a link 
between endocannabinoid, cAMP and dopaminergic signaling. Lastly, cannabinoid receptors 
are also a prime target of the exogenous cannabinoid D9-tetrahydrocannabinol (THC), the 
psychotropic component of cannabis. In this respect, a putatively beneficial role of cannabis 
in TD treatment comes from anecdotal evidence of patients reporting improvement in their 
tics after using cannabis [151] as well as some case studies and clinical trials (summarized 
in [152,153]). That being said, as most of these studies provide only low level of evidence 
for a beneficial effect, the European and American authorities currently only recommend 
cannabis use for (adult) treatment-resistant TD cases in which established therapy did 
not alleviate symptoms [154-156]. In addition, developmental observations suggest that 
endocannabinoid receptor expression increases only gradually in the postnatal period, 
which (partially) explains the observed insensitivity to the psychoactive effects of cannabis 
in young people. Therefore, it was hypothesized that children may respond positively to 
medicinal applications of cannabis without undesirable central effects [157]. However, only 
three single case reports are currently available to suggest that a medicinal form of cannabis 
would be effective and safe for treating severe tics in minors with TD [158-160]. 

In addition to the pathway analysis, we conducted further analyses for biological 
functions that are enriched within the TD candidate genes. Most of the enriched functions 
are related to processes such as development, migration and proliferation of neurons/brain 
cells (leading to neuronal circuitry development), synaptic function, and neurotransmission. 
In this respect, previous studies have reported altered synaptic plasticity in TD patients 
compared to controls (in the cortex and brain stem) [161-163]. In addition, a recent study 
assessed the enrichment of multiple gene sets using individual-level genotype data and 
identified three genome-wide significant gene sets that are implicated in TD, i.e., ligand-
gated ion channel signaling, lymphocytic signaling, and cell adhesion and trans-synaptic 
signaling [5].

Apart from the analyses of which we discussed the results above, we performed PRS-
based analyses to determine the presence, extent, and direction of genetic overlap between 
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TD and blood or CSF metabolite levels. Below, we will discuss the main findings from these 
analyses. As a general comment, we would like to point out that although different levels 
of metabolites in the blood (plasma or serum) may not directly reflect changes in the brain, 
they reflect alterations in metabolic pathways in the body and may therefore be associated 
indirectly with the development of TD. In addition, many metabolites can cross the BBB – via 
transporters or diffusion – and changes in the blood levels of these metabolites likely lead to 
more direct changes in the brain and vice versa. 

First, we found genetic sharing between TD and higher blood levels of betaine. Betaine 
(also known as trimetylglycine) is an amino acid that is taken up into the body through 
the diet or can be synthesized in the mitochondria from choline in a two-step process 
catalysed by landscape proteins CHDH and ALDH7A. Betaine acts as an important cellular 
osmolyte and a methyl donor for the conversion of homocysteine to methionine – and 
hence increases methionine levels [164] – as part of the methionine cycle [165]. This cycle 
produces S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH), key modulators 
of cellular methylation and hence epigenetic regulators [166,167]. Interestingly, MAT2A and 
MAT2B, two enzymes from the methionine cycle – that converts methionine to SAM – were 
found to be upregulated in the blood of TD patients aged 13-16 [62], while the landscape 
proteins PRMT1 and AHCY catalyse the subsequent conversion of SAM to SAH and SAH to 
homocysteine, respectively. In addition, the blood expression of PRMT1 is correlated with TD 
severity [63]. Further, methionine was shown to induce stereotypy and prepulse inhibition 
deficits in mice [168] and to increase amphetamine-induced stereotyped behaviors in rats 
[169]. Higher homocysteine serum and plasma concentrations were also found in patients 
with primary dystonia compared to controls [170,171]. All these findings provide further 
support to an involvement of homocysteine/methionine metabolism in TD, in which 
alterations in homocysteine/methionine levels would lead to changes in methylation of 
downstream substrates, including histones and result in altered gene expression [166,167].

We also identified a shared genetic etiology between TD and decreased blood levels 
of pyridoxate, the primary catabolic product of vitamin B6. Blood levels of pyridoxate are 
strongly correlated with blood levels of its precursor pyridoxal 5’-phosphate (PLP), the active 
form of vitamin B6. Therefore, pyridoxate has been suggested as a possible complementary 
and short-term marker of vitamin B6 status [172]. In this respect, previous studies have 
shown that supplementation of vitamin B6 in combination with other molecules such as 
magnesium [173,174] was safe and effective in alleviating symptoms of TD in children 
and adolescents. Furthermore, enzymes involved in the metabolism of pyridoxate and 
PLP were found to be differentially expressed in TD patients: ALPL – that catalyzes the 
dephosphorylation of PLP to pyridoxal (the transportable form of vitamin B6) – was 
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upregulated in the postmortem striatum of TD patients [60], while PDXK – that catalyzes the 
conversion of vitamin B6 precursors to their phosphorylated counterparts, including PLP – 
and PHOSPHO2 – that dephosphorylates PLP – were downregulated in the blood of children 
with TD [62]. Moreover, the blood expression of AOX1 – that converts PLP to pyridoxate – 
was positively correlated with TD severity [63]. Interestingly, magnesium – that is a cofactor 
of many landscape proteins – is (also) a cofactor for most of these enzymes. Lastly and 
importantly, vitamin B6 (PLP) acts as a cofactor in various enzymatic reactions, including the 
conversion of histidine to histamine by the important landscape protein HDC.

Furthermore, we found genetic sharing between TD and increased blood levels of Tumor 
necrosis factor-beta (TNFB), a cytokine that is produced by lymphocytes. In the landscape, 
TNFB interacts with several proteins, and it induces downstream signaling by binding to 
heterodimeric TNFRSF1A and TNFRSF1B [175]. TNFRSF1A and TNFRSF1B expression is 
upregulated in the striatum of TD patients [60] and the blood expression of TNFSRF1B is 
negatively correlated with TD symptom severity [63]. In addition, a mutation in TNFRSF1A 
has been linked to persistent tics [176]. A direct involvement of TNFB in the pathogenesis 
of TD has not been studied but some evidence for its (putative) role in TD comes from 
studies on autoimmune disorders. First, TNFB regulates the formation of tertiary lymphoid-
like structures [177,178], such as the murine nasal-associated lymphoid tissue (NALT) 
[179] that is analogous to the human tonsils/adenoids [180]. Group A streptococcal (GAS) 
bacteria that are present in both mouse NALT and human tonsils [181] are crucial in the 
pathophysiology of PANDAS, an autoimmune disease that presents itself as a combination 
of tics and OCD-like symptoms [182]. In addition, streptococcal superantigens – that are 
involved in PANDAS [183] – directly stimulate the secretion of TNFB [184]. Further, TNFB 
is crucial for protecting against Toxoplasma bacterial infection in the CNS [185], which is 
interesting because a possible role of Toxoplasma infection in the pathogenesis of TD and tic 
disorder has been reported [186,187]. 

Furthermore, we identified genetic overlap between TD and decreased blood levels 
of myo-inositol (MI). MI is a metabolite of the second messenger phosphatidylinositol (PI) 
[188], and PI and its metabolites regulate normal human brain development and aging as 
well as the organization of the cell membrane [90,91]. In addition, MI (derivatives) play 
crucial roles in various processes, such as signal transduction, osmoregulation, membrane 
biogenesis and trafficking, cytoskeletal organization, gene expression, DNA repair, energy 
metabolism and autophagy, and they have been implicated in multiple disorders [189]. In 
line with our findings, a brain MRS study in TD reported reduced MI levels in the left frontal 
cortex [190]. The levels of intracellular MI are dependent on de novo synthesis, conversion 
of MI derivatives, uptake from the extracellular fluid and/or degradation. In this respect, 
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a role for altered MI signaling in TD is also implicated by the fact that some key enzymes 
involved in the synthesis of MI were found to be differentially expressed in the brain and/
or blood of TD patients: HK2 (increased in the postmortem striatum of TD patients [60], 
ISYNA1 (an enzyme that catalyses the rate-limiting step in MI synthesis and of which the 
expression was downregulated in the blood of TD patients aged 5-9 and 13-16 [62]) and 
the landscape protein IMPA1 (upregulated in the blood of TD patients aged 10-12 [62]). 
Moreover, Impa1 KO mice showed TD-like behaviors, including increased motor activity in 
the open field and forced-swim tests, hyperactivity, and stereotypy in the home cage [191]. 
Four landscape proteins involved in the conversion of MI derivatives were also differentially 
expressed: PLCH1 (downregulated in TD striatum [60]), PI4KA (downregulated in the blood 
of TD patients aged 5-9 [62]), PIKFYVE (upregulated in blood of TD patients aged 13-16 
[62]) and IP6K2 (alternatively spliced in the blood of TD patients and blood expression is 
negatively correlated with TD severity [63,64]. Further, the expression of the MI transporter 
SLC5A11 was dysregulated in the blood of TD patients (upregulated and downregulated in 
TD patients aged 5-9 and 13-16, respectively [62]). Lastly, MI is catabolized in the kidneys 
by the enzyme MIOX, and blood expression of MIOX was found to be upregulated in TD 
patients aged 5-9 [62].

Our PRS-based analyses also revealed genetic sharing between TD and increased 
or decreased blood levels of multiple types of lipids, including glycerophospholipids, 
sphingolipids, triacylglycerols, fatty acids, myo-inositol (see above) and lipid ratios. As for 
fatty acids (FA), these are utilized as energy source, signaling molecules and structural 
components of membranes [192], and depending on their chemical structure and chain 
length, they are classified as saturated, monounsaturated, or polyunsaturated (PUFA). In 
this respect, we found genetic sharing between TD and increased blood levels of saturated, 
long chain FA, such as stearate (stearic acid) and palmitate (palmitic acid), as well as (long 
chain) PUFA. These PUFA are divided into omega-6 FA – including the essential PUFA 
linoleate (linoleic acid, LA) that is a precursor of gamma-linolenate (gamma-linolenic acid) 
and arachidonate (arachidonic acid, AA, see above) – and omega-3 FA, such as the essential 
PUFA alpha-linolenate (alpha-linolenic acid). Palmitic acid (PA) is the most common saturated 
FA found in the human body and can be provided through the diet or be synthesized 
endogenously from other FA – such as palmitoylethanolamide (PAE) that is increased in 
the CSF of TD patients [143] and that is converted to PA by FAAH, an enzyme that is also 
involved in AA synthesis (see above) – carbohydrates and amino acids. PA represents 20–
30% of total FA in membrane phospholipids and adipose triacylglycerols [193] and it has 
multiple functions – reflected by the multiple landscape proteins of which it regulates the 
expression or activity – including palmitoylation, a posttranslational modification of proteins 
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that involves the attachment of PA to specific cysteines, which increases the hydrophobicity 
of cytoplasmic proteins and hence increases their affinity for cytosolic membrane surfaces. 
Further, AA is the biologically active omega-6 FA and represents about 20% of the neuronal 
FA. AA is converted to various eicosanoids that are important mediators of inflammation 
– with both pro- and anti-inflammatory activities – and is involved in regulating synaptic 
transmission [194]. More specifically, AA is released from membrane phospholipids through 
phospholipase enzymes. Subsequently, AA can be metabolized by three different groups 
of enzymes, i.e., cyclooxygenases, lipoxygenases and cytochrome P450 enzymes that 
generate numerous biologically active mediators, many of which are potential preventive 
and therapeutic targets for various diseases [195]. In this respect, it is interesting that 
the cyclooxygenase PTGS1 and the lipoxygenases ALOX5, ALOX5AP and ALOX15B were all 
found to be upregulated in the postmortem striatum of TD patients [60]. Moreover, and as 
already discussed above, AA is a precursor for endocannabinoids and therefore, it has an 
important role in regulating both endocannabinoid and cAMP signaling, the two pathways 
that were significantly enriched in the TD candidate genes (see above). Linked to this, the 
extracellular and anti-inflammatory [196] metabolite LXA4 – which is synthesized from AA 
through sequential actions of lipoxygenases – mostly exerts its effects through GPCRs such 
as the landscape protein FPR2 and CNR1. As for its effect on CNR1, LXA4 was found to act 
as an allosteric modulator of CNR1, thereby enhancing its affinity for AEA and ultimately 
decreasing cAMP production [197], which may make LXA4 a potential TD treatment that 
could be used instead of the cannabinoids themselves (see above). Lastly, omega-3 and 
omega-6 FA compete with each other in their effects on downstream signaling [198]. 
In keeping with this, omega-3 FA can decrease the bodily levels of omega-6 FA through 
being ingested via the diet (e.g., from fish oil) and they have important anti-inflammatory 
properties, e.g., through inhibiting NFKB signaling [199]. Therefore, it follows that omega-3 
FA would constitute a putative adjunctive treatment of TD and indeed, a randomized, double-
blind, placebo-controlled trial in children indicated that omega-3 FA supplementation may 
be beneficial in the reduction of tic-related impairment for some children and adolescents 
with TD, but not for tics per se [200].

In addition to blood metabolites, we found genetic sharing between TD and the CSF 
levels of two metabolites: NAAG and butyrate. As for NAAG, we will discuss this metabolite 
and its links with TD in detail below. Butyrate (or butyric acid, BA) is a short chain fatty acid 
naturally produced by bacterial fermentation of undigested carbohydrates, such as dietary 
fiber in the gut. Interestingly, different levels of BA-producing bacterial groups [201-203] – 
including Roseburia [68], Faecalibacteriumin [204] and Bacteroidia [205] – were found in the 
microbiome of TD/tic disorder patients compared to controls, suggesting that rebalancing 
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of gut microbiota could be a promising biological therapy for TD [206]. BA then travels from 
the gut through the systemic circulation and reaches the brain, where it crosses the BBB via 
monocarboxylated transporters of the SCL16 family [207], including SLC16A3, SLC16A4 and 
SLC16A7 that were found to be differentially expressed in the blood or postmortem brain 
tissue of TD patients [60,62]. In the brain, BA can act as a regulator of the immune response 
through its anti-inflammatory actions in microglia [208], an epigenetic regulator that 
increases gene expression through inhibiting histone deacetylation [209,210] and/or as an 
endogenous ligand for a subset of GPCRs, including the landscape protein FFAR3 and – not 
shown in the landscape – FFAR2 (upregulated in postmortem TD brain) [60] and HCAR2 (of 
which the blood expression is negatively correlated with TD severity) [63]. BA also modulates 
the expression/activity of many (other) landscape proteins. In the extracellular matrix, 
BA decreases the expression of COL4A2, COL5A1, COL6A3, IL17A, TNFAIP2, it increases 
the expression of ANXA1 and WNT5, and it regulates the acetylation and methylation of 
RELN. In the cytoplasm, BA increases the activity of HDC – leading to increased histamine 
synthesis, see below – and CASP8, while it also increases the expression of CDKN1A and 
GAK. Further, BA decreases the expression of cytoplasmic ESR1, NCL and PRKAR2A, and 
it increases the release of DIABLO from mitochondria. In addition, BA activates cAMP-
PKA signaling – although independently from GCPR-mediated signaling) [211] – and there 
is a positive association between BA and endocannabinoids in human subjects (enrolled 
in a 6-week exercise intervention) [212], indicating that BA regulates both pathways that 
were enriched in our data. Lastly, previous studies have suggested a beneficial role of BA 
in treatment of neuropsychiatric conditions, such as ASDs [213,214], Huntington’s disease 
(HD) and PD, where it exerts neuroprotective effects, supports mitochondrial function, and 
decreases behavioral abnormalities [215-218] through inhibiting histone deacetylation 
[217,219]. Further, BA was shown to positively affect memory-related synaptic plasticity 
[220] and omega-3 FA (see above) were shown to restore the normal levels of BA-producing 
bacteria [221]. All these findings suggest that approaches aimed at increasing (CNS) butyrate 
levels – e.g., through changing the gut microbiome or having an omega-3 FA-rich diet – may 
be considered as (adjunctive) treatments for TD.

Based on all our data and analyses, we built an integrated molecular landscape of 
TD that contains interactions between more than 500 proteins, metabolites and other 
molecules, and above, we have already described the main landscape processes. Before 
providing more details about specific putative drug targets that we identified in the 
landscape and as a more general comment, we would like to note that multiple landscape 
proteins – spanning different subcellular locations – are involved in protein degradation. 
These include (proteins constituting) the ubiquitin-proteasome system in the cytoplasm, 
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ER proteins involved in ubiquitin-dependent degradation of misfolded ER proteins, CV-
mediated autophagy, and molecular chaperones, and all these proteins regulate the 
removal and recycling of misfolded proteins and damaged organelles. Further, impairment 
of these processes and accumulation of protein aggregates and faulty organelles can lead to 
the generation of oxidative stress, inflammation, and cell death [222], which in turn affects 
synapse formation, maturation, and plasticity [223]. In addition, based on the four aspects 
of target specificity described in the Materials and Methods, we identified a number of 
putative drug targets in the TD landscape, and we will describe six of these targets in more 
detail below.

First, FLT3 is a membrane-located receptor tyrosine kinase that regulates inflammation 
and other immunity-related functions [224]. FLT3 is the most significantly associated gene in 
the largest GWAS of TD published to date [51]. FLT3 shows regional specificity for TD, as it is 
highly expressed in the brain and in our TWAS, we found TD-associated eQTLs with a positive 
effect on FLT3 expression in multiple brain regions (top finding for the cortex; Z-score= 4.66 
and p-value = 3.24E-06). In keeping with this, a recent study also found the most significant 
TD-associated TWAS signal for the cortex and, more specifically, the dorsolateral prefrontal 
cortex [225]. In the same study, the authors reported an increased expression of FLT3 in 
lymphoblastoid cell lines derived from TD patients compared to controls [225]. As for its 
temporal specificity for TD, FLT3 is highly expressed in two brain regions for which we 
have found spatiotemporal enrichment of TD candidate gene expression (see above), i.e., 
in the cerebellum (in the neonatal period and infancy, early and middle-late childhood, 
adolescence, and young adulthood) and in the thalamus (in adolescence and young 
adulthood). Moreover, FLT3 has considerable molecular specificity for TD as it interacts with 
multiple other landscape proteins. For example, upon binding its ligand, the cytokine FLT3LG 
– which has been linked to TD as well, as FLT3LG blood expression is positively correlated with 
TD symptom severity [63] – regulates the phosphorylation of MAPK3 and MAPT, two highly 
interactive landscape proteins, while it also regulates the expression of cytoplasmic PIM1 
and nuclear EXCC6, two proteins that (also) interact with many other landscape proteins. 
Lastly, FLT3 (putatively) has modulatory specificity for TD because, and as mentioned above, 
TD-associated eQTLs upregulate FLT3 expression in multiple brain regions, which suggests 
that inhibition of FLT3 (function) could have a beneficial effect on TD symptoms. In this 
respect, it is interesting that inhibitors of FLT3 have been approved for various cancers and 
have been trialed with positive effect for multiple T-cell mediated autoimmune diseases 
[224] that are genetically and/or clinically overlapping/comorbid with TD [226-228]. 
Moreover, FLT3 inhibitors have been found to have a therapeutic effect in (human) cell and 
mouse models of Rett syndrome, a genetically determined neurodevelopmental disorder 
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[229], and to alleviate peripheral neuropathic pain in mice [230]. The above being said, 
additional in�silico, in�vitro and in�vivo studies are needed to further determine if and how 
FLT3-based treatments for TD could be developed.

Another promising drug target from the landscape is NAALAD2, an enzyme that is 
expressed in neuronal and astrocytic membranes and that converts N-acetyl-aspartyl-
glutamate (NAAG) to N-acetylaspartate (NAA, which is synthesized by the mitochondrial 
landscape enzyme NAT8L) and glutamate. Conversely, NAAG is formed from NAA and glutamate 
by the cytoplasmic landscape enzymes RIMKLA and RIMKLB. As for its regional and temporal 
specificity for TD, NAALAD2 is highly expressed in the pituitary, neurons and astrocytes [231] 
and it is highly expressed in the striatum during young adulthood [232], respectively. Further, 
NAALAD2 has molecular specificity for TD because it works on two important, TD-linked 
neurotransmitters: NAAG and glutamate. NAAG is one of the only CSF markers for which we 
found genetic sharing with TD and it is thought to function as a neurotransmitter in both the 
CNS and peripheral nervous system, with its lowest expression being in the pituitary [233], 
a finding that is in line with NAALAD2 expression being the highest in this brain region (see 
above). In a magnetic resonance spectroscopy (MRS) study, patients with TD also had reduced 
levels of NAA in the left putamen and bilateral frontal cortex [190]. In addition, the main 
excitatory neurotransmitter glutamate – that is converted from NAAG by NAALAD2 – interacts 
with multiple landscape proteins. Furthermore, a number of MRS studies have investigated 
the involvement of (brain) glutamate in TD, but this has yielded inconsistent results [234-236]. 
Lastly, it seems that NAALAD2 also has (putative) modulatory specificity for TD. In addition to 
genetic sharing (see above), we found a negative genetic concordance between TD and CSF 
levels of NAAG, indicating that genetic variants associated with TD are also associated with 
decreased NAAG CSF levels. In turn, this suggests that (brain) NAALAD2 – which uses NAAG to 
‘produce’ glutamate – should be inhibited to treat TD. Furthermore, transcriptomic profiling 
has shown decreased RIMKLB levels and increased NAT8L levels in the blood of TD patients 
aged 5 to 9 [62], as well as alternative splicing of RIMKLA in the blood of adult TD patients 
[64]. All these findings suggest that in addition to inhibiting NAALAD2, a treatment to reduce 
TD symptoms may be to activate/increase NAAG synthesis. However, there are currently no 
known treatments that increase NAAG synthesis. Interestingly, inhibiting FLT3 (see above) 
also prevents glutamate-induced toxicity [237] – that could be the result of increased 
NAALAD2 expression/activity – which constitutes a functional link between NAALAD2 and 
FLT3. Moreover, NAALAD2 inhibitors – that elevate synaptic NAAG levels [238] – were found 
to reduce stereotypical movements in different mouse models (of schizophrenia) [239,240], 
which further highlights the suitability of NAALAD2 as a novel TD target and the need to 
conduct further experiments to develop it into an effective TD treatment.
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Two other interacting putative drug targets from the landscape are the membrane 
receptor CX3CR1 and its ligand, the chemokine CX3CL1. CX3CR1 is highly expressed in the 
microglial cell membrane. In addition, the CX3CR1-CX3CL1-complex plays a key role in 
regulating brain inflammation [241] as well as synaptic pruning and connectivity [242-244], 
while CX3CL1 is also located in the neuronal cell membrane where it can be cleaved into 
a soluble chemokine by the membrane-located landscape enzyme ADAM10 [245,246]. As 
for their regional specificity for TD, the expression of CX3CR1 was found to be upregulated 
in the (postmortem) striatum of TD patients (FC=1.78) [60] and increased CX3CL1 blood 
expression is correlated with increased TD symptom severity [63]. Both proteins also 
show temporal specificity for TD. CX3CR1 expression is upregulated in the blood of TD 
patients aged 10-12 years (FC=1.18) [62] and in mouse striatum, Cx3cr1 shows a temporal 
expression pattern corresponding to developmental stages that could be linked to TD 
occurrence and resolution (i.e., first upregulation, then downregulation) [247]. In addition, 
CX3CL1 is highly expressed in the striatum (in the neonatal period, early infancy and early 
childhood), cortex (neonatal period, early infancy, early childhood and adolescence) and 
the thalamus (neonatal period and early infancy), while mouse Cxc3l1 also shows the same 
temporal expression pattern in the striatum than Cx3cr1 does [247]. Moreover, CX3CR1 and 
CX3CL1 have molecular specificity for TD, and this not only through forming a functional 
complex with each other but also through additional effects of CXC3L1 on multiple other 
landscape proteins – that were not all drawn in the landscape but can be found in Table 
S5 – e.g., as a ligand of the ITGA4-ITGB1-complex and through upregulating the expression 
of extracellular POSTN and membrane-located CDHR1. Lastly, there is some evidence that 
the CX3CR1-CX3CL1-complex could be modulated with a beneficial effect on TD. However, 
both an inhibition and activation of this complex have been found to have a neuroprotective 
effect, depending on whether the intervention was done in the developing or adult brain 
[248]. For instance, neutralizing antibodies against (brain) CX3CR1 ameliorated exogenous 
CX3CL1-induced PD-like behaviors in an adult rat model [249], while another study in a 
mouse model of PD revealed the neuroprotective capacity of CX3CL1 that resides solely 
upon the soluble form but not the membrane-located form of CX3CL1 [250]. Moreover, in 
a mouse model of Rett syndrome, it was shown that the presence of CX3CR1 is detrimental 
to the neurodevelopmental trajectory and (partial) ablation of CX3CR1 attenuated disease 
severity [251]. For these reasons, further studies are needed to further determine if and 
how CX3CR1/CX3CL1-based treatments for TD could be developed.

Further, the TD landscape contains three presynaptic membrane-located opioid 
receptors – OPRM1, OPRK1 and OPRD1 – of which we think that especially OPRM1 fits all 
aspects of drug target specificity for TD. OPRM1 is an opioid receptor of the μ family that 
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mediates downstream signaling through binding both endogenous opioids (such as endorphin 
and endomorphin) and synthetic opioids (such as morphine, heroin, fentanyl and methadone) 
[252,253]. OPRM1 shows regional specificity for TD, as OPRM1 is highly expressed in the brain 
but its expression is specifically downregulated in the (postmortem) striatum of TD patients 
(FC= -1.43) [60]. OPRM1 also has temporal specificity for TD as it is highly expressed in the 
thalamus (in the early fetal period, early-mid fetal period, neonatal-early infancy period, 
adolescence and young adulthood) and the cerebellum (late fetal period and late infancy). 
Moreover, OPRM1 has considerable molecular specificity for TD as it interacts with multiple 
other landscape proteins, including the opioid receptors of the δ and κ families OPRD1 and 
OPRK1. In addition, OPRM1, OPRD1 and OPRK1 are involved in cAMP-mediated signaling 
(one of the two enriched pathways within the TD candidate genes), while OPRM1 is also a 
(putative) upstream regulator of multiple landscape genes (see above). As for the – putative 
– modulatory specificity of OPRM1, it should first be noted that abnormalities of the opioid 
system have been found in TD previously [254,255]. In this respect, previous reports have 
shown that pharmacological manipulation of the endogenous opioid system has a beneficial 
effect on TD (symptoms). Specifically, several case reports [256-258] and a randomized, 
double-blind, placebo-controlled study [259] have suggested that TD symptom reduction 
may be achieved with an opioid receptor antagonist such as naloxone or naltrexone that both 
have a high binding affinity for OPRM1 [260]. In addition, some studies have indicated dose-
dependent effects of naloxone in patients with TD, with low doses causing a decrease in tics 
while higher doses cause increased tics [261,262]. Conversely, case reports have also shown 
that the full OPRM1 agonist methadone and the partial OPRM1 agonist buprenorphine are 
successful in alleviating symptoms of TD [263,264]. Furthermore, impaired OPRM1 function 
has been suggested to lead to decreased release of gonadotropin-releasing hormone (GnRH) 
[265] that is produced by the PROK2-PROKR2 complex in the landscape. In turn, this leads to 
a reduced secretion of the gonadotrophins LH and FSH that have been found to be especially 
lower in the plasma of male TD patients, and this associated with the onset of puberty [266]. 
Given the above, further studies are required to assess which opioid receptor agonists and/or 
antagonists could be used to treat TD and when these drugs would need to be administered 
to have the best effect and least side effects. 

The last putative drug target from the landscape that we would like to discuss in some 
detail is HRH2, a (neuronal) membrane receptor of histamine. Firstly, HRH2 shows regional 
specificity for TD, as it is highly expressed in both excitatory and inhibitory neurons [267], and 
its expression in blood has been found to be negatively correlated with symptom severity 
in TD symptoms [63]. As for its temporal specificity, HRH2 expression is upregulated in 
the blood of TD patients aged 10-12 (FC=1.12) [62] and in mouse striatum, Hrh2 shows a 
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temporal expression pattern corresponding to developmental stages that could be linked to 
TD occurrence and resolution (i.e., first upregulation, then downregulation) [247]. In addition, 
HRH2 is highly expressed in the striatum (in the neonatal period, early infancy, early childhood 
and adolescence) and cortex (neonatal period, early infancy, early childhood, adolescence and 
early adulthood). Moreover, HRH2 has molecular specificity for TD, as it binds and interacts 
with HDC, the cytoplasmic enzyme that has been linked to TD by strong genetic evidence 
[28,268,269] and the results from our analyses (Table S2) and that converts histidine to the 
HRH2 ligand histamine. In addition, HRH2 regulates the production of arachidonic acid, one 
of the top metabolites emerging from the PRS-based analyses (see above) and it upregulates 
the expression of IL17A, a cytokine that itself has several interactions in the landscape and 
of which the blood levels were found to be increased in TD patients [270,271]. Further, HDC 
uses PLP as its cofactor to synthesize histamine from histidine, with both PLP and histidine 
being implicated in TD through our analyses (see above). Histamine (see above) is also 
transported in and out of astrocytes and presynaptic neurons by the landscape transporters 
SLC22A3 and SLC29A3, while in astrocytes, it is also methylated and hence inactivated by the 
HNMT enzyme [272]. The blood expression of HNMT was also found to be upregulated is 
TD patients aged 13-16 (FC=1.70), while that of SLC22A3 was downregulated in TD patients 
aged 10-13 (FC=-1.10) and positively correlated with TD severity [62,63], further suggesting 
a dysregulation of histamine metabolism in TD. Specifically, and linked to the putative 
modulatory specificity of HRH2, low brain concentrations of its ligand histamine have been 
reported in the Hdc knockout (KO) mouse model of TD, and histamine repletion ameliorated 
tic-like stereotypical movements in these animals [273]. In addition, histamine bound to 
HRH2 has been shown to have a neuroprotective effect by alleviating the NMDA glutamate 
receptor-induced excitotoxicity via cAMP signaling [274]. Moreover, the histamine precursor 
histidine was shown to promote astrocyte migration and provide neuroprotection through 
HRH2 [275]. Histidine and HNMT inhibitors also ameliorated methamphetamine-induced 
stereotyped behavior and behavioral sensitization in rodent models, while HDC inhibitors and 
HRH2 antagonists enhanced this behavior [276-282]. As histamine does not cross the BBB 
[283], a potential strategy to increase the brain levels of histamine – that could then bind and 
signal through HRH2 – would be to provide additional histidine through the diet. Histidine is 
transported across the BBB by SLC3A2 and SLC7A5 that form heterodimers [284] and are both 
upregulated in TD postmortem striatum [60]. This being said, further studies are needed to 
assess the effects of histidine supplementation and/or administering agonists of HRH2 other 
than histamine (that pass the BBB) on TD symptoms.

Our study should be viewed in the context of a number of strengths and limitations. Particular 
strengths are that, to our knowledge, we have analyzed all available omics data for TD for the 
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first time and integrated the results from these analyses with an extensive literature search for 
interactions between the TD-linked genes/proteins and metabolites into a molecular landscape 
of the disease. In turn, this TD landscape not only provides insights into the altered molecular 
processes that underlie the disease but also, and importantly, it enabled the identification of 
biologically meaningful drug target leads for further studies. An important limitation of the study 
was that because of the lack of omics data for specific TD symptoms, we decided to use a ‘broad’ 
definition of the TD phenotype, and because of this, we could not derive any insights about 
the molecular mechanisms underlying these specific symptoms from our results. Moreover, a 
number of omics studies of which we used the data were limited in sample size and therefore 
likely underpowered for a meaningful statistical analysis of the individual study results. However, 
we tried to address this by prioritizing those genes/proteins for building the landscape that have 
been implicated in TD through one type of genomic evidence and at least one other type of 
genomics or other omics evidence (i.e., the ‘dark blue’ genes/proteins). Another limitation is that 
the PRS-based analyses that we conducted only consider the joint effect of (very) many common 
genetic variants associated with TD, but further studies are needed to elucidate whether and 
to what extent rare genetic variants (also) contribute to metabolite levels. In addition, more 
advanced methods would need to be applied to dissect the ‘broad’ PRS-based signal containing 
hundreds of thousands of SNPs into genetic loci and even individual genes. Furthermore, the 
PRS-based approach only represents a starting point for identifying genetically determined levels 
of blood or CSF biomarkers, and further studies using for example Mendelian Randomization 
and metabolomics could help identify any causal or pleiotropic effects of specific metabolites 
on TD, and vice versa [285]. Lastly, both the protein-protein interaction databases that we used 
and the extensive literature search that we conducted for building the landscape are – by default 
– incomplete and more interactions may become known and be experimentally validated in 
the future. Therefore, additional studies are required to follow up on and validate/corroborate 
the main findings and leads from our landscape. For example, future in vivo and interventional 
studies could be done that modulate metabolites and/or interactions between genes/proteins 
and metabolites through existing medications or dietary changes, and that may provide new 
ways to lessen the burden of TD.

MATERIALS AND METHODS
Literature search and selection of omics data sets
We searched public databases (i.e., PubMed and Europe PMC [286], which include peer-
reviewed articles and preprints, GWAS Catalog [52]) for human ‘omics’ studies in subjects 
with Tourette’s disorder (TD) or tic disorders, as well as pediatric acute onset neuropsychiatric 
syndrome (PANS) including pediatric autoimmune neuropsychiatric disorders associated 
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with streptococcal infection (PANDAS), which have been proposed as etiological subtypes of 
TD [287]. The ‘omics’ notion refers to system-wide data derived from high throughput assays 
measuring simultaneously all or nearly all molecules of the same type at the various level of 
cellular functions. These comprise: (I) genomics – the study of sequence level DNA variation 
associated with the disorder that can be identified through linkage analysis in family-based 
studies and through association studies in family and population-based data, including 
(a) common single nucleotide sequence variation (base changes/substitutions/insertions/
deletion), referred to as single nucleotide polymorphisms (SNPs), found at frequencies 
greater than 1% in a population and investigated in genome-wide association studies 
(GWASs)), (b) rare single nucleotide variants (SNVs), usually exceedingly rare or unique to 
an individual, investigated in next-generation sequencing (NGS) studies, most often focused 
on protein-coding regions of the genome, known as exome sequencing), (c) rare structural 
variation, including copy number variation (CNV), referring collectively to differences that 
are at least 50 bp in length between two individual genomes; (d) chromosomal aberrations; 
(II) epigenomics – the study of non-sequence level DNA modifications (changes that are 
heritable and do not entail a change in DNA sequence [288]), including: DNA methylation, 
histone modifications, chromatin modelling; (III) transcriptomics – the study of RNA transcript 
abundance and expression using microarrays or RNA-sequencing (RNA-seq), including 
protein-coding messenger RNA (mRNA) and two types of noncoding RNA with regulatory 
roles: long noncoding RNA (lncRNA) and microRNA (miRNA), with the latter also recognized 
as a type of epigenetic machinery; (IV) proteomics – the study of protein abundance and 
expression using antibody-based arrays and mass spectrometry (MS); (V) metabolomics – 
the study of low molecular weight compounds (metabolites) using techniques such as liquid 
chromatography- mass spectrometry (LC-MS) or nuclear magnetic resonance spectroscopy 
(NMR); (VI) microbiomics - the study of fecal microbiota as a proxy for microbiota of the 
gastrointestinal tract (gut microbiota). Microbiome studies were included if they reported 
bioactive microbiota-derived metabolites related to the alternations in the microbial 
composition, as microbial metabolites could affect brain activity in the microbiota–gut–
brain bidirectional communication [289]. We conducted this literature search for eligible 
data up to December 1, 2021; otherwise-eligible studies published after this date were not 
included in our analyses. Also, reference lists from reviews were used for reference checking. 
Studies were excluded if (i) the study was published in a language other than English, (ii) 
molecules assayed or analyzed were limited to those in candidate genes/molecules, (iii) 
data was not accessible. Findings considered significant in the primary publication by the 
study authors, using their experimental design and thresholds, are included in our main 
lists, while subthreshold findings are listed in the extended lists. 
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Analyses of TD GWAS summary statistics
We obtained the summary statistics of the largest TD GWAS meta-analysis of 14,307 
individuals from the PGC website (https://www.med.unc.edu/pgc/). Prior to further 
analyses, we applied filters to the summary statistics, as implemented in the munge 
sumstats.py script (version 1.0.1), available within the LD score regression package (ldsc) 
[290]; https://github.com/bulik/ldsc): a) imputation quality INFO score above 0.9; b) sample 
MAF above 1%; c) remove indels and structural variants; d) remove strand-ambiguous SNPs; 
e) remove SNPs whose alleles do not match the alleles in 1000 Genomes. 

To better understand the mechanism by which variations at GWAS loci influence 
susceptibility to TD, we used different methods to dissect GWAS loci and identify TD-relevant 
genes. We focused on strategies aiming to prioritize genes rather than variants to arrive at 
more interpretable results.

Genome-wide gene-based analysis in MAGMA
We used Multi-marker Analysis of GenoMic Annotation (MAGMA), v1.09 [291], to perform 
gene-based analysis of the TD GWAS meta-analysis summary statistics. MAGMA combines 
multiple variants that are mapped to a gene, while adjusting for the linkage disequilibrium 
(LD) between those variants and tests the joint association of all variants in the gene with the 
phenotype. This approach reduces the number of tests that need to be performed and enables 
the identification of effects consisting of multiple weaker associations that would be missed in 
the individual variant analysis. Specifically, for each of 19,427 protein-coding genes included 
in the NCBI 37.3 database, we considered all single nucleotide polymorphisms (SNPs) located 
in the gene body (0kb) and 100kb windows on both sides. Then, using an updated SNP-wise 
Mean model, we combined the resulting SNP p-values into a gene test statistic (the sum over 
squared SNP Z-statistics) and computed the corresponding gene p-value. We used the 1000 
Genome Project Phase 3 European population as reference data to account for the LD-induced 
covariance of SNP p-values. For further analyses, we considered genes with the p-value < 1.0E-
03, a less stringent cut-off to enable retrieval of suggestive associations. Previous studies have 
shown that SNPs in (the vicinity of) a gene with sub-threshold p-values as high as 1.00E-04 are 
likely to carry a significant biological signal affecting gene expression and function and may 
reach significance in later higher-powered studies [292,293].

SNP functional annotation and gene mapping in FUMA
SNP functional annotation
We used FUMA online platform (v1.3.6b, [294], http://fuma.ctglab.nl/) for identification 
of genomic risk loci and functional annotation of SNPs from the TD GWAS meta-analysis 
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summary statistics. We first identified independent significant SNPs with a p-value < 1.0E-
05 and are independent of each other at r2<0.6. These SNPs were further represented by 
lead SNPs, which are a subset of the independent significant SNPs in approximate linkage 
equilibrium with each other at r2<0.1 (based on LD information calculated from 1000 
genomes). We then defined associated genomic loci by merging any physically overlapping 
lead SNPs (linkage disequilibrium (LD) blocks<250kb apart). We selected all candidate 
SNPs in associated genomic loci that were in LD (r2>0.6) with one of the independent 
significant SNPs, had a p-value < 0.05 and minor allele frequency (MAF)>0.0001, for 
functional annotation. Functional consequences for these SNPs were obtained by matching 
SNPs’ chromosomes, base-pair positions, and reference and alternate alleles to databases 
containing known functional annotations, including ANNOVAR categories [295], Combined 
Annotation Dependent Depletion (CADD) scores [296], RegulomeDB scores [297], and 
chromatin states [298,299]. ANNOVAR categories identify the SNP’s genic position (e.g., 
intron, exon, intergenic) and associated function. CADD scores predict how deleterious the 
effect of a SNP is likely to be for a protein structure/function, with higher scores referring 
to higher deleteriousness. A CADD score above 12.37 is the threshold to be potentially 
pathogenic [296]. The RegulomeDB score is a categorical score based on information from 
expression quantitative trait loci (eQTLs) and chromatin marks, ranging from 1 to 7, with 
lower scores indicating a higher probability of having a regulatory function. 

Gene mapping 
Subsequently, we used FUMA to map functionally annotated SNPs to genes by combining 
three mapping strategies: positional, eQTL and 3D chromatin interaction mappings. For 
positional mapping, SNPs were mapped to known protein-coding genes in the human 
reference assembly (GRCh37/hg19) based on the physical distance of 10kb windows on both 
sides. For eQTL and chromatin interaction mappings, we performed analyses (1) across all 
available tissue/cell types – enabling full extracting of possible candidate genes and (2) within 
brain – to prioritize brain-specific candidate genes by eQTLs and chromatin interactions. 
Specifically, for brain-specific eQTL mapping, we used only brain-related eQTL data available 
within FUMA: eQTL Catalogue [300]: BrainSeq (DLPFC) [301] and Schwartzentruber_2018 
(Sensory neurons) [302], PsychENCODE (PFC, TC, CB) [303], xQTL (DLPFC) [304], The 
CommonMind Consortium (CMC) (DLPFC) [305], BRAINEAC (10 brain regions) (http://www.
braineac.org/), GTExv8 Brain (13 brain regions). We used a false discovery rate (FDR) p-value 
of 0.05 to define significant eQTL associations. FUMA annotates those significant eQTLs with 
candidate SNPs and those SNPs are mapped to the gene whose expression is potentially 
affected by the SNPs. In brain-specific chromatin interaction mapping, we identified 

http://www.braineac.org/
http://www.braineac.org/
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significant chromatin loops (FDR p-value < 1.0E-06) using built-in chromatin interaction 
data from: the dorsolateral prefrontal cortex and hippocampus [306], adult and fetal cortex 
[307], prefrontal cortex from PsychENCODE [303], FANTOM5 [308]. In FUMA, the candidate 
SNPs are required to be overlapped with one end of the loop and transcription start sites 
(TSS) of genes (500bp up- and 250bp downstream from the TSS) with the other end of 
the loop to be mapped. Since HiC is designed to measure the physical interactions of two 
genomic regions, not all significant loops necessarily contain functional interactions. We 
further limited chromatin interaction mapping to those where SNPs overlap with enhancer 
regions and gene TSSs overlap with promoter regions predicted by Roadmap consortium 
(http://egg2.wustl.edu/roadmap/data/byDataType/dnase/). In brain-specific analyses, we 
used only E053-E082 brain [299] for those annotations. For all analyses, we also performed 
additional filtering of SNPs based on functional annotations (CADD and RegulomeDB), as 
it affects gene prioritization (setting a CADD score threshold will cause FUMA to use only 
highly deleterious SNPs or filtering SNPs by RegulomeDB score prioritizes SNPs which are 
likely to affect regulatory elements per one of the mapping strategies).

Transcriptome-wide association study
Under the assumption that the effect of genetic variation on a phenotype is mediated 
by gene expression, we performed a transcriptome-wide association study (TWAS) to 
integrate TD GWAS meta-analysis summary statistics and cis-eQTL signals and prioritize 
candidate risk genes for TD. TWAS was implemented in FUSION [309] using the FUSION.
assoc.test.R script with default settings over all autosomal chromosomes. Pre-computed 
SNP-expression weights from all tissue reference samples from GTEx Consortium (GTEx v7) 
were obtained from the FUSION website (http://gusevlab.org/projects/fusion/). We applied 
this recommended agnostic approach to scan all tissues models to improve our ability to 
detect relevant regulatory mechanisms that mediate the phenotypic association [310]. To 
discover genes whose expression is regulated by the same variants that underlie GWAS 
hits, we performed colocalization analysis using the interface to the coloc R package [311] 
available in FUSION for all genes below TWAS p-value threshold of 5E-04 (Fusion.assoc_
test.R --coloc_P flag). This Bayesian approach evaluates the posterior probability (PP) that 
genetic associations within a locus for two outcomes are driven by a shared causal variant. 
It enables the distinction between associations driven by horizontal pleiotropy (1 causal SNP 
affecting both gene expression and phenotype; posterior probability PP4) and linkage (2 
causal SNPs in LD affecting gene expression and phenotype separately; posterior probability 
PP3). Significant features were considered as colocalized based on their low PP3 (<0.2) used 
as a less stringent threshold for evidence of non-independent association signal, as applied 

http://gusevlab.org/projects/fusion/
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previously [312]. Of note, while TWAS tests for association between gene expression and 
a phenotype, it accounts only for genetically predicted expression (common cis eQTLs) and 
constitutes only a small fraction of total expression that also includes environmental and 
technical components [313].

Shared genetic etiology analyses with levels of blood and cerebrospinal fluid metabolites 
Polygenic risk score (PRS)-based analyses
Polygenic risk score (PRS) is used to summarize the aggregated risk from common variants 
across the genome, and it is a valuable tool for comparing the shared genetic basis of 
different traits. To test for genetic sharing between TD and levels of blood metabolites, 
cytokines and metals, as well as levels of CSF metabolites, we performed polygenic risk 
score (PRS)-based analyses in PRSice (v1.25) [314] using the summary-summary statistic 
based approach. As ‘base phenotype’, we used TD GWAS meta-analysis summary statistics. 
As ‘target phenotypes’, we used publicly available GWAS summary statistics for a total 
of 993 blood (serum and/or plasma) traits reported in six separate studies, including 
941 metabolites [19,73,74,76], 41 cytokines [72] and 11 metals [315], as well as 338 CSF 
metabolic traits [75]. First, we performed clumping in PLINK (v1.90) [316] to remove 
SNPs in linkage disequilibrium (LD, based on R2>0.25 within 500kb window) with the SNP 
with the smallest p-value in the base phenotype and generate sets of independent SNPs. 
Subsequently, we calculate PRS in PRSice using clumped SNPs whose p-value in the base 
phenotype were below seven broad p-value thresholds (PT) (0.001, 0.05, 0.1, 0.2, 0.3, 0.4, 
and 0.5) to select the one that maximized the variance explained (R2) for the base phenotype 
in the target phenotypes. PRS are estimated as a sum of risk alleles across SNPs with GWAS 
p-values below a given p-value threshold, weighted by the effect sizes estimated by the 
GWAS. Finally, we performed regression to test the association between the PRS and target 
phenotypes, i.e., the extent to which combined SNPs from each of the seven PT-linked PRS 
for TD predict each of the target phenotypes (993 blood and 338 CSF metabolic traits’ levels). 
To account for the large number of tests, we applied Bonferroni correction and set p-value 
thresholds of 7.19E-06 (0.05/(993 tests x 7 PTs)) and 2.11E-05 (0.05/(338 tests x 7 PTs)) to 
designate statistically significant results for blood and CSF metabolic traits, respectively. We 
also calculated Benjamini-Hochberg adjusted (FDR) p-value and set a less stringent cut-off 
of FDR p-value < 0.01 to retrieve suggestive associations [317].

SNP effect concordance analyses (SECA) 
For the statistically significant findings from the PRS-based analyses, we performed SNP 
Effect Concordance analysis (SECA) [318] to test for the genetic concordance (i.e., the same 
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SNP effect directions across both traits) between TD and blood/CSF metabolite levels. We 
applied Bonferroni-correction to account for the number of tests performed in SECA and to 
designate statistically significant results. 

Integration, annotation, and prioritization of omics studies results
Integration of omics studies results
We unified gene symbols and Entrez Gene identifiers (Entrez ID) across different genomic, 
transcriptomic and epigenomic datasets using ‘HGNChelper’ [319,320] and ‘org.Hs.eg.db’ 
[321] R packages. The ‘HGNChelper’ package identifies known aliases and outdated gene 
symbols based on the HUGO Gene Nomenclature Committee (HGNC) database [322], as 
well as common mislabeling introduced by spreadsheets, and provides corrections where 
possible. We used the most current available maps of aliases for correcting gene symbols. 
The ‘org.Hs.eg.db’ annotation package extracts Entrez Gene identifiers for gene symbols 
using data provided by Entrez Gene ftp://ftp.ncbi.nlm.nih.gov/gene/DATA (date stamp from 
the source: 2021-Sep-13). Gene lists were merged into a master table by unified Entrez ID 
and gene symbol. Genes for which Entrez ID was not identified were not included in our 
subsequent analyses. All analyzes were conducted in R [323]. 

We unified metabolite names across different studies using information from 
the Human Metabolome Database (HMDB) [324]. Some metabolites were classified as 
‘Unknown’, indicating that their chemical identity was not yet determined at the time of 
analysis. Metabolites were assigned to metabolic groups – superpathways (amino acids, 
carbohydrates, cofactors and vitamins, energy, lipids, nucleotides, peptides, and xenobiotic 
metabolism) and pathways, based on the description in the Kyoto Encyclopedia of Genes and 
Genomes database (KEGG) [325]. Given that some metabolites are differently preserved in 
blood plasma and serum, and that platforms may differ in extraction protocols, we examined 
all metabolites included in the original studies and have not selected the largest sample 
available for a particular metabolite. 

Gene-level annotation of omics studies results
We annotated genes with a set of molecular features that would facilitate building of the 
molecular landscape and provide a rationale to further prioritize genes for therapeutic targeting. 
Specifically, we used information contained in the UniProt Knowledgebase (UniProtKb) [326] 
(http://www.uniprot.org/) to extract functional and subcellular localization annotations 
for genes/proteins. We used Human Protein Atlas (HPA) version 21.0 [267] (http://v21.
proteinatlas.org) to obtain data on tissue and cell expression of RNA/protein, as well as their 
subcellular location. Genes were considered to be expressed in the brain if they were detected 
on at least RNA level in the mammalian brain (integrated data from human, pig and mouse). 

http://www.uniprot.org/
http://v21.proteinatlas.org
http://v21.proteinatlas.org
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In HPA, protein expression is based on immunohistochemical data. Each subcellular location is 
given one of the four reliability scores (Enhanced, Supported, Approved, or Uncertain) based 
on available protein/RNA/gene characterization data from both HPA and the UniProtKB/Swiss-
Prot database. Furthermore, we extracted information on the potential functional importance 
of a gene/protein, such as essentiality and druggability. A gene is considered essential when it’s 
indispensable for the reproductive success of an organism thus loss of its function compromises 
the viability or fitness of the organism. In humans, essentiality is estimated based on loss-of-
function (LoF) mutation intolerance, either from population exome sequencing (in vivo) data 
– statistical estimates of unexpected mutational depletion identifies genes presumed to be 
subjected to functional constraints [327]; or (2) CRISPR-based in vitro perturbation experiments 
– systematic testing of gene silencing effects on human cell cultures identifies genes that affect 
cell viability or optimal fitness upon perturbation. To this end, we used human gene essentiality 
estimations based on different measures of tolerance to LoF mutations provided by Bartha et 
al., 2018 [328] (extracted from Supplementary information S2). Estimates include the following 
scores based on the Exome Aggregation Consortium (ExAC) sample of 60 706 human exomes 
[327]: residual variation intolerance score (RVIS) [329], Evo-Tol [330], missense Z-score [331], 
LoFtool [332], probability of haploinsufficiency (Phi) [333], probability of loss-of-function 
intolerance (pLI) [327] and selection coefficient against heterozygous loss-of-function (shet) 
[334]. Scores based on cell culture perturbation-based experiments include data from KBM7, 
Raji, Jiyoye, HCT116 and K562 cell lines [335]; the KBM7 cell line [336], and RPE1, GBM514, 
HeLa and DLD1 cell lines [337]. Furthermore, we used information on gene druggability that 
could give scope for drug repurposing or redesign. The druggable genome can be defined as 
the genes/gene products known or predicted to interact with drugs, ideally with a therapeutic 
benefit to the patient. To prioritize druggable genes, we used the list of 4479 genes defined 
by Finan et al. as the ‘druggable genome’ ([338], provided in table S1). Genes reported by 
Finan et al. are divided into 3 Tiers corresponding to their position in the drug development 
pipeline: Tier 1 contains genes encoding targets of approved or clinical trial drugs, Tier 2 genes 
encoding targets with high sequence similarity to Tier 1 proteins or targeted by small drug-
like molecules, and Tier 3 contains genes encoding secreted and extracellular proteins, genes 
encoding proteins with more distant similarity to Tier 1 targets, and genes belonging to the 
main druggable gene families not already included in Tier 1 and Tier 2 (GPCRs, nuclear hormone 
receptors, ion channels, kinases, and phosphodiesterases).

Prioritization of omics studies results
Since the DNA sequence remains unaltered throughout life and is not influenced by 
environment or development (apart from somatic mutations), genetic variants associated 
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with the disorder are thought to contribute to/precede, and not be a consequence of, 
disease development. Moreover, previous studies have shown that drug candidates are 
more likely to pass clinical trials and be approved for patients if they target genes linked to 
human disease [9,10], highlighting the importance of human genetics in target identification 
and drug discovery. Given the above, we prioritized the results of genomics studies of TD 
and used them as an anchor point for further analyses exploring molecular mechanisms 
implicated in TD etiology and modeling interactions of other omics data. Specifically, we 
complied the primary list of TD candidate genes for enrichment analyses (referred to as ‘TD 
candidate genes’ throughout the text), which included genes reported as primary significant 
findings (main lists) from: GWAS-based analyses (MAGMA, FUMA, TWAS, cross-disorder), 
preliminary MAGMA of the newest TD GWAS, rare single nucleotide variants (SNVs), 
copy number variations (CNVs), chromosomal aberrations, as well as genes reported as 
subthreshold findings (included in the extended lists) – only if they were reported in at least 
two separate studies. We classified studies based on assigned evidence level as: guiding 
(genomics studies), corroborating (epigenomic and transcriptomic studies) and additional 
(metabolomics, microbiome). Of note, given the paucity of data, we decided to not consider 
evidence about the (putative) regulations of mRNAs/proteins by miRNAs. 

Tissue and cell type specificity analyses
To test the assumption that genes associated with disease are more likely to be highly 
expressed in the tissues and cells afflicted by the disease, we performed tissue and cell type 
specificity analyses. 

We used the Tissue Specific Expression Analysis (TSEA, v1.0: Updated 03/03/14) [339] 
and the Cell Specific Expression Analysis (CSEA) [340,341] web tools to test whether genes 
preferentially expressed in any given tissue or cell type were enriched in the set of 872 TD 
genes. For the TSEA, we used the gene expression data for 25 broad human tissue types 
derived from the Genotype-Tissue Expression (GTEx) project [342] and human brain region- 
and time-specific gene expression RNA seq data obtained from the BrainSpan Atlas [343]. 
For the CSEA, we used the mouse cell type-specific gene expression profiling experiments 
that were conducted on a single platform, most using published translating ribosome affinity 
purification (TRAP) data, as described in [341]. TRAP method estimates a rate of protein 
synthesis and is a better predictor of actual protein levels than measurements of mRNA 
levels [344]. The specificity of expression was represented as a specificity index probability 
(pSI) statistic at thresholds 0.05 to 0.0001, with a smaller value indicating higher specificity. 
For details on pSI score calculation, we refer to the original publication [339]. We considered 
genes with pSI statistics smaller than 0.05 as significantly enriched in the tissue or cell type. 
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The overlap between TD genes and the genes enriched in each tissue or cell type was 
estimated using Fisher’s exact test followed by false discovery rate (FDR) correction with 
Benjamini–Hochberg method. The significance threshold was defined as FDR P < 0.05. 

We additionally applied CSEA to the results of differential expression analysis of 
postmortem transcriptome data from the striatum of TD patients [60] to investigate which 
cell types are particularly affected by the lifelong TD. These analyses were performed 
separately for down-and up-regulated genes from combined analysis of caudate and 
putamen, as well as for the top modules from the weighted gene co-expression network 
analysis (WGCNA) that were most significantly enriched for down- and up-regulated genes. 
Such joint analyses can further improve the power to detect cellular composition alterations 
from transcriptomic data [70].

Functional enrichment analyses
We used Ingenuity Pathway Analysis (IPA) software (QIAGEN, Hilden, Germany) to identify 
canonical pathways, diseases and functions, and upstream regulators that were enriched in 
the set of 872 TD candidate genes. The significance of the association between our dataset 
and the given pathway, disease/function, and upstream regulator was measured using the 
right-tailed Fisher’s Exact Test, followed by false discovery rate (FDR) calculation using the 
Benjamini-Hochberg method to correct for multiple-testing. A threshold of FDR p-value < 
0.05 (−log (FDR p-value) > 1.3) was used to designate statistically significant findings, while 
results with unadjusted p-value < 0.01 are reported as suggestive associations. For statistical 
calculations, all genes associated with pathways, functions, and regulators in the Ingenuity 
Knowledge Base (IKB) were used as the reference set.

Canonical pathways are well-characterized metabolic and cell signaling cascades 
derived from the literature and public and third-party databases compiled in the IKB. For 
canonical pathways, apart from the p-value of overlap, a ratio indicating the strength of the 
association is also provided (the number of genes from the dataset that map to the pathway 
divided by the total number of genes that map to the canonical pathway). Pathways with 
high ratios and low�p-values may be the most likely candidates for an explanation of the 
observed phenotype.

In the diseases and functions analysis, IPA identifies diseases and biological processes 
associated with the dataset based on the prior knowledge of expected causal effects 
between genes/proteins and the diseases/functions contained in the IKB. We report results 
organized in the three main categories: ‘Diseases and Disorders’, ‘Molecular and Cellular 
Functions’, and ‘Physiological System Development and Function’, along with the FDR 
p-value of overlap and (number of) molecules associated with each function.

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/
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Upstream regulator analysis identifies ‘upstream regulators’ – molecules that may 
control the expression of target genes in our dataset, based on the expected causal effects 
derived from the literature. We report upstream regulators classified into two main groups: 
‘Drugs and Chemicals’ and ‘Genes, RNAs and Proteins’.

Molecular landscape of TD
First, we filtered the TD candidate genes (see above) based on the number of lines of 
supporting evidence, prioritizing genes that (a) are present in at least two independent 
main genetic lists (studies/analyses) or where a genetic finding had corroborating evidence 
in epigenetic or transcriptomic studies (requiring evidence from two independent blood 
studies or one brain study), (b) genes that are expressed in brain (tissues) based on the data 
in HPA, and (c) genes that are protein-coding. This step resulted in the list of TD ‘prioritized’ 
candidate genes and their encoded proteins that we focused on for building the landscape, 
with the remaining genes/proteins from the candidate list – for which less omics evidence 
was available – only being used in a second stage (see below).

Second, we filtered the metabolites linked to TD through the PRS-based analyses 
and/or (other metabolome/microbiome studies), based on the strength of the supporting 
(genetic) evidence. We included HMDB-annotated metabolites implicated through PRS-
based analyses with (a) a Bonferroni-adjusted p-value < 0.05, (b) an FDR p-value < 0.01, 
if they were also implicated through other metabolome/microbiome studies, or (c) an 
FDR p-value < 0.05, if they were replicated in PRS-based analyses and implicated through 
metabolome/microbiome studies. We also included metabolites linked through PRS-based 
analyses (FDR p-value < 0.05) or metabolome/microbiome studies if they could be directly 
linked to a TD-associated protein through a functional or metabolic interaction (e.g., the TD-
associated protein is a transporter or receptor for the metabolite). 

Subsequently, to build the actual molecular landscape of TD, we applied an approach 
that was used previously for other neuropsychiatric diseases [16,345]. The UniProt Protein 
Knowledge Base (http://www.uniprot.org) [326] was used to gather basic information 
on the function(s) and subcellular localization(s) of all the landscape candidate genes/ 
proteins. We also used PubMed (http://www.ncbi.nlm.nih.gov) to identify the functional, 
experimental evidence-based interactions between the landscape candidate proteins. This 
included assembling protein-protein interactions (PPIs) and protein-metabolite interactions 
data from several literature-curated resources that contain high-quality interactions 
with experimental evidence. These included primary and secondary databases, such as 
the Ingenuity Knowledge Base available in IPA, OmniPath [346], The Human Reference 
Interactome (HuRI) [347] (http://www.interactome-atlas.org), High-quality INTeractomes 



CHAPTER 4

202

(HINT) [348] (http://hint.yulab.org/), and The Integrated Interactions Database (IID) 
[349] (http://iid.ophid.utoronto.ca). These protein-protein interaction resources differ 
in the number and types of relationships they capture, e.g., physical binary interactions, 
enzymatic reactions, or functional relationships, and taken together, the resources provide 
good coverage of the protein interactome. From this interactome data, we then selected 
the interactions between the proteins encoded by the prioritized TD candidate genes (see 
above) as well as – and in a second stage – between proteins encoded by prioritized TD 
candidate genes and proteins encoded by other genes from the list of candidate genes 
for which less omics evidence was available, proteins/genes implicated in TD through 
transcriptomics data and/or other functional evidence, as well as the metabolites emerging 
from our PRS-based analyses.

Furthermore, we annotated interacting proteins with their contextual information, 
including cell expression from HPA and subcellular localization from UniProtKb. Biological 
processes carried out by interacting proteins are separated in the cellular and subcellular 
space, which helps their precise regulation [350]. Therefore, we (also) curated assembled 
interactome data to retain interactions that are biologically likely to occur in a given (sub)
cellular location. For example, if in a binary interaction both proteins did not share the same 
localization or at least one compartment in multiple localized proteins, the interaction was 
ruled out as likely not occurring, an approach that has been used before [351]. Furthermore, 
all self-interactions were removed and not considered for the landscape. In addition, we 
determined the most likely cell type for each interaction based on the expression profiles 
contained in the HPA and the results of our cell type specificity analyses. 

Lastly, we used the program Serif DrawPlus version 4.0 (www.serif.com, Nottingham, 
UK) to draw the figure depicting the molecular landscape of TD. We tried to avoid repetitive 
drawing of a protein or protein-protein interactions as much as possible. If multiple locations 
of a protein-protein interaction were possible, functional interaction and/or expression data 
or other protein-protein interactions were used to identify the (most) appropriate location.

Selection of putative drug targets from the built molecular landscape 
of TD
After building the molecular landscape, we selected some putative drug targets based on 
four broad aspects of target specificity. First, a good drug target should be highly expressed 
in the (brain) tissues and cell types that are affected in the disease [352,353] (in this 
case TD) – and preferably differentially expressed in comparison with healthy controls – 
constituting the regional specificity of the target. To evaluate this aspect of target specificity, 
we analysed the available postmortem brain data, although the differential expression of 

http://www.serif.com
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the genes/proteins in these data may cause TD or represent a consequence of TD (including 
compensatory mechanisms). Linked to the regional specificity, putative drug targets 
should also be temporally associated with the onset and/or progression of TD. To assess 
this temporal specificity, we again looked at the available data, including transcriptional 
data during striatal development [247] – which correspond to different stages of brain 
development and function that in turn could be linked to TD symptom occurrence, peak 
and resolution – and temporal gene expression data in (normal) brain tissue [343] and the 
blood of TD patients [62]. A third aspect of an ideal drug target for TD – that is linked to the 
molecular landscape – is its molecular specificity, i.e., whether it is involved in (multiple) 
biological processes and protein interactions in the landscape. Lastly, a suitable drug target 
needs to have sufficient modulatory specificity, in that it should be inherently druggable 
[338] and modulating the target in a certain direction – e.g., because disease-associated 
variants are eQTLs that (up-or down) regulate the expression of the target [354], which is 
especially the case for essential genes that are relatively depleted for eQTLs [355] – has a 
(putative) beneficial aspect on TD (symptoms).

CONCLUSIONS
In conclusion, through integrating the results from multiple analyses of TD-linked genes 
derived from different types of omics data with an extensive literature search, we built a 
molecular landscape of TD. This landscape provides insights into the altered subcellular, 
molecular, and metabolic pathways and processes that are underlying the disease, including 
cAMP signaling, endocannabinoid signaling, multiple metabolic pathways – e.g., involving 
polyunsaturated fatty acids such as arachidonic acid, butyrate, NAAG, and myo-inositol – 
and synaptic functioning. Importantly, the landscape also yields clues towards potential 
drug targets (FLT3, NAALAD2, CX3CL1-CX3CR1, OPRM1, and HRH2) that can be further 
developed into TD treatments.
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FIGURE S2. Endocannabinoid Neuronal Synapse Pathway identified by IPA. The diagram represents 
the Endocannabinoid Neuronal Synapse Pathway at the cellular level. Molecules are represented as 
nodes, and the biological relationship between two nodes is represented as an edge (line). Molecules 
highlighted with pink-outline and gray color represent genes/proteins/protein complexes which 
members appear in the set of 872 TD candidate genes and metabolites which showed shared genetic 
etiology with TD in the PRS-based analyses at Bonferroni adjusted p-value < 0.05. Pink outlined 
molecules without a color indicate metabolites which showed shared genetic etiology with TD at FDR 
p-value < 0.01 or genes that were differentially expressed in the blood or brain tissue of TD patients. 
Double-bordered molecules represent groups or complexes. Pink arrows indicate members of a 
complex that are present in the set of 872 TD candidate genes. Abbreviations: ARA – arachidonic acid; 
2-AG – 2-arachidonoylglycerol; AEA – anandamine; NArPe –Narachidonylphosphatidylethanolamine; 
cAMP – cyclic AMP; Glu – glutamate, DAG – diacylglycerol; LTD – Long-term synaptic depression; 
tLTD – Timing-dependent long-term depression; eCB-LTD of synapse – Endocannabinoid-dependent 
long-term depression of synapse; Neuronal STP – short-term potentiation of neurons; PtdIns – 
phosphatidylinositol
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ABSTRACT
Obsessive-compulsive symptoms (OCS) in the population have been linked to obsessive-
compulsive disorder (OCD) in genetic and epidemiological studies. Insulin signaling has been 
implicated in OCD. We extend previous work by assessing genetic overlap between OCD, 
population-based OCS, and central nervous system (CNS) and peripheral insulin signaling. We 
conducted genome-wide association studies (GWASs) in the population-based Philadelphia 
Neurodevelopmental Cohort (PNC, 650 children and adolescents) of the total OCS score 
and six OCS factors from an exploratory factor analysis of 22 questions. Subsequently, we 
performed polygenic risk score (PRS)-based analysis to assess shared genetic etiologies 
between clinical OCD (using GWAS data from the Psychiatric Genomics Consortium), the total 
OCS score and OCS factors. We then performed gene-set analyses with a set of OCD-linked 
genes centered around CNS insulin-regulated synaptic function and PRS-based analyses for 
five peripheral insulin signaling-related traits. For validation purposes, we explored data 
from the independent Spit for Science population cohort (5047 children and adolescents). 
In the PNC, we found a significant shared genetic etiology between OCD and ‘guilty taboo 
thoughts’. In the Spit for Science cohort, we additionally observed genetic sharing between 
‘symmetry/counting/ordering’ and ‘contamination/cleaning’. The CNS insulin-linked gene-
set also associated with ‘symmetry/counting/ordering’ in the PNC. Further, we identified 
genetic sharing between peripheral insulin signaling-related traits: type 2 diabetes with 
‘aggressive taboo thoughts’, and levels of fasting insulin and 2 h glucose with OCD. In 
conclusion, OCD, OCS in the population and insulin-related traits share genetic risk factors, 
indicating a common etiological mechanism underlying somatic and psychiatric disorders.
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INTRODUCTION 
Obsessive-compulsive disorder (OCD) is a heterogeneous psychiatric condition characterized 
by persistent, intrusive thoughts and urges (obsessions) and repetitive, intentional behaviors 
(compulsions) [1]. OCD affects 2-3% of the world’s population [2,3]. OCD is moderately 
heritable, with approximately 40% of the phenotypic variance explained by genetic factors, 
and a higher genetic heritability has been reported in childhood onset OCD [4-6]. The 
genetic architecture of OCD is complex, with multiple genetic variants of small effect size 
contributing to its etiology. This has hampered the identification and replication of genetic 
susceptibility factors. A meta-analysis of hypothesis-driven candidate gene association studies 
has implicated serotoninergic and catecholaminergic genes in OCD, while studies focusing 
on glutamatergic and neurotrophic genes have shown inconsistent results [7]. Neither of the 
two independent genome-wide association studies (GWASs) of OCD [8,9] nor a subsequent 
meta-analysis (2688 cases and 7037 controls) [10] – including children, adolescents and adults 
– yielded genome-wide significant findings, likely due to lack of power. However, the meta-
analysis demonstrated that the polygenic signal from either sample predicted OCD status in 
the other sample, indicating the polygenic nature of the disorder [10]. 

The diagnosis of OCD is based solely on clinical symptoms, and no genetic or biological 
markers are available with sufficient specificity and accuracy to be clinically actionable 
[11]. However, factor analyses of OCD symptoms have consistently identified specific OCD 
symptom clusters or dimensions, with the most reliable including contamination/cleaning, 
doubt/checking, symmetry/ordering, and unacceptable/taboo thoughts [11-14]. 

Obsessive-compulsive symptoms (OCS) are also present in the general population 
[15-17]. Indeed, 21 to 38 % of individuals in the population endorse obsessions and/or 
compulsions, although only a small minority (2-3 %) meet the DSM-5 criteria for a clinical 
OCD diagnosis [18,19]. OCS are also heritable, with their heritability ranging from 30 to 
77% [20,21]. In addition to contributing to overall OCS, genetic factors contribute to specific 
OCS dimensions, including contamination/cleaning [22-24] and checking/ordering [24,25]. 
Genetic overlap between clinical OCD and OCS in the population is suggested by the fact 
that polygenic risk scores (PRS) based on OCD GWAS data significantly predict OCS in two 
population-based samples of 6931 and 3982 individuals, respectively [20,26]. Moreover, 
a very recent analysis found that compulsive symptoms in the general population overlap 
with the genetic liability for clinical OCD [27] and incorporating compulsive symptom GWAS 
data in a meta-analysis with OCD GWAS data yielded new findings in gene-based and gene 
enrichment analyses. Therefore, genetic studies of OCS in the general population could 
aid in the identification of susceptibility loci for clinical OCD and provide insight in specific 
symptom domains affected by individual genetic risk factors.
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In a study aiming to identify molecular mechanisms underlying OCD, we earlier performed 
integration of the top-ranked results from the existing GWASs with genes implicated in OCD 
through other evidence. This resulted in a ‘molecular landscape’ that suggested the involvement 
of genes regulating postsynaptic dendritic spine formation and function through central nervous 
system (CNS) insulin-dependent signaling [28]. Support for a role of dysregulated insulin signaling 
in OCD and OCS comes from studies showing increased OCS in men with type 1 diabetes [29] and 
from a study indicating that OCD patients have a higher risk of developing type 2 diabetes (T2D) 
[30]. Furthermore, OCS were found to be positively correlated with blood levels of glycosylated 
hemoglobin (HbA1c), a diagnostic measure of T2D [31], and OCD patients had markedly higher 
levels of fasting glucose (a characteristic of T2D) [32].

In this paper, we aimed to assess the presence and extent of genetic overlap between 
OCD, OCS in the population, and insulin signaling, using the largest available data sets. 
Specifically, we parsed phenotypic heterogeneity using an exploratory factor analysis of 
OCS measured in a population cohort of children and adolescents. Subsequently, using PRS-
based analyses, we investigated the presence of shared genetic etiologies between OCD 
and the total and factorized OCS. We then assessed genetic sharing between OCD, OCS, 
and insulin-related traits. In addition to assessing shared genetic etiologies, we tested for 
potential overlapping biology using gene-set analyses. Lastly, we extended our findings in an 
independent population cohort of children and adolescents.

MATERIALS AND METHODS 
Sample, phenotypic, and genetic data
We studied OCS in the Philadelphia Neurodevelopmental Cohort (PNC) [33-37], which 
includes 8719 children and adolescents aged 8-21 years with neurobehavioral phenotypes 
and genome-wide genotyping data. Participants in the PNC provided written consent for 
genomic studies when they presented to the Children’s Hospital of Philadelphia health care 
network. OCS were assessed with GO-ASSESS, a computerized version of the Kiddie-Schedule 
for Affective Disorders and Schizophrenia (K-SADs) [38]. For the current study, we selected 22 
GO-ASSESS questions that corresponded to the diagnostic criteria for OCD (Supplementary 
Table 1). Participants were included if they answered the questions related to obsessions 
and/or compulsions. If those questions were all answered ‘no’, we allowed the questions on 
the consequences of obsessions and compulsions to be left blank, as no consequences are 
expected if no symptoms are present. The scores for each of the questions (0 for ‘no’ and 1 for 
‘yes’) were then summed to create a total OCS score (range 0-22). Genome-wide genotyping 
in the PNC cohort was performed in waves using six different genotyping platforms (details 
in Supplementary Methods). As a primary aim of our study was to assess the genetic overlap 
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between OCD and OCS in the population, we only used phenotypic and genetic data from 
those PNC participants who answered positively on at least one of the questions related to the 
presence of obsessions and/or compulsions. This resulted in a final sample of 650 individuals 
for the subsequent factor and genome-wide association analyses.

Factor analysis
First, using SPSS 23 (SPSS Technologies, Armonk, NY, USA), we determined the internal 
consistency (Cronbach’s α) of the 22 questions that constitute the total OCS scores in the 
650 PNC participants. We then conducted a factor analysis of the scores on the 22 questions 
using Promax rotation to determine the number of factors that, when combined, explains the 
largest portion of the observed variance in the total OCS score. Specifically, we considered 
scree plots, eigenvalues >1 and the cumulative variance explained when selecting the number 
of factors and assigned questions to factors based on the highest absolute loading value.

Genome-wide association analyses 
Quality control filtering was applied to the genetic data to remove non-European individuals, 
single nucleotide polymorphisms (SNPs) with low minor allele frequency (MAF) (<0.05), poor 
genotype call rate (<95%), and deviations from Hardy-Weinberg equilibrium (P<1x10-6) (details 
in the Supplementary Methods). The imputation protocol used MaCH [39] for haplotype 
phasing and minimac [40] for imputation. Imputed SNPs with low imputation quality score 
(r2<0.8) and low MAF (<0.05) were removed. If the total OCS score or the scores for the OCS 
factors fell within the limits of a normal distribution (i.e., a skewness and kurtosis between -1 
and 1), we used a continuous trait design for the genome-wide association analysis. Otherwise, 
we used a pseudo case-control design, in which all individuals with a score of 0 for a factor 
were defined as ‘controls’ and compared against the ‘pseudo cases’, i.e., all individuals with a 
score of 1 or more for that factor. GWASs were carried out with mach2qtl [39] using the total 
OCS score and the scores for those factors that showed sufficient variation as phenotypes, 
with age, gender, and the four principal components from MDS included as covariates. GWASs 
were performed separately for each genotyping platform and combined in an inverse-variance-
weighted meta-analysis using METAL [41], accounting for genomic inflation.

Shared genetic etiology analyses
OCD and OCS
First, we determined the level of shared genetic etiology between diagnosed OCD and OCS in the 
population. For this, we used the summary statistics from the meta-analysis of the two published 
GWASs of OCD [10] (data provided through the Psychiatric Genomics Consortium (PGC) for 2688 
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OCD cases and 7037 controls) as the ‘base’ sample for polygenic risk score (PRS)-based analyses 
in PRSice [42]. The summary statistics from the GWASs of the different OCS in the PNC were used 
as the ‘target’ samples for the PRS-based analyses. For details see Supplementary Methods. 

OCD, OCS and peripheral insulin signaling-related traits 
To determine the level of genetic sharing between five peripheral insulin signaling-related traits 
and OCD as well as OCS, we conducted PRS-based analyses in PRSice [42], as described above. As 
base samples, we used summary statistics data from GWASs of the following peripheral insulin 
signaling-related traits: type 2 diabetes (T2D) and the blood levels of four T2D markers: HbA1c, 
fasting insulin, fasting glucose and glucose 2 hours after an oral glucose challenge (2hGlu) (details 
in Supplementary Methods). As target samples of the PRS-based analyses, we used the summary 
statistics from the OCD GWAS meta-analysis and the GWASs of the total OCS score and the scores 
for the OCS factors in the PNC. Multiple comparisons correction for all tests performed (i.e., for 
the tests assessing genetic sharing between OCD and OCS and the tests assessing genetic sharing 
between the five insulin-related traits and OCD as well as OCS) was done using the Benjamini-
Hochberg false discovery rate (FDR) method. With this method, we aggregated the calculated 
p-values of the shared genetic etiology analyses [43,44], which is similar to the approaches used 
in earlier studies working with multiple phenotypes and PRSice [45,46].

Gene-set analyses 
We first compiled a set of genes encoding proteins from our molecular landscape of OCD 
[28] (see above). In this paper by van de Vondervoort et al., the OCD landscape was built 
based on proteins that have been implicated in the disease through different types of genetic 
evidence. Firstly, proteins were included if their corresponding genes have been implicated 
in OCD through SNPs from the published GWASs that are associated at P < 1.00E-04 and are 
located within the gene and/or 100 kb of flanking downstream and upstream sequences. 
In addition, genes/proteins were included that have been implicated in other ways in OCD 
etiology. After critical evaluation of the literature, only genes/proteins that have received 
support through findings from (genetic) animal studies, gene mutations, and/or two or 
more independent candidate gene association studies (or at least nominal significance 
in meta-analysis) and/or mRNA/protein expression studies, were included. Our selection 
resulted in a set of 51 autosomal genes for subsequent analyses. Using the GWAS results of 
the total OCS score and the scores for the OCS factors, competitive gene-set analyses were 
then performed using the Multimarker Analysis of GenoMic Annotation (MAGMA) software 
[47], see Supplementary Methods. P-values were considered significant if they exceeded a 
Bonferroni-corrected threshold accounting for the number of phenotypes tested (P < 0.05/7 
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tests (total OCS score and six OCS factors) = 7.14E-03). For significant gene-set associations, 
we looked at the individual gene-wide P-values and applied Bonferroni correction (P < 
0.05/51 genes in the gene-set = 9.80E-4).

Validation analyses in an independent population sample
In order to validate and possibly expand our findings, we performed PRS-based and gene-set 
analyses using data from GWASs of OCS in an independent population sample: the ‘Spit for 
Science’ project, which includes 16718 children and adolescents aged 6-17 years recruited 
from a local science museum [48]. OCS were measured using the Toronto Obsessive-
Compulsive Scale (TOCS), a validated 21-item parent-or self-report questionnaire [15]. TOCS 
items are scored from -3 (far less often than others of the same age) to +3 (far more often 
than others of the same age). We first assessed which TOCS questions could be grouped into 
OCS factors similar to those calculated based on the PNC data. Only two OCS factors (being 
‘symmetry/counting/ordering’ and ‘contamination/cleaning’) were similar and therefore 
could be used for validation purposes, see Supplementary Table 2. Genome-wide genotyping 
data for 5047 individuals of Caucasian descent entered the ‘continuous trait’ GWAS analysis 
for each factor. A description of genotyping, quality control and imputation can be found 
elsewhere [49] and GWAS details in the Supplementary Methods. Using summary statistics 
of the GWASs of the two TOCS OCS factors, we examined the shared genetic etiology 
between OCD and the TOCS OCS factors, and between the five peripheral insulin signaling-
related traits and the TOCS OCS factors. As described above for the PNC data, multiple 
comparisons correction was done using the FDR method for all tests performed in the Spit 
for Science cohort. Gene-set analyses between the set of 51 genes from the OCD landscape 
and the two TOCS OCS factors were also performed. 

RESULTS 
Factor analysis
The internal consistency between the scores on the 22 OCS questions from the PNC was 
satisfactory (Cronbach’s α=0.69). Supplementary Figure 1A shows the total score distribution 
(mean=6.4, s.d.=3.35). Factor analysis revealed an eight factors solution as the best-fitting 
model, explaining 58.6% of the variance in the total score. We named these eight OCS 
factors ‘impairment’, ‘symmetry/counting/ordering’, ‘contamination/cleaning’, ‘aggressive 
taboo thoughts’, ‘repetition’, ‘guilty taboo thoughts’, ‘distress’, and ‘religious taboo thoughts’ 
(Table 1; factor score distributions in Supplementary Figure 1B).
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TABLE 1. Item content of and loadings on the eight factors that constitute the best fitting model to explain 
the variance in the total score of the 22 items from the questionnaire of obsessive-compulsive symptoms 
that was completed by 650 participants from the PNC cohort. Taken together, the eight factors explain 
58.6% of the variance in the total score of OCD symptoms in the general population from the questionnaire.
Factor 1 Impairment (14.63% of the variance in 

the total score explained)

Items Factor loadings
OCD024 Did these thoughts and behaviors prevent you from doing 

things you normally would do?
0.537

OCD025 Did having these thoughts or behaviors bother you a lot? 0.717
OCD032 You told me (insert endorsed thoughts/behaviors). How much 

did having these thoughts/behaviors upset or bother you?  
How much did you ever feel upset or disappointed with 
yourself because of your thoughts/behaviors?

0.741

OCD033 How much did the thoughts/behaviors you have told me 
about cause problems for you at home, at school/work, or 
with your family or friends?

0.716

OCD034 Did you stay home from school/work because of your 
behaviors/thoughts?

0.339

Factor 2 Symmetry/counting/ordering (10.58% of the variance in 
the total score explained)

Items Factor loadings
OCD007 Have you ever been bothered by thoughts that don’t make 

sense to you, that come over and over again and won’t go 
away, such as need for symmetry/exactness?

0.682

OCD012 Have you ever had to do something over and over again – that 
would have made you feel really nervous if you couldn’t do it, 
like: counting?

0.588

OCD013 Have you ever had to do something over and over again – that 
would have made you feel really nervous if you couldn’t do it, 
like: checking (for example, doors, locks, ovens)?

0.545

OCD016 Have you ever had to do something over and over again – that 
would have made you feel really nervous if you couldn’t do it, 
like: ordering or arranging things?

0.776

OCD017 Have you ever had to do something over and over again – 
that would have made you feel really nervous if you couldn’t 
do it, like: doing things over and over again at bedtime, like 
arranging the pillows, sheets, or other things?

0.513

Factor 3 Contamination/cleaning (7.54% of the variance in 
the total score explained)

Items Factor loadings
OCD003 Have you ever been bothered by thoughts that don’t make 

sense to you, that come over and over again and won’t go 
away, such as thoughts about contamination/germs/illness?

0.871

OCD011 Have you ever had to do something over and over again - that 
would have made you feel really nervous if you couldn’t do it, 
like: cleaning or washing (for example, your hands, house)?

0.757
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Factor 4  Aggressive taboo thoughts (6.02% of the variance in 
the total score explained)

Items Factor loadings
OCD001 Have you ever been bothered by thoughts that don’t make 

sense to you, that come over and over again and won’t go 
away, such as concern with harming others/self?

0.503

OCD002 Have you ever been bothered by thoughts that don’t make 
sense to you, that come over and over again and won’t go 
away, such as pictures of violent things?

0.845

OCD006 Have you ever been bothered by thoughts that don’t make 
sense to you, that come over and over again and won’t go 
away, such as forbidden/bad thoughts?

0.578

Factor 5 Repetition (5.56% of the variance in 
the total score explained)

Items Factor loadings
OCD014 Have you ever had to do something over and over again – that 

would have made you feel really nervous if you couldn’t do it, 
like: getting dressed over and over again?

0.782

OCD015 Have you ever had to do something over and over again – that 
would have made you feel really nervous if you couldn’t do it, 
like: going in and out a door over and over again?

0.662

Factor 6 Guilty taboo thoughts (5.04% of the variance in 
the total score explained)

Items Factor loadings
OCD004 Have you ever been bothered by thoughts that don’t make 

sense to you, that come over and over again and won’t 
go away, such as fear that you would do something/say 
something bad without intending to?

0.758

OCD005 Have you ever been bothered by thoughts that don’t make 
sense to you, that come over and over again and won’t go 
away, such as feelings that bad things that happened were 
your fault?

0.722

Factor 7 Distress (4.68% of the variance in 
the total score explained)

Items Factor loadings
OCD009 Did these thoughts continue to bother you no matter how 

hard you tried to get rid of them or ignore them?
0.770

OCD010 Did you try not to think about (thoughts), try to keep them out 
of your head, or try to push the thoughts away?

0.552

Factor 8 Religious taboo thoughts (4.56% of the variance in 
the total score explained)

Items Factor loadings
OCD008 Have you ever been bothered by thoughts that don’t make 

sense to you, that come over and over again and won’t go 
away, such as religious thoughts?

0.722

TABLE 1. Continued
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Genome-wide association analyses 
Based on the distributions of the scores, we used a continuous trait design for the GWASs 
of the total OCS score and the factors ‘impairment’, ‘symmetry/counting/ordering’, and 
‘distress’. A pseudo case-control design was used for the factors ‘contamination/cleaning’ 
and ‘aggressive taboo thoughts’, and ‘guilty taboo thoughts’. The distribution of the scores 
on the OCS factors ‘repetition’ and ‘religious taboo thoughts’ showed too little variation to 
be taken forward (Supplementary Figure 1B). Because of the lack of power – with only 650 
individuals per GWAS – we do not report individual GWAS results, but we have used the 
GWAS results for PRS-based analyses. 

Shared genetic etiology analyses
OCD and OCS
We found statistically significant evidence for a shared genetic etiology between diagnosed 
OCD and the population-based OCS factor ‘guilty taboo thoughts’ (R2 = 2.28%; P = 2.52E-03) 
(Supplementary Figure 2 and Table 2). 

OCD, OCS, and peripheral insulin signaling-related traits 
We found statistically significant evidence for a shared genetic etiology between T2D and 
‘aggressive taboo thoughts’ (R2 = 1.86%; P = 5.95E-03) (Supplementary Figure 3A and Table 
3). Fasting insulin levels showed genetic sharing with OCD (R2 = 0.26%; P = 7.67E-05) and 
for HbA1c and fasting glucose levels, we did not find evidence of genetic sharing. Lastly, we 
observed genetic sharing between 2 h glucose levels and OCD (R2 = 0.14%; P = 4.75E-03) 
(Supplementary Figure 3B-E and Table 3). 

TABLE 2. PRS-based results for shared genetic etiology between OCD and the total OCS score as well 
as the scores for six OCS factors

PT P-value R2 nSNPs
Total OCS score 0.05 4.72E-01 0.04% 26653
Impairment 0.2 2.61E-01 0.51% 81294
Symmetry/counting/ordering 0.001 3.53E-01 0.23% 1007
Contamination/cleaning 0.2 1.12E-01 0.85% 81294
Aggressive taboo thoughts 0.4 2.28E-01 0.46% 135230
Guilty taboo thoughts 0.3 2.52E-03 2.28% 110197
Distress 0.1 4.05E-01 0.13% 47020

Shown in this table are the best SNP P-value thresholds (PT) for the PRSice analyses between OCD 
– (‘base’ sample) – and the total OCS score and six OCS factors – (‘target’ samples), their Benjamini-
Hochberg adjusted P-values (P-value) for shared genetic etiology, the variance explained in the target 
sample phenotypes (R2), and the number of SNPs (nSNPs). Significant findings are indicated in bold. 
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TABLE 3. PRS-based results for shared genetic etiology between five peripheral insulin-signaling-
related traits and OCD and OCS
‘base’ sample ‘target’ sample PT P-value R2 nSNPs
Type 2 Diabetes OCD 0.1 2.80E-01 0.03% 138256

Total OCS score 0.2 3.36E-01 0.28% 83578
Impairment 0.3 4.10E-01 0.11% 114988
Symmetry/counting/ordering 0.3 2.56E-01 0.53% 114988
Contamination/cleaning 0.5 3.53E-01 0.24% 158182
Aggressive taboo thoughts 0.2 5.95E-03 1.86% 83578
Guilty taboo thoughts 0.5 1.89E-01 0.68% 158182
Distress 0.3 4.72E-01 0.02% 114988

HbA1c OCD 0.001 4.15E-01 0.01% 1152
Total OCS score 0.2 7.64E-02 1.00% 64945
Impairment 0.2 2.28E-01 0.58% 64945
Symmetry/counting/ordering 0.05 4.10E-01 0.11% 21040
Contamination/cleaning 0.001 3.21E-01 0.33% 1030
Aggressive taboo thoughts 0.05 7.99E-02 0.97% 21040
Guilty taboo thoughts 0.1 4.03E-01 0.15% 37363
Distress 0.05 4.07E-01 0.13% 21040

Fasting Insulin OCD 0.2 7.67E-05 0.26% 12557
Total OCS score 0.1 3.74E-01 0.19% 6564
Impairment 0.001 4.10E-01 0.11% 328
Symmetry/counting/ordering 0.4 4.72E-01 0.04% 18227
Contamination/cleaning 0.1 4.47E-01 0.07% 6564
Aggressive taboo thoughts 0.4 4.66E-01 0.06% 18227
Guilty taboo thoughts 0.001 2.61E-01 0.52% 328
Distress 0.1 2.80E-01 0.43% 6564

Fasting Glucose OCD 0.4 3.53E-01 0.02% 21586
Total OCS score 0.3 4.16E-01 0.10% 14814
Impairment 0.1 4.10E-01 0.12% 6861
Symmetry/counting/ordering 0.001 2.80E-01 0.39% 481
Contamination/cleaning 0.001 2.28E-01 0.58% 481
Aggressive taboo thoughts 0.5 2.71E-01 0.49% 21798
Guilty taboo thoughts 0.1 3.21E-01 0.33% 6861
Distress 0.05 3.53E-01 0.23% 4271

2h Glucose OCD 0.5 4.75E-03 0.14% 24148
Total OCS score 0.1 4.72E-01 0.02% 5202
Impairment 0.2 3.53E-01 0.22% 9362
Symmetry/counting/ordering 0.4 4.10E-01 0.11% 16970
Contamination/cleaning 0.05 2.71E-01 0.49% 2962
Aggressive taboo thoughts 0.001 2.28E-01 0.59% 186
Guilty taboo thoughts 0.001 9.74E-02 0.90% 186
Distress 0.2 3.53E-01 0.25% 9362

Shown in this table are the best SNP P-value thresholds (PT) for the PRSice analyses between five 
peripheral insulin signaling-related traits – (‘base’ samples), and OCD as well as OCS factors – (‘target’ 
sample)s, their Benjamini-Hochberg adjusted P-values (P-value), the variance explained (R2) in the 
target sample phenotypes, and the number of SNPs (nSNPs). Significant findings are indicated in bold.  
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Gene-set analyses 
MAGMA-based gene-set analysis for the CNS insulin signaling genes extracted from our 
earlier-defined OCD landscape containing 33329 SNPs (effective number of SNPs after 
adjusting for LD structure=2189) revealed a significant association with ‘symmetry/counting/
ordering’ (P=4.08E-03) (Supplementary Table 3). Within the significant gene-set, none of 
the individual genes showed gene-wide association (Supplementary Table 4). No significant 
associations were found with the total OCS score or the five other OCS factors.

Validation analyses in an independent population sample
Two OCS factors were similar between the PNC and Spit for Science cohort, i.e., 
‘symmetry/counting/ordering’ and ‘contamination/cleaning’ (Supplementary Table 2 and 
Supplementary Figure 4A-B). Using summary statistics of the GWASs of these two factors, 
we found that diagnosed OCD shows genetic sharing with ‘symmetry/counting/ordering TOCS’ 
(R2 = 0.49%; FDR-adjusted P = 2.42E-05) and ‘contamination/cleaning TOCS’ (R

2 = 0.23%; FDR-
adjusted P = 4.07E-03). 

We also observed a shared genetic etiology between T2D and ‘contamination/cleaning 

TOCS’ (R
2 = 0.28%; FDR-adjusted P = 1.59E-03) (Supplementary Table 5 and Supplementary 

Figure 5A-C). Gene-set analysis for the OCD landscape genes in the two OCS TOCS factors 
revealed no significant associations. 

All results from the PRS-based analyses are summarized in Table 4.

TABLE 4. Summary of results from PRS-based analyses
‘Target ‘sample ‘Base’ sample

OCD Type 2 
Diabetes

HbA1c Fasting 
Insulin

Fasting 
Glucose

2h 
Glucose

PNC
Total OCS score 4.72E-01 3.36E-01 7.64E-02 3.74E-01 4.16E-01 4.72E-01

0.04% 0.28% 1.00% 0.19% 0.10% 0.02%
Impairment 2.61E-01 4.10E-01 2.28E-01 4.10E-01 4.10E-01 3.53E-01

0.51% 0.11% 0.58% 0.11% 0.12% 0.22%
Symmetry/counting/ordering 3.53E-01 2.56E-01 4.10E-01 4.72E-01 2.80E-01 4.10E-01

0.23% 0.53% 0.11% 0.04% 0.39% 0.11%
Contamination/cleaning 1.12E-01 3.53E-01 3.21E-01 4.47E-01 2.28E-01 2.71E-01

0.85% 0.24% 0.33% 0.07% 0.58% 0.49%
Aggressive taboo thoughts 2.28E-01 5.95E-03 7.99E-02 4.66E-01 2.71E-01 2.28E-01

0.46% 1.86% 0.97% 0.06% 0.49% 0.59%
Guilty taboo thoughts 2.52E-03 1.89E-0.1 4.03E-01 2.61E-01 3.21E-01 9.74E-02

2.28% 0.68% 0.15% 0.52% 0.33% 0.90%
Distress 4.05E-01 4.72E-01 4.07E-01 2.80E-01 3.53E-01 3.53E-01

0.13% 0.02% 0.13% 0.43% 0.23% 0.25%
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‘Target ‘sample ‘Base’ sample
OCD Type 2 

Diabetes
HbA1c Fasting 

Insulin
Fasting 
Glucose

2h 
Glucose

PGC
OCD - 2.80E-01 4.15E-01 7.67E-05 3.53E-01 4.75E-03

- 0.03% 0.01% 0.26% 0.02% 0.14%
Spit for Science
Symmetry/counting/orderingTOCS 2.42E-05 3.39E-01 2.71E-01 3.71E-01 2.47E-01 4.45E-01

0.49% 0.03% 0.04% 0.02% 0.04% 0.01%
Contamination/cleaningTOCS 4.07E-03 1.59E-03 1.68E-01 4.37E-01 4.36E-01 3.76E-01

0.23% 0.28% 0.05% 0.01% 0.01% 0.02%

Shown in this table are the Benjamini-Hochberg adjusted P-values at the best SNP P-value 
thresholds along with the variance explained for each of the ‘base’ and ‘target’ sample pairs from 
PRS analyses in PRSice. Significant findings are indicated in bold. Abbreviations: PNC – Philadelphia 
Neurodevelopmental Cohort, PGC – Psychiatric Genomics Consortium, TOCS – Toronto Obsessive-
Compulsive Scale 

DISCUSSION 
In this study, we extended previous work by assessing genetic etiologies between OCD, OCS 
in the population, and CNS and peripheral insulin signaling. While previous studies [20,26] 
have yielded a shared genetic etiology between OCD and the total population-based OCS 
score, our analyses using phenotypic and genetic data of 650 children and adolescents 
from the population (PNC cohort) found genetic sharing between OCD and the OCS factor 
‘guilty taboo thoughts’. In the larger Spit for Science cohort (n=5047), we expanded our 
results by showing genetic sharing between OCD and ‘symmetry/counting/ordering’ as well 
as ‘contamination/cleaning’. Our findings are in keeping with the literature suggesting (at 
least partial) genetic overlap between OCD and population-based OCS [20,22-24,27]. Since 
OCD is genetically correlated with other psychiatric disorders (e.g., Anorexia Nervosa, Major 
Depressive Disorder, and Tourette Syndrome [50]), future studies investigating OCS as (a) 
shared trait(s) between disorders could help address underlying biological mechanisms of 
comorbidity.

OCD and OCS have been linked to altered CNS and peripheral insulin signaling. When 
testing for potential overlapping biology, we found significant association between a set 
of 51 autosomal OCD genes centered around CNS insulin-regulated synaptic function and 
‘symmetry/counting/ordering’. As for peripheral insulin signaling, we found genetic sharing 
between T2D and – based on the PNC data – ‘aggressive taboo thoughts’, and – in the Spit for 
Science cohort – between T2D and ‘contamination/cleaning’. For two out of the four T2D blood 
markers (blood levels of fasting insulin and 2hGlu), we also identified a shared genetic etiology 

TABLE 1. Continued
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with OCD. These findings provide support for ‘dysregulated’ peripheral insulin signaling as a 
biological process contributing to both OCD and population-based OCS. Further evidence for 
a role of (altered) peripheral insulin signaling in OCD etiology is suggested by the fact that 
selective serotonin reuptake inhibitors (SSRIs), the first-line pharmacological treatment for 
OCD, positively affect diabetic parameters when used to treat depressive symptoms in T2D 
(i.e., decreasing HbA1c levels and insulin requirement, and increasing insulin sensitivity) [51]. 
Interestingly, SSRIs are particularly effective for treating harm-related obsessions, which are 
a part of ‘aggressive taboo thoughts’ [52]. This is in line with our finding of genetic sharing 
between T2D and ‘aggressive taboo thoughts’. In addition, a recent study demonstrated that 
bilateral deep brain stimulation (DBS), a safe and effective treatment option for pharmaco-
resistant OCD, not only reduced OCD symptoms but also decreased fasting insulin levels in the 
blood of both OCD patients with T2D and non-diabetic OCD patients [53]. Moreover, insulin 
in the CNS – either entering from the periphery by crossing the blood brain barrier [54] or 
synthesized in the CNS [55] – has important non-metabolic functions, including modulating 
synaptic plasticity [56] and learning and memory [57,58].

Although it is not clear yet what the relative contributions are of dysregulated 
peripheral and CNS insulin signaling to OCD and OCS, we recently demonstrated that 
compulsivity observed in Tallyho (TH) mice, a rodent model of T2D, is potentially linked to 
disturbances in insulin signaling. TH mice both displayed compulsive behavior and increased 
glucose levels in their dorsomedial striatum, which could be due to decreased action of 
peripheral and/or CNS insulin, and the glucose levels correlated with compulsivity [59].

The current results should be viewed in light of some strengths and limitations. A 
strength is that we used quantitative symptom scores collected through questionnaires in 
the general population, which has enabled us to generate OCS phenotypes that we could 
then perform GWASs on. Using samples selected from the community may also reduce 
selection bias, which can occur when patient samples are analysed (e.g., individuals 
suffering from several comorbid disorders are more likely to present for clinical care)
[60]. A limitation of the current study is the small sample size of the GWASs and limited 
power to discover new single genetic variant associations. However, this sample size was 
large enough to provide proof of concept for genetic sharing between OCD, OCS in the 
population, and insulin signaling. A second limitation we faced was that the questions in 
the discovery and validation cohorts were not exactly the same, which may partly explain 
the lack of validation. Another limitation may be that the proportions of the variance in the 
target phenotypes being explained by the base phenotypes are quite small. However, these 
‘variances explained’ are in fact similar to or higher than those found in similar analyses, 
e.g., the PRS derived from a GWAS of OCD explained (only) 0.20% of the variance in OCS in a 
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population sample [20]. Moreover, as the variance explained is dependent on the size of the 
‘base sample’ for the generation of the PRS [61], the observed variances explained with the 
still relatively small meta-GWAS of OCD as base sample may be underestimated. 

In conclusion, we identified a shared genetic etiology between OCD, OCS in the 
population, and both CNS and peripheral insulin signaling. Our results imply that altered 
insulin signaling is not only relevant for somatic disorders but is also involved in the etiology 
of psychiatric disorders and related symptoms in the population, especially OCD and OCS. 
Further studies are needed to disentangle the contributions of peripheral and CNS insulin 
production and signaling to these disorders and symptoms. 
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Code used to perform the analyses is available upon request. 
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SUPPLEMENTARY MATERIALS 
Supplementary Methods 
Sample, phenotypic, and genetic data
We studied OCS in the Philadelphia Neurodevelopmental Cohort (PNC) [1-4], which 
includes 8719 children and adolescents aged 8-21 years with neurobehavioral phenotypes 
and genome-wide genotyping data. Participants in the PNC provided written consent for 
genomic studies when they presented to the Children’s Hospital of Philadelphia health care 
network. Notably, participants from Philadelphia Neurodevelopmental Cohort (PNC) were 
not recruited from psychiatric clinics, and the sample is not enriched for individuals who seek 
psychiatric help. Genome-wide genotyping in the PNC has been performed in waves using 
six different genotyping platforms. Genotypes are available through the NIMH Database 
of Genotypes and Phenotypes (dbGaP), study accession ID phs000607.v1.p1. (https://
www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000607.v1.p1&phv= 
292&phd=&pha=&pht=3445&phvf=28&phdf=&phaf=&phtf=&dssp=1&consent=&temp=1)
[5]. We assessed the phenotypic distributions per platform, and for this study used the 
two genetic platforms with the largest number of individuals with phenotypic data, 
HumanOmniExpress-12v1.0 (OmniExpress) and Human610_Quadv1_B (610Quad) (n=1989 
and n=1257, respectively). Hence, genome-wide genotyping data were available for 3246 
individuals who also completed the 22 OCD questions. Ancestry was addressed by only 
selecting individuals of self-reported European descent and by using multidimensional 
scaling (MDS) analysis. Ancestry outliers (i.e., of non-European descent) were excluded 
based on visual inspection of the first two principal components, leaving 3041 individuals 
for analyses (n=1860 from 610Quad and n=1181 from OmniExpress). The final sample of 
650 individuals for the subsequent factor and genome-wide association analyses included 
418 individuals from 610Quad and 232 from OmniExpress.

Shared genetic etiology analyses 
Before generating polygenic risk scores with PRSice [6], clumping was performed using 
PLINK [7] to select independent index SNPs for each linkage disequilibrium (LD) block in the 
genome. Based on the significance level of the SNPs in the base sample, the index SNPs were 
selected and form clumps of all other SNPs that are within 500 kb and are in LD (r2>0.25). 

PRSice was then used to generate polygenic risk scores for OCD that are the sum of 
genome-wide SNPs associated with OCD weighted by their effect sizes estimated from the 
PGC OCD meta-GWAS and only including SNPs that exceed seven broad P-value thresholds. 
The seven thresholds that were used are 0.001, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5. PRSice 
calculated P-values of shared genetic etiology between the base OCD phenotype and 

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000607.v1.p1&phv=194292&phd=&pha=&pht=3445&phvf=28&phdf=&phaf=&phtf=&dssp=1&consent=&temp=1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000607.v1.p1&phv=194292&phd=&pha=&pht=3445&phvf=28&phdf=&phaf=&phtf=&dssp=1&consent=&temp=1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000607.v1.p1&phv=194292&phd=&pha=&pht=3445&phvf=28&phdf=&phaf=&phtf=&dssp=1&consent=&temp=1
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the target phenotypes (total score of OCS and scores for the OCS factors) for each of the 
seven P-value thresholds (PT). Subsequently, the calculated P-values for genetic sharing 
were aggregated and corrected for multiple comparisons using the false discovery rate 
(FDR) method [8,9]. To calculate the FDR, we applied the Benjamini-Hochberg method 
implemented through mne.stats.fdr_correction function in python.

To determine the level of genetic sharing between five peripheral insulin signaling-
related traits and OCD as well as OCS, we also conducted PRS-based analyses in PRSice [6]. 
As base samples, we used summary statistics data from GWASs of the following peripheral 
insulin signaling-related traits: type 2 diabetes (T2D) (GWAS of 26,676 cases and 132,532 
controls) [10] as well as the blood levels of four T2D markers: HbA1c (GWAS of 123,665 
general population subjects; increased HbA1c levels are a diagnostic measure of T2D) [11], 
fasting insulin (GWAS of 108,557 general population subjects; increasing fasting insulin levels 
lead to insulin resistance, the pathological hallmark of T2D) [12], fasting glucose (GWAS of 
133,010 general population subjects; increased fasting glucose levels (hyperglycemia) are 
a characteristic of T2D) [12], and glucose 2 hours after an oral glucose challenge (2-hour 
glucose or 2hGlu) (GWAS of 42,854 general population subjects; 2hGlu, a clinical measure 
of glucose tolerance used in the diagnosis of T2D) [12].

Gene-set analyses 
For gene-set analyses, we first compiled a set of all genes encoding proteins within our 
molecular landscape of OCD that is involved in regulating postsynaptic dendritic spine 
formation and function through CNS insulin-dependent signaling [13]. 

This resulted in a set of 52 unique genes but as our genome-wide association analysis 
only included autosomal SNPs, we had to omit one gene located on the X chromosome 
(HTR2C), leaving a final set of 51 genes for subsequent analysis. Gene-set analysis was then 
performed using the Multimarker Analysis of GenoMic Annotation (MAGMA) software [14]. 
We selected all SNPs located within each of the 51 genes (0 kb window) after which all 
single SNP P-values were transformed into a gene test-statistic by taking the mean of the 
χ2 statistic among the SNPs in each gene. Gene association tests were performed taking LD 
between SNPs into account using the 1000 Genomes Project European sample as a reference 
to estimate the LD between SNPs within the genes (http://ctglab.nl/software/MAGMA/ref_
data/g1000_ceu.zip). Gene-wide P-values were converted to z-values reflecting the strength 
of the association each gene has with each of the OCS factors. Subsequently, we tested 
whether the 51 genes in the OCD landscape are jointly associated with the total score of 
OCS and the scores for the OCS factors. We used an intercept-only linear regression model, 
including a subvector corresponding to the genes in the gene-set. To test whether the 

http://ctglab.nl/software/MAGMA/ref_data/g1000_ceu.zip
http://ctglab.nl/software/MAGMA/ref_data/g1000_ceu.zip
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association was different from the association of the genes outside the gene-set, taking into 
account the polygenic nature of our traits, the regression model was expanded to include 
all annotated genes in the genome outside the gene-set. To account for the potentially 
confounding factors of gene size and gene density, both gene size and gene density as well 
as their logarithms were included as covariates in the gene-set analysis. 

Validation analyses in an independent population sample
To conduct the GWASs of the two OCS factors derived from the Spit for Science data, a 
linear regression model was used, adjusting for age, sex, respondent (questionnaire filled 
by parent or child), genotyping platform (Illumina HumanCoreExome-12 (v1-0) bead-chip or 
the HumanOmni1-Quad (v1.0) bead-chip), and the first 6 principal components from MDS. 

The significance between the SNP imputed allele dosage and the response was 
calculated from a Wald test. Only SNPs with minor allele frequency > 0.01 and imputation 
quality (allelic R2) > 0.60 were tested.
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Supplementary Tables 
SUPPLEMENTARY TABLE 1. Customized questionnaire of obsessive-compulsive symptoms in the 
general population. The 22 questions were from GO-ASSESS, a computerized version of the Kiddie-
Schedule for Affective Disorders and Schizophrenia (K-SADs).
Nr Questions
OCD001 Have you ever been bothered by thoughts that don’t make sense to you, that come 

over and over again and won’t go away, such as concern with harming others/self?
OCD002 Have you ever been bothered by thoughts that don’t make sense to you, that come 

over and over again and won’t go away, such as pictures of violent things?
OCD003 Have you ever been bothered by thoughts that don’t make sense to you, that come 

over and over again and won’t go away, such as thoughts about contamination/germs/
illness?

OCD004 Have you ever been bothered by thoughts that don’t make sense to you, that come 
over and over again and won’t go away, such as fear that you would do something/say 
something bad without intending to?

OCD005 Have you ever been bothered by thoughts that don’t make sense to you, that come 
over and over again and won’t go away, such as feelings that bad things that happened 
were your fault?

OCD006 Have you ever been bothered by thoughts that don’t make sense to you, that come 
over and over again and won’t go away, such as forbidden/bad thoughts?

OCD007 Have you ever been bothered by thoughts that don’t make sense to you, that come 
over and over again and won’t go away, such as need for symmetry/exactness?

OCD008 Have you ever been bothered by thoughts that don’t make sense to you, that come 
over and over again and won’t go away, such as religious thoughts?

OCD009 Did these thoughts continue to bother you no matter how hard you tried to get rid of 
them or ignore them?

OCD010 Did you try not to think about (thoughts), try to keep them out of your head, or try to 
push the thoughts away?

OCD011 Have you ever had to do something over and over again – that would have made you 
feel really nervous if you couldn’t do it, like: cleaning or washing (for example, your 
hands, house)?

OCD012 Have you ever had to do something over and over again – that would have made you 
feel really nervous if you couldn’t do it, like: counting?

OCD013 Have you ever had to do something over and over again – that would have made 
you feel really nervous if you couldn’t do it, like: checking (for example, doors, locks, 
ovens)?

OCD014 Have you ever had to do something over and over again – that would have made you 
feel really nervous if you couldn’t do it, like: getting dressed over and over again?

OCD015 Have you ever had to do something over and over again – that would have made you 
feel really nervous if you couldn’t do it, like: going in and out a door over and over 
again?

OCD016 Have you ever had to do something over and over again – that would have made you 
feel really nervous if you couldn’t do it, like: ordering or arranging things?

OCD017 Have you ever had to do something over and over again – that would have made 
you feel really nervous if you couldn’t do it, like: doing things over and over again at 
bedtime, like arranging the pillows, sheets, or other things?



CHAPTER 5

258

Nr Questions
OCD024 Did these thoughts and behaviors prevent you from doing things you normally would 

do?
OCD025 Did having these thoughts or behaviors bother you a lot?
OCD032 You told me (insert endorsed thoughts/behaviors). How much did having these 

thoughts/behaviors upset or bother you? How much did you ever feel upset or 
disappointed with yourself because of your thoughts/behaviors?

OCD033 How much did the thoughts/behaviors you have told me about cause problems for you 
at home, at school/work, or with your family or friends?

OCD034 Did you stay home from school/work because of your behaviors/thoughts?

Note: (1) The answers to questions OCD032 and OCD033 were re-categorized from a 10-point scale 
into binary responses (i.e., with scores from 0 to 4 converted into a score of 0 for ‘no’ and scores from 
5 to 10 converted into a score of 1 for ‘yes’) for compatibility with the other 20 questions for which 
there were only two possible answers (‘no’ = score of 0,’yes’ = score of 1). (2) For the data selection, 
if the questions related to obsessions (OCD001-OCD008) and/or compulsions (OCD011-OCD17) were 
completed and all those questions were answered ‘no’, we allowed the questions on the consequences 
of obsessions and compulsions (OCD009, OCD010, OCD024, OCD025, OCD032, OCD033, OCD034) to 
be left blank, as no consequences are expected if no symptoms are present. The scores for each of the 
questions were then summed to create a total OCS score (range 0-22). 

SUPPLEMENTARY TABLE 1. Continued
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SUPPLEMENTARY TABLE 2. Content of two novel OCS factors that could be compiled from the Toronto 
Obsessive-Compulsive Scale (TOCS) questions and that are similar in the questions they contain to 
the two factors (‘symmetry/counting/ordering’ and ‘contamination/cleaning’) from the Philadelphia 
Neurodevelopmental Cohort (PNC) data. 
Factor Symmetry/counting/ordering TOCS 

TOCS items: 
‘Do Certain’: Needs to do certain things (e.g., counting steps)
‘Checks’: Checks things
‘Count’: Needs to count objects
‘Symmetry’: Needs things to be symmetrical
‘Interfere’: Gets upset when people rearrange things
‘Repeat’: Repeats actions until just right
‘Not Exactly’: Worries if something done not exactly right
Factor Contamination/cleaning TOCS

TOCS items: 
‘Dirt’: Hates dirt/dirty things
‘Germs’: Worries about germs
‘Wash’: Needs to wash hands
‘Clean’: Worries about being clean

SUPPLEMENTARY TABLE 3. MAGMA-based gene-set analysis for the 51 CNS insulin signaling genes 
extracted from our earlier-defined OCD landscape. P-values were considered significant if they 
exceeded a Bonferroni-corrected threshold accounting for the number of phenotypes tested (P < 
0.05/7 tests (total OCS score and six OCS factors) = 0.00714). 
Trait P-value

Total OCS score 0.76762
Impairment 0.98503
Symmetry/counting/ordering 0.00408
Contamination/cleaning 0.33586
Aggressive taboo thoughts 0.30643
Guilty taboo thoughts 0.16893
Distress 0.32738
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SUPPLEMENTARY TABLE 4. Gene-wide association results for 51 unique genes from the OCD 
landscape and the OCS factors ‘symmetry/counting/ordering’
Gene P-value Gene P-value 

ADD3 0.2045 LNX1    0.4954

ARHGAP15 0.5126 MEIS2    0.4562

BDNF 0.5325 MTUS2    0.2716

BTBD3 0.0080 NOS1    0.2508

CCNC 0.1823 NSG2    0.9420

CYTIP 0.1470 PDE4D   0.7043

DCC 0.3287 PRDM13   0.4412

DLGAP1 0.6954 RACGAP1 0.7330

DLGAP3 0.0465 REXO1 0.2719

DNAI1 0.5131 SEMA4D 0.1606

DOCK1 0.5564 SERPINH1 0.2660

EBF2 0.4170 SLC1A1 0.1345

EFNA5 0.1995 SLIT3 0.5258

EREG 0.1279 SLITRK5 0.9651

FKBP1A 0.6049 SORBS1 0.1688

GJD2 0.1083 TBP 0.2024

GNRH1 0.1992 TFDP2 0.1525

GRIN2B 0.0217 TMEM252 0.1308

HOXB8 0.3795 TNF 0.7841

HTR1B 0.8224 TRIOBP 0.8752

IGF1 0.0085 TSPAN14 0.2407

IGF1R 0.7069 TXNL1 0.8934

IRS2 0.5154 UBL3 0.0890

ITGA9 0.8512 ZBTB43 0.5905

KCNB2 0.3086 ZFP64 0.5493

KCNQ1 0.8696

Note: Shown in this table are the gene-wide results from the MAGMA analyses of the 51 genes from 
the molecular landscape of OCD and the OCS factor ‘symmetry/counting/ordering’. None of the 
individual genes reached the Bonferroni-corrected P-value threshold of significance (P= 0.05/51 = 
0.00098).
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SUPPLEMENTARY TABLE 5. PRS-based results for shared genetic etiology between OCD and two 
novel TOCS-based OCS factors and between five peripheral insulin signaling-related traits and two 
novel TOCS-based OCS factors.
‘base’ sample ‘target’ sample PT P-value R2 nSNPs

OCD Symmetry/counting/ordering TOCS 0.3 2.42E-05 0.49% 149119

Contamination/cleaning TOCS 0.4 4.07E-03 0.23% 185917

Type 2 Diabetes Symmetry/counting/ordering TOCS 0.1 3.39E-01 0.03% 66870

Contamination/cleaning TOCS 0.1 1.59E-03 0.28% 67614

HbA1c Symmetry/counting/ordering TOCS 0.05 2.71E-01 0.04% 20779

Contamination/cleaning TOCS 0.001 1.68E-01 0.05% 1018

Fasting insulin Symmetry/counting/ordering TOCS 0.05 3.71E-01 0.02% 3926

Contamination/cleaning TOCS 0.05 4.37E-01 0.01% 3965

Fasting glucose Symmetry/counting/ordering TOCS 0.001 2.47E-01 0.04% 484

Contamination/cleaning TOCS 0.5 4.36E-01 0.01% 21851
2 h Glucose Symmetry/counting/ordering TOCS 0.05 4.45E-01 0.01% 2924

Contamination/cleaning TOCS 0.2 3.76E-01 0.02% 9344

Shown in this table are the best SNP P-value thresholds (PT) for the PRSice analyses between OCD and 
two novel TOCS-based OCS factors and between five peripheral insulin signaling-related traits and two 
novel TOCS-based OCS factors, their Benjamini and Hochberg adjusted P-values for shared genetic 
etiology (P-value), the variance explained in the target sample phenotypes (R2), and the number of 
SNPs (nSNPs). Significant findings are indicated in bold. Abbreviations: TOCS=Toronto Obsessive-
Compulsive Scale
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Supplementary Figures 

Supplementary Figure 1A. Histogram showing the 
distribution of the total OCS score in 650 children and 
adolescents aged 8-21 in the Philadelphia 
Neurodevelopmental Cohort (288 males and 362 females).  

SUPPLEMENTARY FIGURE 1A. Histogram showing the distribution of the total OCS score in 650 children 
and adolescents aged 8-21 in the Philadelphia Neurodevelopmental Cohort (288 males and 362 females).

Supplementary Figure 1B. Histograms showing the distributions of the scores on eight OCS factors - that add up to 
the total OCS score - in 650 children and adolescents aged 8-21 in the Philadelphia Neurodevelopmental Cohort (288 
males and 362 females): 1 'Impairment’, 2 'Symmetry/counting/ordering', 3 'Contamination/cleaning’, 4 'Aggressive 
taboo thoughts', 5 'Repetition', 6 'Guilty taboo thoughts, 7 'Distress', and 8  'Religious taboo thoughts'. 

1 2 3

4 5 6

7 8

SUPPLEMENTARY FIGURE 1B. Histograms showing the distributions of the scores on eight OCS 
factors – that add up to the total OCS score – in 650 children and adolescents aged 8-21 in the 
Philadelphia Neurodevelopmental Cohort (288 males and 362 females): 1 ‘Impairment’, 2 ‘Symmetry/
counting/ordering’, 3 ‘Contamination/cleaning’, 4 ‘Aggressive taboo thoughts’, 5 ‘Repetition’, 6 ‘Guilty 
taboo thoughts’, 7 ‘Distress’, and 8 ‘Religious taboo thoughts’.
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Supplementary Figure 2. Bar plots from PRSice showing results at seven broad P-value thresholds
(PT) for shared genetic etiology between obsessive-compulsive disorder (OCD) and the total obsessive-
compulsive symptom (OCS) score as well as six OCS factors (a–g) (see Material and Methods). The
numbers above the bars indicate the P-values for shared genetic etiology, and these P-values were
corrected using the Benjamini-Hochberg false discovery rate method.

a   Total OCS score b Impairment c Symmetry/counting/ordering

d   Contamination/cleaning e Aggressive taboo thoughts f Guilty taboo thoughts

g   Distress
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SUPPLEMENTARY FIGURE 2. Bar plots from PRSice showing results at seven broad P-value thresholds 
(PT) for shared genetic etiology between obsessive-compulsive disorder (OCD) and the total obsessive-
compulsive symptom (OCS) score as well as six OCS factors (a–g) (see Materials and Methods). The 
numbers above the bars indicate the P-values for shared genetic etiology, and these P-values were 
corrected using the Benjamini-Hochberg false discovery rate method.
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a OCD b Total OCS score c Impairment

d   Symmetry/counting/ordering e   Contamination/cleaning f   Aggressive taboo thoughts

g   Guilty taboo thoughts h Distress

Supplementary Figure 3A. Bar plots from PRSice showing results at seven broad P-value thresholds
(PT) for shared genetic etiology between Type 2 Diabetes and obsessive-compulsive disorder (OCD),
the total obsessive-compulsive symptom (OCS) score as well as six OCS factors (a–h) (see Material
and Methods). The numbers above the bars indicate the P-values for shared genetic etiology, and these
P-values were corrected using the Benjamini-Hochberg false discovery rate method.
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SUPPLEMENTARY FIGURE 3A. Bar plots from PRSice showing results at seven broad P-value thresholds 
(PT) for shared genetic etiology between Type 2 Diabetes and obsessive-compulsive disorder (OCD), 
the total obsessive-compulsive symptom (OCS) score as well as six OCS factors (a–h) (see Materials 
and Methods). The numbers above the bars indicate the P-values for shared genetic etiology, and 
these P-values were corrected using the Benjamini-Hochberg false discovery rate method.
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Supplementary Figure 3B. Bar plots from PRSice showing results at seven broad P-value thresholds
(PT) for shared genetic etiology between HbA1c blood levels and obsessive-compulsive disorder (OCD),
the total obsessive-compulsive symptom (OCS) score as well as six OCS factors (a–h) (see Material
and Methods). The numbers above the bars indicate the P-values for shared genetic etiology, and these
P-values were corrected using the Benjamini-Hochberg false discovery rate method.
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SUPPLEMENTARY FIGURE 3B. Bar plots from PRSice showing results at seven broad P-value thresholds 
(PT) for shared genetic etiology between HbA1c blood levels and obsessive-compulsive disorder (OCD), 
the total obsessive-compulsive symptom (OCS) score as well as six OCS factors (a–h) (see Materials 
and Methods). The numbers above the bars indicate the P-values for shared genetic etiology, and 
these P-values were corrected using the Benjamini-Hochberg false discovery rate method.
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Supplementary Figure 3C. Bar plots from PRSice showing results at seven broad P-value thresholds
(PT) for shared genetic etiology between Fasting Insulin and obsessive-compulsive disorder (OCD), the
total obsessive-compulsive symptom (OCS) score as well as six OCS factors (a–h) (see Material and
Methods). The numbers above the bars indicate the P-values for shared genetic etiology, and these P-
values were corrected using the Benjamini-Hochberg false discovery rate method.
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SUPPLEMENTARY FIGURE 3C. Bar plots from PRSice showing results at seven broad P-value thresholds 
(PT) for shared genetic etiology between Fasting Insulin and obsessive-compulsive disorder (OCD), the 
total obsessive-compulsive symptom (OCS) score as well as six OCS factors (a–h) (see Materials and 
Methods). The numbers above the bars indicate the P-values for shared genetic etiology, and these 
P-values were corrected using the Benjamini-Hochberg false discovery rate method.



5

SHARED GENETIC ETIOLOGY BETWEEN OBSESSIVE-COMPULSIVE DISORDER, 
OBSESSIVE-COMPULSIVE SYMPTOMS IN THE POPULATION, AND INSULIN SIGNALING 

267

a OCD b Total OCS score c Impairment

d   Symmetry/counting/ordering e   Contamination/cleaning f   Aggressive taboo thoughts

g   Guilty taboo thoughts h Distress

Supplementary Figure 3D. Bar plots from PRSice showing results at seven broad P-value thresholds
(PT) for shared genetic etiology between Fasting Glucose and obsessive-compulsive disorder (OCD),
the total obsessive-compulsive symptom (OCS) score as well as six OCS factors (a–h) (see Material
and Methods). The numbers above the bars indicate the P-values for shared genetic etiology, and these
P-values were corrected using the Benjamini-Hochberg false discovery rate method..
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SUPPLEMENTARY FIGURE 3D. Bar plots from PRSice showing results at seven broad P-value thresholds 
(PT) for shared genetic etiology between Fasting Glucose and obsessive-compulsive disorder (OCD), 
the total obsessive-compulsive symptom (OCS) score as well as six OCS factors (a–h) (see Materials 
and Methods). The numbers above the bars indicate the P-values for shared genetic etiology, and 
these P-values were corrected using the Benjamini-Hochberg false discovery rate method.
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Supplementary Figure 3E. Bar plots from PRSice showing results at seven broad P-value thresholds
(PT) for shared genetic etiology between 2 h Glucose and obsessive-compulsive disorder (OCD), the
total obsessive-compulsive symptom (OCS) score as well as six OCS factors (a–h) (see Material and
Methods). The numbers above the bars indicate the P-values for shared genetic etiology, and these P-
values were corrected using the Benjamini-Hochberg false discovery rate method.
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SUPPLEMENTARY FIGURE 3E. Bar plots from PRSice showing results at seven broad P-value thresholds 
(PT) for shared genetic etiology between 2 h Glucose and obsessive-compulsive disorder (OCD), the 
total obsessive-compulsive symptom (OCS) score as well as six OCS factors (a–h) (see Materials and 
Methods). The numbers above the bars indicate the P-values for shared genetic etiology, and these 
P-values were corrected using the Benjamini-Hochberg false discovery rate method.
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Supplementary Figure 4A. Histogram showing the distribution 
of the 'symmetry/counting/ordering' score in 5047 children and 
adolescents aged 6-17 in the Spit for Science Cohort. 

SUPPLEMENTARY FIGURE 4A. Histogram showing the distribution of the ‘symmetry/counting/
ordering’ score in 5047 children and adolescents aged 6-17 in the Spit for Science Cohort.

Supplementary Figure 4B. Histogram showing the distribution of 
the 'contamination/cleaning' score in 5047 children and 
adolescents aged 6-17 in the Spit for Science Cohort. 

SUPPLEMENTARY FIGURE 4B. Histogram showing the distribution of the ‘contamination/cleaning’ 
score in 5047 children and adolescents aged 6-17 in the Spit for Science Cohort.
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b			Contamina.on/cleaning	TOCS	

Supplementary Figure 5A. Bar plots from PRSice showing results at seven broad P-value thresholds 
(PT) for shared genetic etiology between obsessive-compulsive disorder (OCD) and two TOCS OCS 
factors (see Methods). The numbers above the bars indicate the P-values for shared genetic etiology, 
and these P-values were corrected using the Benjamini-Hochberg false discovery rate method. 
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SUPPLEMENTARY FIGURE 5A. Bar plots from PRSice showing results at seven broad P-value thresholds 
(PT) for shared genetic etiology between obsessive-compulsive disorder (OCD) and two TOCS OCS factors 
(see Materials and Methods). The numbers above the bars indicate the P-values for shared genetic 
etiology, and these P-values were corrected using the Benjamini-Hochberg false discovery rate method.

a			Type	2	Diabetes	 b			HbA1c	 c			Fas2ng	Insulin	

d			Fas2ng	Glucose	 e			2	h	Glucose	

Supplementary Figure 5B. Bar plots from PRSice showing results at seven broad P-value thresholds 
(PT) for shared genetic etiology between five peripheral insulin signaling-related traits (Type 2 Diabetes, 
HbA1C blood levels and blood levels of fasting insulin, fasting glucose and 2h Glucose) and TOCS 
factor ‘symmetry/counting/ordering’ (a–e) (see Methods). The numbers above the bars indicate the P-
values for shared genetic etiology, and these P-values were corrected using the Benjamini-Hochberg 
false discovery rate method. 
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SUPPLEMENTARY FIGURE 5B. Bar plots from PRSice showing results at seven broad P-value 
thresholds (PT) for shared genetic etiology between five peripheral insulin signaling-related traits (Type 
2 Diabetes, HbA1C blood levels and blood levels of fasting insulin, fasting glucose and 2h Glucose) and 
TOCS factor ‘symmetry/counting/ordering’ (a–e) (see Materials and Methods). The numbers above 
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the bars indicate the P-values for shared genetic etiology, and these P-values were corrected using the 
Benjamini-Hochberg false discovery rate method.

a			Type	2	Diabetes	 b			HbA1c	 c			Fas2ng	Insulin	

d			Fas2ng	Glucose	 e			2	h	Glucose	

Supplementary Figure 5C. Bar plots from PRSice showing results at seven broad P-value thresholds 
(PT) for shared genetic etiology between five peripheral insulin signaling-related traits (Type 2 Diabetes, 
HbA1C blood levels and blood levels of fasting insulin, fasting glucose and 2h Glucose) and TOCS 
factor ‘contamination/cleaning’ (a–e) (see Methods). The numbers above the bars indicate the P-values 
for shared genetic etiology, and these P-values were corrected using the Benjamini-Hochberg false 
discovery rate method. 
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SUPPLEMENTARY FIGURE 5C. Bar plots from PRSice showing results at seven broad P-value 
thresholds (PT) for shared genetic etiology between five peripheral insulin signaling-related traits (Type 
2 Diabetes, HbA1C blood levels and blood levels of fasting insulin, fasting glucose and 2h Glucose) 
and TOCS factor ‘contamination/cleaning’ (a–e) (see Materials and Methods). The numbers above the 
bars indicate the P-values for shared genetic etiology, and these P-values were corrected using the 
Benjamini-Hochberg false discovery rate method.
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TD and OCD are both phenotypically heterogenous disorders with complex etiologies and 
they are frequently comorbid. Because the neurobiological and molecular underpinnings of 
these disorders are poorly understood and current treatments are only partially effective, 
there has been and continues to be intensive research on the molecular and cellular 
mechanisms underlying TD/OCD and their therapies, in order to determine the factors that 
convey risk or resilience. This thesis includes studies based on animal model and human 
omics data that used an integrated approach – including analyses at the cellular, molecular, 
and behavioral levels – and were aimed at advancing our knowledge of the altered molecular 
mechanisms involved in TD and OCD and the identification of putative novel treatment 
targets. In this final chapter, I will briefly summarize the studies presented in the thesis, and 
I will integrate and discuss the main findings.

SUMMARY OF THE MAIN FINDINGS FROM THE THESIS
In Chapter 2, we investigated whether early life stress modulates the individual 
susceptibility to PANDAS – Pediatric Autoimmune Neuropsychiatric Disorders Associated 
with Streptococcus – through a longitudinal study in mice. We observed that injections with 
Group A Streptococcal (GAS) bacteria induced PANDAS behavioral abnormalities – i.e., TD- 
and/or OCD-like symptoms – in mice (such as reduced sensorimotor gating and increased 
perseverative behavior), as well as a reduced reactivity to a serotonergic agonist and 
increased inflammatory infiltrates in the anterior diencephalon. Neonatal corticosterone 
(CORT) administration – mimicking chronic stress – mitigated most of the GAS-induced 
behavioral, immunohistochemical and molecular alterations. These compensatory effects 
co-occurred with modifications in hypothalamic pituitary adrenal axis (HPA) activity that 
was reflected in increased circulating glucocorticoids concentrations, as well as increased 
serum levels of the anti-inflammatory cytokine IL-9 and changes in striatal gene expression. 
Our analyses of the striatal differential gene expression data highlighted a role of the female 
sex hormone (beta)-estradiol and other signaling molecules regulated by estradiol (FGF2, 
IgG, DA, LH, LEP, IL2, IKBKB) as important upstream regulators of molecular mechanisms 
associated with the phenotypic abnormalities observed in GAS mice and the compensatory 
role of neonatal CORT. Specifically, GAS exposures inhibited (beta)-estradiol-mediated 
regulation of gene expression, while neonatal CORT compensated for this effect. These 
data support the hypothesis that elevations in glucocorticoids may promote central 
immunomodulatory processes.

TD is also conceptualized as a hyperkinetic movement disorder, or dyskinesia, 
characterized by excessive and repetitive abnormal involuntary movements (AIMs) or tics [1]. 
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AIMs also often develop after chronic administration of Levodopa, the first-line treatment of 
dystonic symptoms in childhood or in Parkinson’s disease, leading to the development of so-
called Levodopa-Induced Dyskinesia (LID). Riluzole has been suggested as a candidate drug 
to treat AIMs/LID. Therefore, in Chapter 3, we investigated the behavioral and molecular 
effects of Riluzole in a juvenile rat model of LID. We observed that Riluzole attenuated 
Levodopa-induced AIMs in the rat model. Subsequently, our analysis of differential striatal 
gene expression data from LID rats revealed that Riluzole is predicted to reduce the activity 
of CREB1 (cAMP response element binding protein 1). CREB1 is a transcription factor that 
regulates the expression of multiple interacting proteins involved in regulating neuronal 
processes, such as neuronal survival/apoptosis, differentiation, and development and that 
acts as a functional ‘go-between’ between cytoplasmic kinase/enzyme signaling cascades 
and nuclear regulation of gene expression. 

In Chapter 4, we integrated the available human omics data on TD to build a so-called 
‘molecular landscape’ of the disease. More specifically, we compiled a list of TD candidate 
genes, and we subsequently conducted tissue/cell type specificity and functional enrichment 
analyses of this list. Using genomic data, we also investigated genetic sharing between TD and 
blood and cerebrospinal fluid (CSF) metabolite levels. We found that the TD candidate genes 
show enriched expression in four brain regions (cerebellum, cortex, striatum, and thalamus) 
across various developmental periods and the pituitary. The functional enrichment analyses 
implicated two pathways, i.e., ‘cAMP-mediated signaling’ and ‘Endocannabinoid Neuronal 
Synapse Pathway’, as well as multiple biological functions related to brain development and 
synaptic transmission in TD etiology. Further, we found genetic sharing between TD and the 
blood and CSF levels of 39 metabolites, including butyrate, NAAG, myo-inositol, the cytokine 
TNFB and polyunsaturated fatty acids such as arachidonic acid. Lastly, we integrated the 
different types of omics data to build the molecular landscape of TD that provides insights 
into the (altered) molecular processes that underlie the disease and that identifies putative 
novel drug targets (including FLT3, NAALAD2, CX3CL1-CX3CR1, OPRM1, and HRH2) that 
could be modulated with a beneficial effect on TD.

Epidemiological and genetic studies have shown associations between clinical OCD 
and obsessive-compulsive symptoms (OCS) in the population. Further, dysregulated insulin 
signaling in the periphery and central nervous system (CNS) has been implicated in both 
OCD and OCS. In Chapter 5, we built on this previous work by assessing the presence and 
extent of shared genetic etiology between OCD, OCS in the population, and peripheral 
and CNS insulin signaling, using the largest available genomic data sets. Our polygenic 
risk score (PRS)-based analyses revealed genetic overlap between OCD and three OCS, 
i.e., ‘guilty taboo thoughts’, ‘symmetry/counting/ordering’ and ‘contamination/cleaning’, 
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assessed across two population cohorts of children and adolescents. As for peripheral 
insulin signaling, we identified genetic sharing between Type 2 Diabetes and two OCS, i.e., 
‘aggressive taboo thoughts’ and ‘contamination/cleaning’, and between two insulin-related 
traits – blood levels of fasting insulin and 2 h glucose – and OCD. Furthermore, a set of 
OCD genes centered around CNS insulin signaling was associated with ‘symmetry/counting/
ordering’. Taken together, these findings provide further support for (at least partial) genetic 
overlap between OCD and population-based OCS, as well as for altered insulin signaling as a 
common biological process contributing to both OCD and OCS in the population. 

DISCUSSION OF THE FINDINGS
Translation of findings from animal models to human disease
A better understanding of the cellular and molecular mechanisms underlying TD and OCD 
and their therapies is critical for developing more effective treatments. In this respect, 
animal models have proven invaluable in the study of these mechanisms. In Chapters 2 and 
3, we used two animal models of TD/OCD-related behaviors and performed transcriptomic 
profiling of the striatal tissue to investigate the molecular mechanisms associated with 
disease and altered by the therapeutic interventions (neonatal stress and Riluzole). In this 
way, we were able to pinpoint a number of upstream regulators that could be driving the 
observed changes in gene expression. 

To assess the similarities between disease-associated molecular processes occurring 
in animal models and humans – and hence attempt to translate findings from animal models 
to human disease – I have compared (i) the list of TD candidate genes constructed based 
on the genomic data on TD and used to build the molecular landscape of TD, as well as the 
list of differentially expressed genes observed in the brains (striatum) of TD patients (both 
described in Chapter 4) with the differentially expressed genes observed in animal models 
described in Chapter 2 and Chapter 3, and (ii) the results from functional enrichment 
analyses performed on these sets of genes that inform on the biological processes involved.

 Overall, the two rodent models produced distinct striatal differential gene expression 
signatures induced by GAS and L-DOPA administration, as well as the modulatory effects of 
neonatal stress and Riluzole, respectively. I have compared the gene expression signatures 
present in each of the animal models, focusing on the genes that were shared with the TD 
candidate genes and the genes that are differentially expressed in the postmortem striatum 
of TD patients.

As for the PANDAS mice model, the orthologs of 24 TD candidate genes were found to 
be (also) affected by GAS infection or neonatal CORT administration in GAS mice (Figure 1). 
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Of the four genes that we found to be differentially expressed upon GAS infection, two genes 
encode TD landscape proteins: KM2TD was upregulated and CHDH was downregulated. 
Among the 20 genes affected by neonatal CORT administration in GAS mice, 12 were also 
encoding landscape proteins, with CHGB,�ASB8,�ADM,�CPS1,�FKBP11,�MACROD1,�MAPT and 
PEX11 being upregulated, and FARP2,�KIF26,�ME2,�and RELN being downregulated. Further, 
25 genes were differentially expressed in the TD postmortem striatum, including TGFB3 that 
encodes a TD landscape protein. TGFB3�was upregulated in CORT-GAS mice, suggesting that 
its increased expression in TD postmortem striatum could be a compensatory effect.

FIGURE 1. Venn diagrams representing the comparisons of gene lists generated and/or analyzed in 
Chapter 2 (water-GAS vs. water-PBS, CORT-GAS vs. water-GAS), Chapter 3 (L-DOPA vs. Saline, L-DOPA 
+ Riluzole vs. L-DOPA) and Chapter 4 (TD candidate genes, TD postmortem striatum) of this thesis.

As for the LID rat model, when we focus on the (465) genes of which the expression 
was affected by L-DOPA and restored by Riluzole treatment (Chapter 3), the orthologs of 19 
genes were also TD candidate genes (Figure 1). Of these, two TD landscape genes (CDKN1A 
and PIM1) were also found to be upregulated in TD postmortem brain, and this change in 
expression was concordant with their expression being upregulated upon L-DOPA and 
restored (i.e., downregulated again) by Riluzole in the LID rat model. Furthermore, 35 genes 
were differentially expressed in the (human) TD postmortem brain and after L-DOPA and 
Riluzole administration in rats (Figure 1). Among them, 25 genes show the same pattern of 
expression as CDKN1A and PIM1, i.e., upregulation in TD postmortem striatum and upon 
L-DOPA administration in the rat model, and downregulation upon Riluzole treatment. This 
concordant pattern of expression between (human) postmortem TD striatum and rats treated 
with L-DOPA to induce AIMs suggests that similar biological mechanisms are underlying the 
disease in humans and animals, while the restoring effect of Riluzole suggests that decreasing 
gene expression leads to a reduction of TD symptoms. One of the 25 genes that follow the 
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above-described expression pattern is CX3CL1, a gene that encodes one of the key potential 
novel drug targets emerging from the TD landscape (Chapter 4). KCNE5 – coding for a 
potassium channel subunit – is another gene of which the expression shows the same pattern, 
while it is also downregulated by neonatal CORT in GAS mice. Interestingly, the TD landscape 
protein PIM1 phosphorylates (and hence regulates the activity of) CDKN1A and its expression 
is regulated by FLT3 [2-4], one of the key potential drug targets for TD from our landscape 
(Chapter 4). In this respect, the abovementioned results from our experiments in the LID 
rat model – i.e., L-DOPA upregulates the expression of CDKN1A and PIM1 whereas Riluzole 
reduces the expression of these genes – provide further support for our selection of FLT3 as a 
novel drug target for TD that should be inhibited to have a beneficial effect on TD symptoms. 
Further, 10 of the 35 affected genes (including CRH that encodes a TD landscape protein) 
were downregulated in both TD postmortem striatum and upon Riluzole treatment in LID rats 
and upregulated upon L-DOPA injection (or vice versa). This concordant expression pattern 
between TD postmortem striatum and from LID-rats treated with Riluzole (and discordant for 
the L-DOPA effect) could reflect compensatory molecular mechanisms in TD. Furthermore, 
27 TD candidate genes were differentially expressed upon L-DOPA treatment but not upon 
Riluzole and two of these genes (CHGB�and VGF), both encoding proteins in the TD landscape) 
have also shown decreased expression in TD postmortem brain, which is discordant with the 
changes after L-DOPA administration. Another 27 genes were differentially expressed in TD 
postmortem striatum and upon L-DOPA treatment, with both concordant and discordant 
expression patterns. One of these 27 genes – SERPINE1 – was also differentially expressed in 
the PANDAS mice model, and we found that SERPINE1 expression was downregulated upon 
CORT treatment of GAS mice. Moreover, 56 TD candidate genes were found to be affected 
by Riluzole treatment in the LID rat model and not by L-DOPA, of which two genes – OPRK1 
and DOC3 – were also differentially expressed in TD postmortem striatum. OPRK1 was 
downregulated in postmortem TD striatum and upregulated upon Riluzole treatment in the 
LID rat model, suggesting that increasing its expression would have a beneficial effect on TD. 
This is especially relevant given that OPRK1 is a landscape protein, and it is one of the opioid 
receptors that we proposed as a group of putative novel TD drug targets (Chapter 4). Lastly, 54 
genes were differentially expressed in TD postmortem striatum and after Riluzole treatment 
(Figure 1). These include three genes – PROK2,�SELPLG and TGFB1 – that encode TD landscape 
proteins of which the expression is increased in the postmortem TD brain and decreased 
in Riluzole-treated LID rats, implying that lowering the expression of these genes could be 
beneficial for TD. Overall, the concordance and discordance of expression of individual genes 
varied between each animal model and their expression profiles in postmortem TD brain. 
Nevertheless, the examples discussed above provide evidence that the findings from studies 
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in animals could be translated to (research in) humans and inform about the underlying 
molecular mechanisms and possible treatments of TD. 

Furthermore, some biological processes seem to emerge as important in TD etiology 
from both the analyses we performed for building the TD landscape and our experiments in 
the animal models. 

As further detailed in Chapter 4, the functional gene enrichment analysis of the TD 
candidate genes for the landscape implicated the ‘cAMP-mediated signaling’ pathway and 
the ‘Endocannabinoid neuronal synapse pathway’ in the disease, as well as several other 
functional themes linked to nervous system development and functions, e.g., neurogenesis 
and synaptic transmission. Interestingly, the enrichment analysis of the genes of which the 
expression was affected by L-DOPA and restored by Riluzole treatment (Chapter 3) revealed 
CREB1 as the main signaling hub regulating the expression of 43 interacting proteins 
that form a molecular landscape and are involved in processes such as neuronal survival, 
differentiation, and development. Furthermore, CREB1 – ‘cAMP responsive element binding 
protein 1’ is part of the cAMP signaling pathway [1] in which it acts as a phosphorylation-
dependent transcription factor that stimulates transcription upon binding to the cAMP 
response element (CREs) in target genes. More specifically, CREB1 is known to be activated 
through phosphorylation by kinases – including ERK1 (MAPK3) and ERK2 (MAPK1), protein 
kinase C (PKC) and protein kinase A (PKA) – which in turn leads to reduced neuronal apoptosis 
as a result of anti-apoptotic genes being upregulated by activated CREB1 [5-7]. In addition, 
L-DOPA administration to 6-OHDA-lesioned rats was found to markedly increase CREB1 
phosphorylation in striatal neurons while Riluzole reduces neuronal CREB1 phosphorylation 
[8-10]. Furthermore, another signaling cascade in the landscape of CREB1-regulated 
proteins centers around CDKN1A, a transcription factor that is involved in 6-OHDA-induced 
dopaminergic cell death and that is also an important TD landscape protein (see above). 
Together, these findings across human and animal studies highlight the central role of cAMP 
signaling in the etiology/pathophysiology and possibly also treatment of TD. 

Lastly, we found genetic sharing between TD and decreased CSF levels of butyrate 
(butyric acid/ BA, see Chapter 4) and in this respect, it is interesting that BA as an ‘upstream 
regulator’ was also predicted to be activated in GAS mice that have been neonatally exposed 
to corticosterone (CORT) and that have attenuated GAS-induced behaviors (Chapter 2). BA 
is a short chain fatty acid that is naturally produced by bacterial fermentation of undigested 
carbohydrates, such as dietary fibers in the gut. Moreover, decreased levels of BA-producing 
bacteria were not only found in TD patients (Chapter 4) but also in children with paediatric 
acute-onset neuropsychiatric syndrome (PANS), which adds further weight to our findings in 
the PANDAS mice model. In addition, BA has been shown to modulate cAMP signaling, CDKN1A 
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and ESR1 expression [11-14], and to positively affect memory-related synaptic plasticity [15], 
further integrating animal and human study findings and providing a stronger rationale for 
using BA-increasing approaches – e.g., through changing the gut microbiome – as adjunctive 
treatments for TD [16]. Another molecule that links our findings is beta-estradiol, the active 
form of the main female sex hormone estrogen. First, as an upstream regulator, beta-estradiol 
was predicted to be inhibited in GAS mice and activated in GAS mice that have been neonatally 
exposed to CORT and that have attenuated GAS-induced behaviors (Chapter 2). We also found 
that the estrogen receptor ESR1 is one of the most interactive proteins in the TD landscape, 
where it acts as a cytoplasmic adapter protein or as a nuclear transcription factor (Chapter 
4). The nuclear translocation – and hence transcriptional activation – of ESR1 is positively 
regulated by the TD landscape protein MACROD1 [17] and, interestingly, the expression of 
MACROD1 was increased in GAS mice that have been neonatally exposed to CORT (Chapter 2). 

Molecular similarities and differences between TD and comorbid 
neuropsychiatric disorders (ASDs, ADHD and OCD)
In Chapter 4, we built a molecular landscape of TD, by applying and extending the approach 
that was used before to build molecular landscapes of related neuropsychiatric disorders, 
i.e., autism spectrum disorders (ASDs) [5], attention-deficit/hyperactivity disorder (ADHD) 
[6], and obsessive-compulsive disorder (OCD) [7]. 

When comparing our findings for TD with findings for the three disorders, we observed 
that certain genes, biological processes and signaling pathways are common between TD 
and ASDs, ADHD and/or OCD, whereas other genes/processes/pathways seem to be (more) 
specific to a disorder. On a gene level, we observe a significant overlap between genes/
proteins present in the molecular landscape of TD and the landscapes of all three disorders, 
with the strongest overlap signal between TD- and ASDs-related genes (hypergeometric 
P-value = 4.04E-10) (Figure 2a). In total, 36 genes are implicated in TD and at least one other 
disorder (Figure 2b, rows 1-36), with the largest overlap being for ASD (29 genes), followed 
by ADHD (8 genes) and OCD (7 genes). Eight genes are shared between TD and two other 
disorders, i.e., ASTN2, FHIT, MAPK3, NRXN1 are implicated in TD, ASDs and ADHD, while 
AKAP9, GRIN1 and�GRIN2B encode proteins in the landscapes of TD, ASDs and OCD, and 
ITGB1 functionally interacts with proteins in the landscapes of TD, ADHD and OCD (Figure 
2b). Furthermore, sixteen TD landscape genes were also implicated in ASDs, ADHD and/or 
OCD through genetic evidence, although they could not be directly placed in the landscapes 
of these disorders at the time they were built (rows 37-52 in Figure 2b). 

As for biological processes, genes/proteins interacting in the molecular landscapes of 
TD, ASDs, ADHD and OCD were all functionally enriched in categories related to neurological 
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disease and nervous system development and function. The neurobiological processes 
of neurogenesis – involving neurite outgrowth and formation of dendritic spines – seem 
to be shared across all four disorders. In addition, the landscape of TD, ASDs and OCD 
share processes related to neurotransmission and synaptic function/plasticity. In the OCD 
landscape, this synaptic plasticity was linked more specifically to CNS insulin signaling, while 
in the ASD landscape, testicular steroidogenesis seemed to be specifically involved. When 
comparing genes shared between the TD landscape and the landscapes of ASDs, ADHD and 
OCD in relation to these functional themes, we identified many overlapping genes that are 
related to neurite outgrowth (and that function in the extracellular matrix, cell membrane, 
cytoplasm, cytoskeleton and nucleus of developing neurons: AKAP9, ASTN2, BAG5, BCL11A, 
CNTN6, CTNNA3, DIO2, DYNC2H1, ESR1, ETS1, FHIT, FOXP2,� ITGB1, KLC1, MAPK3 (ERK1), 
MTUS2, MYT1L,�NPAS3,�NRXN1, NXPH1, RELN, RHOA, TENM4 (ODZ4), WNT1), and synaptic 
function and neurotransmission (AKAP9, CNTNAP2, GRIN1, GRIN2A, GRIN2B,�PI4KA, NRXN1, 
PTPRN2, RHOA, RIMS1, RBFOX1 (A2BP1), SYT17). 

Several of the shared genes were directly linked to one disorder via genetic data and 
indirectly i.e., through their functional link with other molecules interacting in the landscape 
– to another disorder (AKAP9, GRIN1, GRIN2B, DIO2, WNT1, RHOA, KDM5B� (JARID1B)), 
while ITGB1 was only implicated in TD, ADHD, and OCD through its functional interactions 
with other landscape proteins. 

In addition to the overlap at the level of individual genes and biological processes, 
we observed sharing between some important molecular cascades within the landscapes. 
Signaling downstream of the presynaptic membrane protein NRXN1 is shared between the 
TD, ASD and ADHD landscapes, where it is involved in synaptic function as well as neurite 
outgrowth. In addition, MAPK3 (mitogen-activated protein kinase 3, also known as ERK1)- 
dependent signaling is implicated in TD, ASDs and ADHD, where MAPK3 acts as a regulator 
of synaptic plasticity and interacts with multiple landscape proteins, including FLT3, one of 
our proposed novel drug targets for TD. MAPK3 is also involved in the two pathways that 
we found to be enriched within the TD candidate genes, i.e., ‘Endocannabinoid Neuronal 
Synapse Pathway’ and ‘cAMP-mediated signaling’ (Chapter 4). cAMP signaling is also 
important in the ASD and ADHD landscapes, while this pathway was regulated by the drugs 
that are used to treat ADHD symptoms – i.e., stimulants regulate the expression of CREB5 
[18,19] – and TD-like behavior in our rat model (i.e., Riluzole decreases the activity of CREB1, 
see above (Chapter 3). This further highlights the importance of this pathway in the etiology 
of comorbid neuropsychiatric disorders and in the molecular mechanisms underlying the 
beneficial effect of treatments for these disorders. 
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# Gene TD ASDs ADHD OCD
1 ASTN2 ● ● ●

  a) b) 2 FHIT ● ● ●

3 MAPK3 ● ● ●

4 NRXN1 ● ● ●

5 GRIN2B ● ● ●

6 AKAP9 ● ● (●)

7 GRIN1 ● ● (●)

8 ITGB1 (●) (●) (●)

9 BAG5 ● ●

10 BCL11A ● ●

11 CNTN6 ● ●

12 CNTNAP2 ● ●

13 CTNNA3 ● ●

14 ESR1 ● ●

15 ETS1 ● ●

16 GRIN2A ● ●

17 HRH2 ● ●

18 KLC1 ● ●

19 NPAS3 ● ●

20 PI4KA ● ●

21 PTPRN2 ● ●

22 RBFOX1 ● ●

Overlap TD - ASDs TD - ADHD TD - OCD 23 RELN ● ●

24 RIMS1 ● ●

25 SYT17 ● ●

26 TENM4 ● ●

27 FOXP2 ● ●

28 DIO2 ● (●)

29 WNT1 ● (●)

30 RHOA ● (●)

31 DYNC2H1 ● ●

32 MYT1L ● ●

33 NXPH1 ● ●

34 EFNA5 ● ●

35 MTUS2 ● ●

36 KDM5B ● (●)

37 CLTCL1 ●

38 DLC1 ●

39 FFAR3 ●

40 HTRA3 ●

41 KANSL1 ●

42 MYO19 ●

43 PLA2R1 ●

44 PPP1R3A ●

45 SRSF4 ●

46 IL17RA (●)

47 FOXP1 ●

48 COMT ●

49 DRD2 ●

50 FIP1L1 ●

51 SLC6A4 ●

52 SLC22A3 ●

Hypergeometric 
P-value 4,04E-10 2,58E-04 2,01E-03
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FIGURE 2. Comparison of genes present in 
molecular landscapes of TD, ASDs, ADHD, 
and OCD. 
a) Venn diagram representing the overlap 
between gene sets constituting the molecular 
landscapes of TD, ASDs, ADHD, and OCD. 
The table below the Venn diagram shows 
P-values of the hypergeometric distribution 
tests used to examine the significance of the 
overlap between these gene sets. b) Table 
represents all TD landscape genes that were 
overlapping with landscape/candidate genes 
for ASDs, ADHD, and/or OCD. Colors: In 
column ‘#’, colors correspond to the colors of 
intersections in the Venn diagram. In column 
‘Gene’, colors correspond to the colors used 
in the TD landscape (dark blue, light blue, 
yellow and white). In the columns ‘TD’, 
‘ASDs’, ‘ADHD’ and ‘OCD’, a grey cell color 
indicates that the gene is a candidate gene, 
• indicates that a gene is a landscape gene 
based on the genetic and/or transcriptomic
data; (•) indicate that a gene is a landscape gene based on functional link of its encoded protein with 
other proteins/molecules in the landscape.

Another shared signaling cascade centers around estradiol-activated ESR1, a highly 
interactive molecule in the TD and ASDs landscapes and an important regulator of molecular 
processes described in our PANDAS mice model (see above, Chapter 2). When comparing 
the OCD and TD landscapes, CNS insulin signaling does not seem to be (directly) present in 
the TD landscape, although the two genes that we found to be shared between TD, ASDs, 
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and OCD – GRIN1 and GRIN2B – encode components of the NMDA receptor for glutamate 
that plays a key role in regulating insulin-dependent dendritic spine formation, which in 
turn affects synaptic plasticity [20]. Interestingly, the rat ortholog of GRIN1 also showed 
increased expression after L-DOPA administration in our LID model (Chapter 3). Further, the 
AKAP family of proteins – that bind and recruit PKA to its substrates – integrates signaling 
cascades in the ASD landscape. AKAP9, one of these proteins, also operates in the TD and 
OCD landscapes, where it is involved in regulating neurite outgrowth and synaptic function/ 
maintenance, including through modulation of GRIN1 [21,22]. In addition, through its effect 
on PKA, AKAP9 is an important regulator of cAMP signaling [23], the process that emerged 
from both our animal and human studies (see above). Another interesting example is ASTN2, 
a gene that for astrotactin-2, a membrane protein that is involved in calcium-dependent 
cell-cell adhesion and glial-guided neuronal migration during brain development [8]. ASTN2 
was implicated in the ASD and ADHD landscapes via common genetic variants, while studies 
that were published after publication of the ASD, ADHD and OCD landscapes have also 
reported CNVs affecting ASTN2 or both ASTN2 and TRIM32 – a small gene that is located 
within an intron of ASTN2, that is transcribed from the opposite strand and that encodes 
a protein involved in ubiquitin-protease degradation [21] – in boys presenting with ADHD, 
ASDs [12] and OCD [13]. Subsequent CNV screening of the�ASTN2/TRIM32 locus confirmed 
its enrichment among individuals with ASDs, ADHD and OCD, and this especially in males but 
not in females [14]. These findings could help explain (a part of) the molecular basis for the 
skewed sex ratios observed in the TD, ASDs and ADHD. Furthermore, TRIM32 knockout mice 
were reported to exhibit ASD-like behaviors and hyperexcitability, which was accompanied 
by decreased numbers of cortical GABAergic interneurons [22] and pyramidal neurons, 
subsequently resulting in an imbalance of excitatory and inhibitory neurotransmission and 
an impaired synaptic plasticity [23,24]. We also found increased expression of TRIM32 after 
Riluzole treatment our LID model (Chapter 3).

Lastly, we would like to note that for building the landscapes of the four 
neuropsychiatric disorders, there were considerable differences in the amount of available 
genetic (and other) data, the used analytic methods, and the criteria that were used for 
including genes/proteins in each of the landscapes. Therefore, it is possible and likely that 
genes that seemed to be specific for a disorder at the time the landscape was built will turn 
out to be pleiotropic based on studies published after the landscape studies themselves 
were published. Furthermore, the (relative) clinical specificity of each disorder could be 
partially explained by different and (relatively) disorder-specific functional consequences 
of disturbed biological processes – such as neurite outgrowth and synaptic function – 
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linked to differences in the spatiotemporal expression pattern of the genes involved, and, 
importantly, the modulatory effect of the environment. In this respect, the tissue and cell 
specificity analyses that we performed for the TD landscape implicated rather specific brain 
regions, time points and neuronal subtypes in the etiology of the disease. Although similar 
analyses have not been performed for the ASD, ADHD and OCD landscapes and based on the 
literature, it seems that relatively specific alterations in anatomical and functional circuits 
involving different brain regions and neuronal subtypes have been implicated in each of 
these disorders. 

Genetic sharing between OCD/TD, OCS and insulin signaling
Etiological – and hence also genetic – similarities and differences between TD and OCD can 
be further evaluated by examining their symptom dimensions, each of which may contribute 
independently and differently to the clinical diagnoses of TD and OCD. 

In Chapter 5, we report shared genetic etiologies between OCD and certain obsessive-
compulsive symptoms (OCS), i.e., ‘guilty taboo thoughts’, ‘symmetry/counting/ordering’, 
and ‘contamination/cleaning’. These findings are in keeping with the literature suggesting 
at least partial genetic overlap between OCD and population OCS [24-28]. Further, OCD has 
been linked to altered CNS insulin signaling (i.e., through the OCD landscape) [29] and in 
Chapter 5, we also found genetic sharing between peripheral insulin-related phenotypes 
(i.e., Type 2 Diabetes (T2D), plasma levels of glucose 2 h after an oral glucose challenge 
(2hG), and plasma levels of fasting insulin (FI)) and OCD/OCS. Since TD and OCD are clinically 
and genetically correlated (see above) [30-32], investigating which OCS and insulin-related 
traits are genetically shared between TD and OCD could help to identify the molecular 
mechanisms underlying their comorbidity and may also be useful in identifying drug targets 
to treat symptoms that are shared across both diagnoses. To this end, we estimated the 
presence and extent of genetic overlap between TD and OCS, as well as with peripheral 
insulin-related traits, applying the approach that we used in Chapter 5 (i.e., polygenic risk 
score (PRS)-based analyses), and the results of these analyses are shown in Table 1. We 
found a shared genetic etiology between TD and four OCS factors, of which three also show 
genetic sharing with OCD – ‘guilty taboo thoughts’, ‘symmetry/counting/ordering’, and 
‘contamination/cleaning’ - while for ‘aggressive taboo thoughts’, we only found genetic 
overlap with TD (and not with OCD). The ‘symmetry/counting/ordering’ factor was the 
most significant finding from the analyses in the PNC cohort and was replicated in the 
independent ‘Spit for Science’ cohort. These findings of genetic overlap between TD and 
OCS are in line with previous comparative and factor-analytic studies between TD and OCD, 
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where especially aggressive obsessions and symmetry-related behavior were found to be 
associated with tic-related OCD (i.e., OCD with comorbid tics) and TD [33-42]. In addition, 
our findings are in keeping with previous genetic studies in clinical samples [41,42], implying 
that the overlap between the disorders at the behavioral level can be (partially) explained 
by shared genetics. 

As for the peripheral insulin traits, all five traits were significant at least once in the 
results of the PRS-based analyses for TD and OCD, with one – 2hG – being shared with both 
TD and OCD (Table 1). Fasting insulin seemed to be specifically overlapping genetically with 
OCD, while T2D, (plasma levels of) HbA1C and (plasma levels of) fasting glucose specifically 
showed genetic sharing with TD. Interestingly, antipsychotics use in TD patients has also 
been associated with adverse effects on glucose regulation, such as increased fasting 
glucose levels [43]. Moreover, T2D showed genetic overlap with TD and ‘aggressive taboo 
thoughts’, the OCS for which we only found genetic sharing with TD (and not OCD). In this 
respect, TD patients have also been shown to have an increased risk of developing T2D, 
which was higher in males compared to females and in TD patients with comorbid ADHD 
[44]. ‘Aggressive taboo thoughts’ were also phenotypically and genetically associated with a 
comorbid diagnosis of ADHD in TD patients [42]. In addition, ADHD was reported to be more 
prevalent in children with diabetes compared to healthy controls [45], and T2D has been 
associated with both ADHD [46,47] and OCD [47,48]. Further, a recent study investigated 
the genetic overlap between a large number of neuropsychiatric disorders and peripheral 
insulin-related traits – using GWAS data for larger samples and different methods – and 
found a negative genetic correlation between OCD and T2D, while the results for the other 
four insulin-related traits were not significant [49]. In addition, none of the insulin-related 
traits showed a significant genetic correlation with TD, while T2D and FG were positively 
correlated with ADHD. Lastly and interestingly, there is evidence of altered cAMP signaling 
– the key process linking all our studies – (also) playing in role in insulin metabolism [50] 
and T2D [51]. Taken together, the findings from the literature and our analyses indicate 
that there is a highly complex pattern of genetic relationships between TD, OCD/OCS and 
insulin traits – potentially involving cAMP signaling – that needs to be further investigated in 
order to draw any meaningful conclusions about how these relationships may be important 
clinically. 
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TABLE 1. Summary of the results from PRS-based analyses estimating shared genetic etiology between 
TD/OCD and OCS and peripheral insulin-related traits.
‘Target ‘sample ‘Base’ sample

TD OCD T2D HbA1c FI FG 2hG

PNC

Total OCS score 8.38E-02 4.72E-01 3.36E-01 7.64E-02 3.74E-01 4.16E-01 4.72E-01

0.46% 0.04% 0.28% 1.00% 0.19% 0.10% 0.02%

Impairment 8.42E-02 2.61E-01 4.10E-01 2.28E-01 4.10E-01 4.10E-01 3.53E-01

0.46% 0.51% 0.11% 0.58% 0.11% 0.12% 0.22%

Symmetry/counting/
ordering

6.86E-06 3.53E-01 2.56E-01 4.10E-01 4.72E-01 2.80E-01 4.10E-01

3.62% 0.23% 0.53% 0.11% 0.04% 0.39% 0.11%

Contamination/cleaning 1.72E-03 1.12E-01 3.53E-01 3.21E-01 4.47E-01 2.28E-01 2.71E-01

1.87% 0.85% 0.24% 0.33% 0.07% 0.58% 0.49%

Aggressive taboo thoughts 8.23E-03 2.28E-01 5.95E-03 7.99E-02 4.66E-01 2.71E-01 2.28E-01

1.31% 0.46% 1.86% 0.97% 0.06% 0.49% 0.59%

Guilty taboo thoughts 1.89E-02 2.52E-03 1.89E-0.1 4.03E-01 2.61E-01 3.21E-01 9.74E-02

0.97% 2.28% 0.68% 0.15% 0.52% 0.33% 0.90%

Distress 2.04E-01 4.05E-01 4.72E-01 4.07E-01 2.80E-01 3.53E-01 3.53E-01

0.19% 0.13% 0.02% 0.13% 0.43% 0.23% 0.25%

Spit for Science

Symmetry/counting/
orderingTOCS

4.33E-02 2.42E-05 3.39E-01 2.71E-01 3.71E-01 2.47E-01 4.45E-01

0.09% 0.49% 0.03% 0.04% 0.02% 0.04% 0.01%

Contamination/cleaningTOCS 2.42E-01 4.07E-03 1.59E-03 1.68E-01 4.37E-01 4.36E-01 3.76E-01

0.02% 0.23% 0.28% 0.05% 0.01% 0.01% 0.02%

PGC

TD - - 6.86E-11 1.12E-02 7.09E-02 2.61E-03 4.07E-02

- - 0.35% 0.06% 0.02% 0.08% 0.03%

OCD - - 2.80E-01 4.15E-01 7.67E-05 3.53E-01 4.75E-03

- - 0.03% 0.01% 0.26% 0.02% 0.14%

Shown in this table are the Benjamini-Hochberg adjusted P-values at the best SNP P-value thresholds 
along with the variance explained for each of the ‘base’ and ‘target’ sample pairs from PRS-based 
analyses. Significant findings are indicated in bold. PNC Philadelphia Neurodevelopmental Cohort, 
PGC Psychiatric Genomics Consortium, TOCS Toronto Obsessive-Compulsive Scale, TD Tourette’s 
disorder, OCD obsessive-compulsive disorder, T2D Type 2 Diabetes, HbA1c glycated hemoglobin, FI 
fasting insulin, FG fasting glucose, 2hG 2-h glucose. 
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Suggestions for future research
In this thesis, we used animal models and human omics data to elucidate the altered, shared 
and unique molecular mechanisms underlying TD and OCD. First, we examined the effects 
of Riluzole and neonatal stress on the molecular mechanisms implicated in TD- and OCD-like 
behaviors in a rat and mouse model, respectively. The rodent models that we used focused 
exclusively on gene expression in the striatum and did not include other brain regions 
that have been implicated in the neurobiology of TD and OCD. Moreover, only genome-
wide human expression data for the striatum were available at the time of our analyses. 
Therefore, future studies in other (animal and human) brain structures and at the level of 
specific cell types are needed to extend our knowledge on the molecular processes related to 
TD and OCD development and enable the elucidation of brain region-specific mechanisms. 
Furthermore, the extensive data integration in our molecular landscape of TD allowed us to 
suggest a number of potential novel drug targets. In this respect, future studies – including 
both TD-focused and basic science studies – could further validate, complement and/or 
update the findings from the TD landscape to better understand the molecular mechanisms 
involved. In addition, targeted animal/cell model and interventional studies could be 
conducted to assess the (putatively) beneficial effect of (existing) medications and/or dietary 
changes in modulating the selected drug targets and their interactions with metabolites. 
Furthermore, the omics data that we used to build the landscape is representative for a 
broad and heterogenous TD phenotype, with the majority of TD patients also having 
comorbid conditions. As we found through the comparisons of the molecular landscapes of 
TD, ASDs, ADHD, and OCD, there is a substantial overlap at the level of individual genes as 
well as biological processes between these disorders. That being said, the complex nature 
of these disorders and their clinical/genetic overlap requires further longitudinal studies in 
large, well-characterized samples (including clinical phenotypes, environmental exposures, 
laboratory measures, treatment patterns, and genetic data) that will be instrumental to 
determine more homogenous samples – potentially also genetically more homogeneous 
patients – that are not necessarily confined to individual disorders. In line with this, 
alternative subphenotypes defined through symptom-level factor and latent class analyses 
– e.g., [41,42] – could help to uncover common clinical factors that cut across diagnostic 
categories. In addition, classes of individuals with varying combinations of TD and comorbid 
OCD/ASDs/ADHD could be further exploited in genetic analyses. Moreover, longitudinal 
studies are required to further evaluate if the clustering patterns detected in cross-sectional 
studies truly reflect etiological heterogeneity and/or different stages of disease progression 
or other temporal variation (such as differences in the levels of metabolomic biomarkers). 
This would all help us in better understanding the involved risk (genetic and environmental) 
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factors contributing to disease risk and progression for a given individual at a given point of 
time, and for developing the tools (e.g., biomarkers) and interventions that allow for a more 
targeted response. In this respect, the spatiotemporal patterns of gene expression seem 
to be of key importance, as disease mechanisms are not only represented by (alterations 
in) specific genes/proteins and biological pathways but also, and more importantly, by 
their impact across specific cell/tissue types and across the life course. Further, through 
limitations in the available data on gene isoforms, the analyses in this thesis were restricted 
to the gene level, and future studies at the isoform level could provide more insights into 
specific gene regulation patterns. For instance, different expression ratios of the long and 
short isoforms of ASTN2 – a gene that encodes a protein shared by the TD, ASD and ADHD 
landscapes (see above) – with age suggest that these isoforms may play different roles 
during brain development [14]. In addition, given the gender differences in the prevalence 
of (subtypes of) TD, OCD and their comorbid disorders, e.g., a further functional dissection 
of the influences gender has on ASTN2 isoforms during brain development may inform 
on new treatment strategies. Lastly, in this thesis we investigated shared genetic etiology 
through PRS-based analyses. These types of analyses provide a starting point for further 
studies using different methods that could dissect the ‘broad’ PRS-based signal containing 
hundreds of thousands of SNPs into smaller genetic loci and even individual genes and/
or identify causal or pleiotropic effects of specific traits on TD/OCD, and vice versa [52]. In 
addition, as the PRS-based analyses only consider the joint effect of (very) many common 
genetic variants associated with TD/OCD and related traits, further studies are needed to 
elucidate whether and to what extent rare genetic variants (also) contribute to this effect.
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NEDERLANDSE SAMENVATTING
Het syndroom of de stoornis van Gilles de la Tourette – tegenwoordig omschreven als 
(stoornis van) Tourette – en obessief-compulsieve stoornis (OCS) zijn twee heterogene 
stoornissen met complexe oorzaken die vaak samen voorkomen. Omdat de neurologische 
en moleculaire processsen die ten grondslag liggen aan deze stoornissen maar gedeeltelijk 
begrepen zijn, en de huidige behandelingen slechts gedeeltelijk effectief zijn, wordt er nog 
steeds veel onderzoek gedaan naar de (verstoorde) moleculaire en cellulaire mechanismen 
die ten grondslag liggen aan Tourette/OCS en hun behandelingen, en dit om risico- en 
beschermende factoren voor beide stoornissen te identificeren. Dit proefschrift omvat 
studies op basis van diermodellen en humane ‘omics’ data die geanalyseerd werden op het 
cellulaire, moleculaire en gedragsmatige niveau, met als doel het vergroten van onze kennis 
over de gewijzigde moleculaire mechanismen die betrokken zijn bij Tourette en OCS en het 
identificeren van mogelijke doelwitten voor nieuwe behandelingen. 

In hoofdstuk 1 is een algemene inleiding over de stoornis van Tourette en OCS gegeven 
waarin de historische context, klinische en epidemiologische aspecten en de huidige kennis 
over de genetische risicofactoren voor, en neurobiologische aspecten van, beide stoornissen 
is beschreven, samen met een overzicht van de gebruikte behandelingen en diermodellen.

In hoofdstuk 2 hebben we onderzocht of stress in het vroege leven de individuele 
vatbaarheid voor PANDAS – Pediatric Autoimmune Neuropsychiatric Disorders Associated 
with Streptococcus – beïnvloedt door middel van een longitudinaal onderzoek bij muizen. 
We hebben gevonden dat injecties met Groep A Streptokokken (GAS) bacteriën PANDAS- 
gerelateerd afwijkend gedrag – d.w.z. Tourette- en/of OCS-achtig gedrag – verzoorzaakt 
in muizen (zoals een verminderde sensomotorische gating en toegenomen volhardend 
gedrag), evenals een verminderde reactiviteit op een serotonerge agonist en verhoogde 
inflammatoire infiltraten in het voorste diencephalon (van de hersenen van deze muizen). 
Neonatale toediening van corticosteron (CORT) – wat chronische stress nabootst – verzachtte 
de meeste door GAS veroorzaakte gedrags-, immunohistochemische en moleculaire 
veranderingen. Deze compenserende effecten traden samen op met modificaties in de 
activiteit van de hypothalamus-hypofyse-bijnieras, wat verder tot uiting kwam in verhoogde 
glucocorticoïdenconcentraties in het bloed, evenals verhoogde serumspiegels van het 
ontstekingsremmende cytokine IL-9 en veranderingen in striatale genexpressie. Onze 
analyses van de striatale differentiële genexpressiegegevens wezen op een rol van het 
vrouwelijk geslachtshormoon (beta)-oestradiol en andere signaalmoleculen die gereguleerd 
worden door oestradiol (FGF2, IgG, DA, LH, LEP, IL2, IKBKB) als belangrijke stroomopwaartse 
regulatoren van moleculaire mechanismen geassocieerd met de fenotypische afwijkingen 
die worden waargenomen bij GAS-muizen en bij de compenserende rol van neonatale CORT. 



NEDERLANDSE SAMENVATTING

A

299

Concreet remden GAS-blootstellingen de (beta)-oestradiol-gemedieerde regulatie van 
genexpressie, terwijl neonatale CORT dit effect compenseerde. Deze gegevens ondersteunen 
de hypothese dat verhogingen van glucocorticoïden centrale immunomodulerende 
processen kunnen bevorderen.

De stoornis van Tourette kan ook geconceptualiseerd worden als een hyperkinetische 
bewegingsstoornis of dyskinesie, gekenmerkt door overmatige en repetitieve abnormale 
onwillekeurige bewegingen (AIM’s) of tics. AIM’s ontwikkelen zich ook vaak na chronische 
toediening van Levodopa, de eerstelijnsbehandeling van dystonische symptomen in de 
kindertijd of bij de ziekte van Parkinson, wat leidt tot de ontwikkeling van de zogenaamde 
‘door levodopa geïnduceerde dyskinesie’ (LID). Riluzole is voorgesteld als een kandidaat-
medicijn voor de behandeling van AIM’s/LID. Daarom hebben we in hoofdstuk 3 de 
gedrags- en moleculaire effecten van Riluzole onderzocht in een juveniel ratmodel van 
LID. We hebben waargenomen dat Riluzole de door Levodopa geïnduceerde AIM’s in 
het rattenmodel verzwakt. Vervolgens onthulde onze analyse van differentiële striatale 
genexpressiegegevens van LID-ratten dat wordt voorspeld dat Riluzol de activiteit van CREB1 
(cAMP response element binding protein 1) vermindert. CREB1 is een transcriptiefactor die 
de expressie reguleert van meerdere op elkaar inwerkende eiwitten die betrokken zijn bij 
het reguleren van neuronale processen, zoals neuronale overleving/apoptose, differentiatie 
en ontwikkeling en dat fungeert als een ‘go-between’ tussen cytoplasmatisch kinase- en 
enzyme-gerelateerde signaalcascades en de regulatie van genexpressie in de celkern.

In hoofdstuk 4 hebben we de beschikbare humane omics-gegevens over de stoornis 
van Tourette geïntegreerd om een zogenaamd ‘moleculair landschap’ van de ziekte te 
bouwen. Meer specifiek hebben we een lijst van Tourette-kandidaatgenen samengesteld, 
en vervolgens hebben we weefsel-/celtypespecificiteit- en functionele verrijkingsanalyses 
op de genen in deze lijst uitgevoerd. Met behulp van genomische gegevens hebben we 
ook de genetische overlap tussen Tourette en de niveaus van metabolieten in het bloed 
en cerebrospinale vloeistof (cerebrospinal fluid, CSF) onderzocht. We ontdekten dat de 
Tourette-kandidaatgenen een verrijkte expressie vertonen in de hypofyse en gedurende 
verschillende ontwikkelingsperioden in vier hersengebieden (cerebellum, cortex, striatum 
en thalamus). De functionele verrijkingsanalyses impliceerden dat twee pathways, namelijk 
‘cAMP-mediated signaling’ en ‘Endocannabinoid Neuronal Synapse Pathway’, en meerdere 
biologische functies gerelateerd aan hersenontwikkeling en synaptische transmissie 
betrokken zijn bij de etiologie van Tourette. Verder vonden we genetische overlap tussen 
Tourette en de bloed- en CSF-niveaus van 39 metabolieten, waaronder butyraat, NAAG, 
myo-inositol, het cytokine TNFB en meervoudig onverzadigde vetzuren zoals arachidonzuur. 
Tenslotte hebben we alle verschillende soorten omics-gegevens geïntegreerd om een 
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moleculair landschap van Tourette te bouwen. Dit landschap verschaft nieuwe inzichten 
in de (veranderde) moleculaire processen die ten grondslag liggen aan de ziekte en op 
basis van het landschap konden ook meerdere eiwitten geïdentificeerd worden die kunnen 
worden gemoduleerd met een gunstig effect op Tourette en daarom mogelijke doelwitten 
voor nieuwe medicijnen zijn (inclusief FLT3, NAALAD2, CX3CL1-CX3CR1, OPRM1, en HRH2).

Epidemiologische en genetische studies hebben associaties aangetoond tussen 
klinische OCS en obsessief-compulsieve symptomen in de algemene bevolking (ocs). 
Daarnaast is ontregelde insulinesignalering in de periferie en het centrale zenuwstelsel 
betrokken bij zowel OCS als ocs. In hoofdstuk 5 bouwden we voort op dit eerdere werk 
door de aanwezigheid en mate van gedeelde genetische etiologie tussen OCS, ocs in de 
populatie en insuline signalering in de perifere en het centrale zenuwstelsel te beoordelen, 
met behulp van de grootste beschikbare genomische datasets. Onze zogenaamde 
‘polygenic risk score-based analyses’ onthulden genetische overlap tussen OCS en drie ocs, 
nl. ‘schuldige taboe-gedachten’, ‘symmetrie/tellen/ordenen’ en ‘besmetting/schoonmaken’, 
en dit in twee verschillende populatiecohorten van kinderen en adolescenten. Wat 
betreft perifere insulinesignalering vonden we genetische overlap tussen diabetes type 
2 en twee ocs, ‘agressieve taboe-gedachten’ en ‘besmetting/reiniging’, en tussen twee 
insulinegerelateerde kenmerken – bloedspiegels van nuchtere insuline en 2 uur-glucose 
– en OCS. Bovendien vonden we een associatie tussen een set van OCS-genen die 
insulinesignalering in het centrale zenuwstelsel reguleren en ‘symmetrie/tellen/ordenen’. 
Alles bij elkaar genomen bieden onze bevindingen verdere ondersteuning voor het bestaan 
van (ten minste gedeeltelijke) genetische overlap tussen OCS en ocs in de bevolking, evenals 
voor veranderde insulinesignalering als een algemeen biologisch proces dat bijdraagt aan 
zowel OCS als ocs in de bevolking.

Tenslotte vat ik in hoofdstuk 6 de belangrijkste resultaten van dit proefschrift samen en 
bediscussieer ze in de bredere context van de bestaande literatuur. Meer specifiek vergelijk 
ik onze bevindingen uit de studies in de twee diermodellen (hoofdstuk 2 en hoofdstuk 
3) met deze uit het Tourette landschap (hoofdstuk 4) en bespreek ik hoe de bevindingen 
uit de diermodellen mogelijk kunnen ‘vertaald’ worden in bijkomende inzichten mbt de 
biologische processen die ten grondslag liggen aan de stoornis van Tourette. Daarnaast ben ik 
nagegaan welke genen en biologische processen overlappen tussen het Tourette landschap 
en gelijkaardige landschappen voor andere ontwikkelingsstoornissen, nl. autisme spectrum 
stoornissen (ASS), ‘attention-deficit/hyperactivity disorder’ (ADHD) en OCS. Ook heb ik de 
analyses die beschreven zijn in hoofdstuk 5 nog verder uitgebreid om de aanwezigheid 
en mate van genetische overlap te bepalen tussen OCS, Tourette en insuline-gerelateerde 
kenmerken, en geef ik een aantal suggesties voor toekomstig onderzoek.
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RESEARCH DATA MANAGEMENT 
Part of this thesis is based on the results from animal studies (Chapters 2 and 3). These 
studies were performed in compliance with the appropriate European, Italian, and German 
regulations, and approved by the local Animal Welfare Body, as detailed in the respective 
chapters. Part of this thesis is also based on the results from human studies (Chapter 5) 
or existing data from published papers (Chapters 4 and 5), and all these studies were 
conducted in accordance with the principles of the Declaration of Helsinki. Ethical approval 
was granted by the institutional review boards of all participating centers, as described in 
the studies, and informed consent was obtained from research participants. 

The human phenotypic and genetic data for Chapter 5 was accessed through the NIMH 
Database of Genotypes and Phenotypes (dbGaP), study accession ID phs000607.v1.p1., 
based on a Data Use Certification Agreement. Other (human) omics data that were used 
and analyzed in Chapters 4 and 5 are available through publicly accessible websites and 
servers, as described in the respective chapters. These data, as well as the experimental and 
RNA sequencing data that were generated and analyzed in Chapters 2 and 3, are digitally 
stored on a secure server of Drug Target ID (DTID), Ltd., Nijmegen, The Netherlands, or on 
the department server of the Department of Human Genetics of the Radboud University 
Medical Center, Nijmegen, The Netherlands. 

Data shown in this thesis were made reusable for future research by adding sufficient 
documentation (research protocol, descriptive files, and program code and scripts used 
to provide the results) and by using preferred and sustainable data formats. Data will be 
stored for 10 years following the termination of each project. The data sets analyzed during 
this research are available from the corresponding author on reasonable request. Studies 
presented in Chapters 2 - 5 have been published open access.
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Courses & Workshops Organizer & Location Year
Graduate School Introduction Day Donders Graduate School, 

Nijmegen
2014

International Workshop on Neurodevelopmental 
Disorders. Focus on Tourette Syndrome: Human 
Molecular Genetics

TS-EUROTRAIN consortium, 
Reykiavik

2014

Allen Brain Atlas Hands-On Training Workshop Allen Institute for Brain Science, 
Maastricht University Medical 
Center

2014

NGS Bioinformatics Workshop ‘microRNA Analysis 
Using High-Throughput Sequencing’

ecSeq Bioinformatics, Leipzig 2014

TS-EUROTRAIN Workshop ‘Presentation and 
Communication’

TS-EUROTRAIN consortium, 
Hannover

2014

Translational Bioinformatics Workshop Guy’s and St Thomas’ NHS 
Foundation Trust and King’s 
College London

2015

Scientific integrity Radboudumc, Nijmegen 2015
Achieving your goals and performing more 
successfully in your PhD

Radboud University, Nijmegen 2015

Refresher course of Statistics Radboud University, Nijmegen 2015
Neurotransmitters in Tourette Syndrome: From 
neurobiology to neuroimaging

TS-EUROTRAIN consortium, 
London

2015

RNA-seq data analysis (5th edition) BioSB research school and Leiden 
University Medical Center, Leiden

2015

TS-EUROTRAIN Workshop ‘Entrepreneurship, 
commercialization and management’

TS-EUROTRAIN consortium, 
Hannover

2015

Bayesian analysis with JASP: A fresh way to do 
statistics

Donders Graduate School and 
International Max Planck Research 
School, Nijmegen

2017

Advanced Conversation Radboud University, Nijmegen 2017
Career Guidance for International PhDs Radboud University, Nijmegen 2017
The Art of Presenting Science Radboud University, Nijmegen 2017
Perfecting your Academic Writing Skills Radboud University, Nijmegen 2017
Analysis of single cell RNA-seq data Physalia-courses, Berlin 2018
Graduate School Day Donders Graduate School, 

Nijmegen
2018

Multiomics Data Integration Using R Medical Genetics Center South-
West Netherlands, Online

2020
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Conferences Location Year
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Study of Tourette Syndrome and International 
Conference for Tourette Syndrome

Paris 2014

TS-EUROTRAIN: Mid-Term Review Meeting Alexandroupoli* 2014
Donders Discussions Nijmegen 2014
Dutch Bioinformatics & Systems Biology Conference Lunteren 2015

I World Congress on Tourette Syndrome and Tic 
Disorders

London# 2015

World Congress of Psychiatric Genetics Toronto# 2015
Orlando# 2017
Glasgow# 2018
Anaheim# 2019

10th European Conference on Tourette Syndrome 
and Tic Disorders

Seville* 2017

International Myotonic Dystrophy Consortium 
Meeting IDMC-12

Gothenburg# 2019

The 6th International Conference on Quantitative 
Genetics

Online# 2020

Seminars & Lectures Location Year
Donders theme meetings Nijmegen 2014-2018
Radboud Research Rounds Nijmegen 2014-2018
RIMLS Technical Forum Nijmegen 2014-2015
CHGR Research presentations Cambridge 2016
Medical and Population Genetics Program Meetings Boston 2016

* oral presentation, # poster presentation
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For a successful research Institute, it is vital to train the next generation of young scientists. 
To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour established 
the Donders Graduate School for Cognitive Neuroscience (DGCN), which was officially 
recognised as a national graduate school in 2009. The Graduate School covers training at 
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the research programme of the Donders Institute. 

The school successfully attracts highly talented national and international students in 
biology, physics, psycholinguistics, psychology, behavioral science, medicine and related 
disciplines. Selective admission and assessment centers guarantee the enrolment of the 
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FIGURE 1. Molecular landscape of TD. In this landscape, the interactions between the key 
proteins/molecules/metabolites implicated in TD in pre- and postsynaptic neurons, astrocytes 
and/or microglial cells are shown. In Table S5, all interactions between the landscape proteins/
molecules/metabolites are provided. In File S8, we provide a pdf version of Figure 1 that will 
allow interested readers to look up proteins and molecules in the landscape through using the 
search function.



FIGURE 1. Molecular landscape of TD. In this landscape, the interactions between the key 
proteins/molecules/metabolites implicated in TD in pre- and postsynaptic neurons, astrocytes 
and/or microglial cells are shown. In Table S5, all interactions between the landscape proteins/
molecules/metabolites are provided. In File S8, we provide a pdf version of Figure 1 that will 
allow interested readers to look up proteins and molecules in the landscape through using the 
search function.





X
X

X
M

O
L

E
C

U
L

A
R

 M
E

C
H

A
N

IS
M

S
 U

N
D

E
R

LY
IN

G
 T

O
U

R
E

T
T

E
’S

 D
IS

O
R

D
E

R
 A

N
D

 O
B

S
E

S
S

IV
E

-C
O

M
P

U
L

S
IV

E
 D

IS
O

R
D

E
R

: IN
S

IG
H

T
S

 F
R

O
M

 A
N

IM
A

L
 A

N
D

 H
U

M
A

N
 S

T
U

D
IE

S
Joanna W

idom
ska

Insights from animal and human studies

MOLECULAR MECHANISMS 
UNDERLYING TOURETTE’S 
DISORDER AND 
OBSESSIVE-COMPULSIVE 
DISORDER

Joanna Widomska

X
X

X
M

O
L

E
C

U
L

A
R

 M
E

C
H

A
N

IS
M

S
 U

N
D

E
R

LY
IN

G
 T

O
U

R
E

T
T

E
’S

 D
IS

O
R

D
E

R
 A

N
D

 O
B

S
E

S
S

IV
E

-C
O

M
P

U
L

S
IV

E
 D

IS
O

R
D

E
R

: IN
S

IG
H

T
S

 F
R

O
M

 A
N

IM
A

L
 A

N
D

 H
U

M
A

N
 S

T
U

D
IE

S
Joanna W

idom
ska

Insights from animal and human studies

MOLECULAR MECHANISMS 
UNDERLYING TOURETTE’S 
DISORDER AND 
OBSESSIVE-COMPULSIVE 
DISORDER

Joanna Widomska

606
M

O
L

E
C

U
L

A
R

 M
E

C
H

A
N

IS
M

S
 U

N
D

E
R

LY
IN

G
 T

O
U

R
E

T
T

E
’S

 D
IS

O
R

D
E

R
 A

N
D

 O
B

S
E

S
S

IV
E

-C
O

M
P

U
L

S
IV

E
 D

IS
O

R
D

E
R

: IN
S

IG
H

T
S

 F
R

O
M

 A
N

IM
A

L
 A

N
D

 H
U

M
A

N
 S

T
U

D
IE

S
Joanna W

idom
ska

X
X

X
M

O
L

E
C

U
L

A
R

 M
E

C
H

A
N

IS
M

S
 U

N
D

E
R

L
Y

IN
G

 T
O

U
R

E
T

T
E

’S
 D

IS
O

R
D

E
R

 A
N

D
 O

B
S

E
S

S
IV

E
-

C
O

M
P

U
L

S
IV

E
 D

IS
O

R
D

E
R

: IN
S

IG
H

T
S

 F
R

O
M

 A
N

IM
A

L
 A

N
D

 H
U

M
A

N
 S

T
U

D
IE

S
Jo

a
n

n
a

 W
id

o
m

s
k

a

Insights from animal and human studies

MOLECULAR MECHANISMS 
UNDERLYING TOURETTE’S 
DISORDER AND 
OBSESSIVE-COMPULSIVE 
DISORDER

Joanna Widomska

Insights from animal and human studies

Joanna Widomska




