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Editorial on the Research Topic
 Gilles de la Tourette Syndrome: Cross-Cultural Perspectives With a Focus on the Asia-Pacific Region



Gilles de la Tourette Syndrome (GTS) is a neurodevelopmental disorder characterized by the presence of multiple motor and one or more vocal tics of more than one-year duration (1). Most people with GTS also experience associated psychiatric co-morbidities and other challenges, leading to significant social impact and poor quality of life (2). Once thought to be rare, tic disorders are now recognized to be relatively common, with an estimated prevalence of 1% in children and adolescents in the majority of cultures of the world (1). However, GTS is often under-recognized, and a significant cause of hidden disability. Epidemiological, phenomenological, and genetic studies have demonstrated broad overlap between GTS and commonly occurring co-morbidities such as Obsessive-Compulsive Disorder (OCD) and Attention Deficit Hyperactivity Disorder (ADHD) and less commonly Autism Spectrum Disorder (3–5). Further, it has been proposed that OCD may represent an alternative phenotypic expression of the putative GTS genes with a gender-dependent difference in expression in that male family members typically present with tics while female members present more often with OCD (6). Recent research has also shown that only around one in ten patients with GTS have “pure” GTS with only motor and vocal tics, while the rest have a number of co-morbidities (7). The precise mechanisms underlying GTS are yet to be revealed, however, research suggest the involvement of a number of neurodevelopmental genes and the neurexin trans-synaptic connexus (NTSC) (8).

While GTS presents in all ethnic and cultural groups worldwide, there has been an overrepresentation of GTS literature from European and North American perspectives. However, given the heterogenous nature of the disorder, the influence of race, culture and environmental factors on symptom expression merits further exploration; the focus of this special issue. In this regard, it has been shown that, while GTS is seen less frequently in some cultures, in all cultures where it has been reported, the phenomenology is similar, highlighting the biological underpinnings of the disorder while there is also some evidence to suggest there may be some variations in the occurrence of associated behaviors and co-morbidities (9). A study of clinical patients from the UK and the United Arab Emirates for example found the rates of occurrence of OCD and ADHD to be similar in the two cohorts thereby emphasizing the biological and genetic link with these conditions but a much higher prevalence of Oppositional Defiant Disorder and Conduct Disorder in the UK sample suggesting the role of environmental and cultural differences in the occurrence of such co-morbidities (10). Further, cultural differences have been observed in the level of distress and dysfunction caused by GTS with Caucasian patients exhibiting less distress and impairment than in Latinos (11). It is therefore important to elucidate the differences in clinical presentation, impact of symptoms and the range of treatments that may be effective—some of which are more or less acceptable in different settings. Thus, cross-cultural perspectives and research have an important place in both helping clinicians work with people with GTS in specific cultural settings, but also in deepening our understanding of the disorder by observing it within different contexts as illustrated in this special issue.

Regarding phenomenology, Matsuda et al. in their study have examined whether awareness of premonitory sensation could assist in tic suppression and explored the relationship between tic-associated sensation and the potential subtypes or variants of such sensation. Further, they developed the “Rumination and Awareness Scale for tic-associated sensations” (RASTS), a new questionnaire to assess the intensity of the somatosensory hyperawareness and the patient's ability to identify signals of emerging tics. The findings indicate that aversive tic-associated somatosensory experiences do not facilitate tic suppression but the awareness of when the tic will occur prior to them experiencing the tic was correlated with the ability to suppress tics. Age-wise analysis found that the correlation between the premonitory awareness and tic suppression was significant only in children with GTS. The authors propose the possibility that premonitory awareness may gain aversive valence only in adulthood, for those where tic symptoms persist. This may have clinical implications in the behavioral management of tics.

In a 4 year follow up study of GTS, Kano et al. found that tics and associated sensory phenomena as well as global functioning had not changed much in this period but they observed significant improvement in obsessive compulsive symptoms (OCS). They also reported significant correlation between sensory phenomena and past symptoms of tics and OCS. The sample size being small, the results need replication.

Liu et al. has reported on the Expert Consensus on Diagnosis and Treatment of Tic Disorders in China, developed by the Chinese Child Neurology Society (CCNS). This provides a comprehensive account on the approach to clinical diagnosis of Tic Disorders along with therapeutic options such as educational, psychological, and pharmacological interventions, including traditional Chinese medicine and acupuncture.

Most genome-wide association studies (GWAS) have been carried out in populations of European descent leading to a disparity in our understanding of the genetics of complex traits between populations. For many conditions with complex genetic traits, gene regulation is extremely critical. While it is well-known the consistent enrichment of regulatory variants among trait-associated variants, the exact effects of these key variants across populations is unclear. In this regard, Yuan et al. has described higher variant allele frequency of CLCN2 G161S genotype in patients with tics and GTS compared to control population in Chinese Han population. However, this variant has not been reported in the currently available public databases, suggesting this may be a population specific finding.

Lou et al. functional alterations between GTS and healthy children in Chinese population using frequency-specific regional homogeneity (ReHo) and found that GTS patients showed decreased ReHo in the right operculum, increased ReHo in the left precentral gyrus and increased connectivity of the right superior frontal gyrus within the left executive control network. In addition, a significantly negative correlation was found between Yale Global Tic Severity Scale (YGTSS) vocal score and ReHo values of the right operculum in the highest frequency bands, while a significant positive correlation was found between YGTSS motor score and altered connectivity of the right superior frontal gyrus. The study also observed altered connectivity within the executive control network of GTS children alongside frequency-specific abnormal alterations of ReHo in the whole brain. Further research is indicated to examine the neural importance and clinical applications of these findings.

Zhao et al. have reported on an exploratory pilot study of Fecal microbiota transplantation and suggested that this helped shift the composition of the gut microbiota with restoration of B.coprocola which in turn correlated with tic symptom improvement. However, given the small sample size of this study, further research in this area is indicated before any conclusions can be made.

Clarke et al. in their paper using pathway analysis has implicated mitochondrial dynamics, structure and function (MDSF) in GTS which in turn has a role in neuronal circuitry development, synaptic connectivity, and neurotransmission. Given the sensitivity and responsiveness of mitochondria to environmental cues and their intimate role in neuronal development and function, they may be instrumental in mediating the nature of phenotypic presentation and the degree of phenotypic penetrance.

Thus, while genetic and biological factors are critical in conferring the risk to the development of GTS, environmental, and cultural factors may impact on how the tics and associated behaviors present, and are perceived, the rate of occurrence of associated co-morbidities, as well as the help seeking and referral options.
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Sensory phenomena and related features of Tourette syndrome are related to poorer quality of life. Therefore, sensory phenomena might also have a negative impact on global functioning. However, the influence of sensory phenomena, tics, and obsessive–compulsive symptoms (OCS) on global functioning after several years of usual treatment has not been investigated. Twenty out of 45 Japanese patients with Tourette syndrome who had previously undergone an evaluation of these clinical features were assessed again after an average of four years. We conducted a panel of assessments for premonitory urges, broader sensory phenomena, tic severity, OCS, and global functioning. Based on Pearson’s correlation coefficient, current global functioning was significantly negatively correlated with previous tics and marginally negatively correlated with previous broader sensory phenomena. Current global functioning was marginally correlated with change in tics. Change in global functioning was significantly correlated with change in OCS and marginally correlated with change in premonitory urges. Due to the small sample size, it was not possible to use a multiple regression analysis to conclude that sensory phenomena, tics, and OCS predict global functioning in adolescents and adults with TS. However, it was suggested that further investigation of this relationship would be meaningful.
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Introduction

Tourette syndrome (TS) is a childhood-onset neurodevelopmental disorder characterized by multiple motor and vocal tics (1). Aside from tics, the crucial symptoms of TS are “sensory phenomena,” which include urges to move that often precede tics (i.e., premonitory urges) and a strong desire to have things be “just right” (2).

Sensory phenomena in TS have often been investigated in relation to frequent comorbid symptoms such as obsessive–compulsive symptoms (OCS) and global functioning. For instance, one study indicated that sensory phenomena, especially premonitory urges, were significantly correlated with vocal tics and OCS in adults with TS (3). Another study showed that sensory phenomena were significantly correlated with clinical symptoms, particularly OCS and anxiety (4). Among sensory phenomena, “just right” perception is an important feature of tic-related OCD. Our previous studies showed that premonitory urges and broader sensory phenomena including “just right” perception are different in terms of their relationships with OCS dimensions (5) and clinical course after Deep Brain Stimulation (6).

Sensory phenomena, especially premonitory urges were significantly and negatively correlated with quality of life (QOL) in previous research (3, 4). QOL is evaluated as one’s perception of broader health, whereas global functioning represents psychological, social, and occupational functions assessed by behaviors. Despite this difference between QOL and global functioning, the relationship between sensory phenomena and global functioning seems to be similar to that between sensory phenomena and QOL. In a previous study, we found that both premonitory urges and broader sensory phenomena were significantly positively correlated with total tics, vocal tics, and OCS, while premonitory urges were significantly and negatively correlated with global functioning (5).

One study showed that premonitory urges, tic severity, and family history of TS in childhood were predictors of poorer QOL in adults with TS (7). However, there have been no investigations of the influence of whole sensory phenomena and their related features (e.g., tics and OCS) on global functioning during the clinical course of TS. We believe that such an investigation would provide a deeper understanding of TS as well as better treatment and support. Thus, in this study, we described changes in sensory phenomena as well as tics, OCS, and global functioning after several years of usual treatment for TS. Based on these data, we examined whether previous sensory phenomena, tics, and OCS would predict current global functioning. We also examined whether changes in sensory phenomena, tics, and OCS over the course of treatment would predict current global functioning as well as change in global functioning. Based on previous findings, we hypothesized that more severe previous sensory phenomena, tics, and OCS would linearly predict poorer current global functioning.



Methods


Participants

Participants were recruited from the 45 patients with TS who had participated in our previous study (5). Out of the 45 patients, we asked 22 to participate in the current study, but two patients did not accept our request. Of the remaining 23 patients, we were unable to ask 15 to participate because they had changed hospitals or had completed or dropped out of treatment. An additional eight patients were not asked to participate because they visited the hospital rarely or irregularly (n = 5), had undergone deep brain stimulation (n = 2), or were in an unstable condition (n = 1). Therefore, the participants of the study consisted of 20 patients with TS (16 men and 4 women; age range, 17–53 years; mean = 30.2; SD = 11.2) who had fully completed all study instruments. All participants had been diagnosed with Tourette’s disorder according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR) (8). Participants also met the DSM-5 (fifth edition) criteria for Tourette’s disorder (1). The participants were recruited between January 2014 and May 2015, and the mean time since previous study participation was 4.0 years (SD = 0.61, range: 3–5 years). Data obtained from these participants in the previous study were also used in analyses.

The Institutional Ethical Committee of the University of Tokyo Hospital approved this study. Written informed consent was obtained from all adult participants and the parents of participants aged 19 years old or younger. Psychologists with clinical experience of TS and sufficient ability to perform an assessment following instrument administration training conducted all the interviews.



Instruments

To facilitate comparison between the studies, the same instruments used in our previous study to assess sensory phenomena, tics, and global functioning (5) were utilized in the current study. Assessment of sensory phenomena included administration of the University of São Paulo Sensory Phenomena Scale (USP-SPS) (5, 9) and the Premonitory Urge for Tics Scale (PUTS) (10). The USP-SPS is a clinician-rated scale that assesses presence or absence of sensory phenomena in five types, including “just right” perception, and measures severity of broader sensory phenomena on three ordinal scales focusing on frequency, distress, and interference, with six anchor points. The USP-SPS total score (0–15) is obtained by combining these scores. The PUTS is a 9-item self-report scale that measures severity of premonitory urges for tics. The PUTS total score (9–36) is obtained by summing the scores for all items.

Tics were evaluated using the Yale Global Tic Severity Scale (YGTSS) (11, 12), which is a clinician-rated scale that measures severity of motor and vocal tics as well as impairment due to tics. The YGTSS total tics score (0–50) is obtained by summing the scores for motor and vocal tics on five ordinal scales focusing on number, frequency, intensity, complexity, and interference, with six anchor points. The YGTSS global severity score (0–100) is obtained by summing the total tics score (0–50) and the impairment score (0–50). Global functioning was evaluated using the Global Assessment of Functioning (GAF) scale (8).

Comorbid obsessive–compulsive disorder (OCD) and attention-deficit/hyperactivity disorder (ADHD) were diagnosed according to the DSM-IV-TR criteria, in addition to TS. Information about medication use was obtained from patients’ psychiatrists and medical records. In the current study, OCS were evaluated using the Yale-Brown Obsessive–Compulsive Scale (Y-BOCS) (13, 14), which is a clinician-rated scale that measures severity of obsessions and compulsions on five ordinal scales with five anchor points. The Y-BOCS total score (0–40) was obtained by summing the scores for the obsessions (0–20) and compulsions (0–20) scales.



Statistical Analyses

All statistical analyses were performed using PASW Statistics 18.0 (i.e., SPSS). The Shapiro-Wilk test showed that the assessment scores in this study were normally distributed, except for the current YGTSS impairment score. A paired t-test was used to compare the scores on all instruments between the previous and current studies. In addition, the Wilcoxon rank sum test was used for comparison of YGTSS impairment score between the two studies. After examining the associations between previous and current sensory phenomena, tics, and OCS, the correlations of current global functioning with previous sensory phenomena, tics, and OCS were examined. In all the association analyses, total score was used for USP-SPS, global severity score for YGTSS, and total score for Y-BOCS. The score changes in sensory phenomena, tics, OCS, and global functioning were defined as the differences between current and previous scores. The interrelationships between the score changes in clinical characteristics and current global functioning, as well as the score change in global functioning, were also examined. For these examinations, Pearson’s correlation coefficients were calculated. The standard p<0.05 level of significance was used. When we examined correlations between previous and current USP-SPS, PUTS, YGTSS, and Y-BOCS in Correlations Between Previous and Current Sensory Phenomena, Tics, and OCS; correlations between previous USP-SPS, PUTS, YGTSS, and Y-BOCS, and current GAF in Correlations Between Previous Sensory Phenomena, Tics, and OCS, and Current Global Functioning; correlations between change in USP-SPS, PUTS, YGTSS, and Y-BOCS, and current GAF in Correlations Between Changes in Sensory Phenomena, Tics, and OCS, and Current Global Functioning; and correlations between changes in USP-SPS, PUTS, YGTSS, and Y-BOCS, and change in GAF in Correlations Between Changes in Sensory Phenomena, Tics, and OCS, and Change in Global Functioning; the Bonferroni correction was applied and the level of significance changed to p<0.0125.




Results

Before analyzing data of the current study, we compared age, sensory phenomena, tics, OCS, and global functioning in the previous study between the 20 current study participants and the 25 non-participants by an independent sample t-test. Fisher’s exact test was used to compare gender differences between the two groups. Although we found that Y-BOCS total scores were significantly higher in the latter group (p = 0.02), no other significant differences were found (p = 0.12–0.93).


Description of Sensory Phenomena, Tics, OCS, Global Functioning, Comorbidity, and Medication in the Current Study

In the current study, the mean total scores for the USP-SPS and PUTS were 5.0 and 10.2, respectively (Table 1). Out of five types of sensory phenomena, rate of Energy build-up decreased the most between two studies (Table 2). Counting change in each person, the proportion without change was highest at 95.2% for Auditory “just-right” perception, and lowest at 52.4% for Tactile sensation.


Table 1 | Participants’ demographic and clinical characteristics.




Table 2 | Participants’ number with each type of sensory phenomena.



The mean scores on the YGTSS were 20.9 for total tics, 21.0 for impairment due to tics, and 41.9 for global severity. The mean GAF score was 62.4. None of these scores differed significantly between the current and previous studies. The mean total score of the Y-BOCS was 7.8 in the current study, which was significantly lower than that in the previous study (p = 0.01).

In the current study, six (30%) participants had comorbid OCD and four (20%) had comorbid ADHD. All participants were taking some form of psychotropic drug. Specifically, all participants were on antipsychotics, including aripiprazole (n = 12), risperidone (n = 4), and haloperidol (n = 4). Nineteen were on other drugs, including antidepressants (n = 13, of which 11 were on selective serotonin reuptake inhibitors), clonazepam (n = 6), anxiolytics (n = 2), and clonidine (n = 1). There were only slight differences in medication between the current and previous studies, although the number of participants on antidepressants increased from 9 to 13.



Correlations Between Previous and Current Sensory Phenomena, Tics, and OCS

Previous USP-SPS total scores and PUTS total scores were significantly correlated with previous YGTSS global severity scores and Y-BOCS total scores (p<0.001, p = 0.026, respectively, for USP-SPS; p<0.001, p = 0.002, respectively, for PUTS). Current USP-SPS total scores were significantly correlated with current YGTSS global severity scores (p = 0.009), while current PUTS total scores were marginally correlated with current YGTSS global severity scores (p = 0.024). Both current USP-SPS total scores and PUTS total scores were significantly correlated with current Y-BOCS total scores (p = 0.002, p = 0.002, respectively). Previous USP-SPS total scores were significantly correlated with current Y-BOCS total scores (p = 0.006) and marginally correlated with current YGTSS global severity scores (p = 0.048). Previous PUTS total scores were marginally correlated with current Y-BOCS total scores (p = 0.019).



Correlations Between Previous Sensory Phenomena, Tics, and OCS, and Current Global Functioning

Current GAF scores were significantly negatively correlated with previous YGTSS global severity scores (p = 0.005) and marginally negatively correlated with USP-SPS total scores (p = 0.023) (Table 3).


Table 3 | Correlations between previous sensory phenomena, tics, and OCS, and current global functioning.





Correlations Between Changes in Sensory Phenomena, Tics, and OCS, and Current Global Functioning

Current GAF scores were marginally correlated with the change in YGTSS global severity scores (p = 0.042; Table 4).


Table 4 | Correlations between changes in sensory phenomena, tics, and OCS, and current global functioning.





Correlations Between Changes in Sensory Phenomena, Tics, and OCS, and Change in Global Functioning

The change in GAF scores was significantly correlated with the changes in Y-BOCS total scores (p = 0.009) and marginally correlated with the change in PUTS total scores (p = 0.023) (Table 5).


Table 5 | Correlations between changes in sensory phenomena, tics, and OCS, and change in global functioning.






Discussion

The adolescents and adults with TS in this study demonstrated significant improvement in OCS after an average of four years of usual treatment, although their sensory phenomena, tics, and global functioning showed little change. In these participants, sensory phenomena were significantly correlated with tics and OCS in the past. Broader sensory phenomena were significantly correlated with tics and OCS, and premonitory urges were significantly correlated with OCS in the present. These findings were similar to our previous study (5). Broader sensory phenomena in the past were significantly correlated with OCS in the present. The influence of previous sensory phenomena on current OCS seems to be slightly stronger than that on current tics.

We found that previous tics were significantly negatively correlated with current global functioning and previous broader sensory phenomena were marginally correlated with current global functioning, based on Pearson’s correlation coefficient. These results were mostly consistent with our expectations, particularly the relationship between previous tics and current global functioning. On the other hand, previous premonitory urges were not correlated with current global functioning. This seems to be different from a previous study that found that premonitory urges predicted QOL (7), although a similar relationship between premonitory urges and global functioning was expected. A possible reason for this difference is related to study participants. Specifically, in Cavanna et al.’s study, the participants were children or adolescents at the first assessment, and they had poor or insufficient recognition of premonitory urges, whereas all the participants in our study had obtained sufficient recognition of their premonitory urges.

We did find that change in tics was marginally related to current global functioning. Improvement of tics would alleviate tic-related impairment of life, and then improve global functioning. In a previous study, subjective satisfaction with tic control was positively correlated with life satisfaction and QOL (15). If tic control results in improvement of tics, increased life satisfaction might have a positive impact on global functioning. We found that change in premonitory urges was marginally related to change in global functioning, although the relationship between previous premonitory urges and current global functioning was not significant. The difference between the two findings suggests that when change in premonitory urges is large, it may influence global functioning. In addition, significant improvement of OCS over the clinical course might affect the relationship between changes in OCS and global functioning.

The current study has several limitations. First, all the participants had regularly visited a single specialty clinic for TS and related disorders for several years, which led to a small, potentially biased sample. Moreover, due to the small sample size, sufficient statistical power was not achieved in certain instances. In addition, we applied Bonferroni correction only for association analyses. Second, we could not examine influence by comorbid ADHD, depression, anxiety, and other symptoms, although previous studies have suggested it (16) and recommended comprehensive assessment (17). Third, the possible influence of change in medication during the clinical course on clinical characteristics and global functioning was not examined. Finally, the small sample size did not allow use of a multiple regression analysis, which would be necessary to draw firm conclusions.

Due to these limitations, it was not possible to conclude that sensory phenomena, tics, and OCS predict global functioning in adolescents and adults with TS; however, the findings suggested that further investigation of this relationship would be meaningful. During the clinical course, premonitory urges and broader sensory phenomena might have slightly different effect on global functioning. In the future, researchers might recruit a larger number of patients to further clarify these findings.
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Awareness of premonitory urge in Tourette syndrome (TS) may facilitate tic suppression; however, previous studies have not supported this observation. We aimed to clarify the relationship between tic-associated sensation and tic suppression by identifying the subtypes of tic-associated sensations, including the Premonitory Urge for Tics Scale (PUTS). We developed a new questionnaire called “Rumination and Awareness Scale for tic-associated sensations” (RASTS) to assess the two additional aspects of tic-associated sensations: the intensity of somatosensory hyperawareness and the ability to identify signals of emerging tics. Sixty-two individuals with TS participated in the study (mean age = 19.2 ± 10.3 years). All participants completed the RASTS, PUTS, and Tic Suppression Scale. Of all participants, 41 were evaluated by the Yale Global Tic Severity Scale (YGTSS), while another group of 41 completed both the Leyton Obsessional Inventory-Child Version (LOI-CV) and the Tics Symptom Self-Report (TSSR). Factor analyses including nine items of the PUTS and the RASTS were conducted, and their relationships with patients’ tic suppression ability were examined. The results support using RASTS for the two supposed dimensions (rumination about sensation and premonitory awareness) for assessing the two different tic-associated sensations, and PUTS for three dimensions for assessing the two types of quality of premonitory urges and intensity of premonitory urges. Premonitory awareness correlated with tic suppression ability. Conversely, rumination about sensation, PUTS total score, and the three subscales of PUTS correlated with obsessive-compulsive symptoms. In summary, being aware of signals for emerging tics facilitated self-initiated tic suppression, while ruminative tic-associated sensations did not. This study provides new insights into behavioral therapy for tics by identifying two distinct aspects of tic-associated sensations that include premonitory urges.
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Introduction

Following Bliss, a physician with Tourette syndrome (TS), describing his own experience of sensory phenomena as “unfulfilled sensations that precede, accompany, and follow tics” in 1992 (1), many studies have revealed that premonitory urges are common phenomena in individuals with TS (1–5). Recently, premonitory urges have been examined in relation to tic suppressibility. Premonitory urges are often assessed by using the Premonitory Urge for Tics Scale (PUTS) (3). Using PUTS, three studies showed that premonitory urges did not correlate with tic suppressibility. Ganos et al. did not find a correlation between tic suppression ability and PUTS in 15 adults with TS (6), neither did Müller-Vahl et al., in 22 adults with TS (7). Conelea et al. examined predictors of tic suppressibility in 99 youth with tic disorders and did not find a significant correlation between tic suppressibility and PUTS (8). These three studies assessed tic suppressibility by comparing the tic frequency in “free tic” (no suppression) vs. “tic suppression” (instructed to maximally suppress their tics) conditions. In addition, Banaschewski and colleagues assessed the tic suppression ability of 254 children and adolescents with TS, and asked whether they felt a pre-sensation immediately before tics. Only 37% of patients with TS reported premonitory urges; however, 64% reported that they could suppress tics (9). Moreover, Woods et al. found no positive correlation between the nine-item PUTS total score and the self-reported tic suppressibility (PUTS item 10) in youth with TS, when they developed the PUTS scale (3), while dropping item 10 to calculate the total PUTS score. These studies indicate that premonitory urges are not necessary prerequisites for tic suppression.

However, awareness of premonitory urges seems to facilitate tic control in behavioral therapy. Awareness training for the premonitory urge is an essential technique in Habit Reversal Training (HRT). HRT is a core component of the Comprehensive Behavioral Intervention for Tics (CBIT), and CBIT has been proved effective for reducing tic symptoms in a large randomized control study in children and adolescents (10), and adults (11). Indeed, 18% of the 132 participants with TS reported that awareness of the premonitory urge helped them suppress their tics (2). Himle et al. evaluated the real-time subjective premonitory urge strength using the “urge thermometer” and investigated its relationship with tic suppression in five children and adolescents with TS (12). One out of five participants could not suppress her tic symptoms in the reinforced tic suppression conditions compared to the baseline conditions, while a relatively stable and low premonitory urge was observed during both base-line and tic suppression conditions. The other four participants suppressed their tics in the tic suppression conditions and reported a higher premonitory urge compared to the female participant during both conditions. In addition, Raines et al. found modest positive correlations with the nine-item PUTS total scores and self-reported tic suppressibility (PUTS item 10) in youth with TS (13). These studies imply that awareness of premonitory urge may facilitate tic suppression.

Inconsistent results may rise from a large variety of tic-associated sensations. As noted above, many studies evaluated premonitory urges by using the PUTS (3, 6–8, 13). The PUTS is a brief self-reported scale with good internal consistency, temporal stability, and concurrent validity in children and adolescents (3, 13), and adults (14), and with a good convergent validity in adults (15). Prior studies conducted a factor analysis of PUTS and indicated a unidimensional structure (3, 14), two structures (13), or three structures (15). Brandt et al. conducted a factor analysis, which included the 10 PUTS scores and an average real-time subjective premonitory urge intensity score during 5-min experiments (15), and showed three factors: one appearing to measure the urge intensity; one sensory quality of urges; and one subjective control. This suggests that PUTS might assess more than one dimension and it may be worthwhile exploring its different subscales. Raines found similar structures for PUTS and suggested that one factor represents the specific urge qualities while another represents the general urge experiences (13). Brandt et al. emphasized the need to investigate the underlying dimensions of premonitory urges in future studies (15).

Therefore, we aimed to explore the dimensions of tic-associated sensations and examine their relationship with tic suppression. First, we conducted a factor analysis of PUTS and explored the dimensions of the premonitory urge. Inconsistent findings of dimensions of premonitory urge have made it difficult to comprehend the underlying dimensions of tic-associated sensations. Second, we developed a new questionnaire to assess the other two aspects of tic-associated sensations, which PUTS does not assess, and examined the relationship with the tic suppression ability. PUTS of nine items includes six items for describing the different sensory qualities of urge, such as itchiness and tense of energy (item 1–6), and two items for describing how frequent the urges come with their tics (item 7 and 8), as well as the patients’ relief experienced following an executed tic (item 9) (3). Although PUTS is a commonly used scale for the tic-associated detail quality of sensory phenomena description, we also propose two additional important aspects of tic-associated sensations, including the somatosensory hyperawareness severity (rumination about sensation) and the ability to identify signals of emerging tics (premonitory awareness).

We focused not only on the pre-tic sensations but also on the ruminative tic-associated sensations, which may last following the tics. Kane, a graduate student with TS, noted that the term, “pre-tic” sensation is a misnomer as the TS feeling is acute and omnipresent (16). Kane also described the tic-associated sensations as “enduring somatosensory bombardment” and “somatosensory hyper attention.” As noted above, Bliss described his sensory phenomena as “unfulfilled sensations that precede, accompany, and follow tics” and did not focus only on the pre-tic sensation (1). However, following Leckman et al., using the term “premonitory urge” (2), many researchers have focused only on the pre-tic sensations (3–9) while underestimating the ruminative tic-associated sensations that may last even after the tics. The University of São Paulo Sensory Phenomena Scale (USP-SPS) evaluates sensory phenomena occurring before or during the performance of repetitive behaviors (17). Although USP-SPS includes broader sensory phenomena including the premonitory urge, the scale was first developed to assess the sensory phenomena in OCD and includes the sensory phenomena before compulsions (17). Therefore, we created a new scale to assess the somatosensory hyperawareness severity associated with tic symptoms, evaluated by how individuals with TS ruminate the tic-associated sensations (rumination about sensation). This ruminative sensation may be affected by obsessive-compulsive symptoms, as previous studies reported that obsessive-compulsive symptoms correlate with premonitory urges (3, 5, 18).

The second additional aspect of tic-associated sensation is the ability of signal identification for the emerging tics (premonitory awareness). Some individuals with TS have noted that they can tell when a tic will occur and suppress it before it emerges; however, they do not feel any specific sensation. Indeed, Banaschewske et al. showed that several participants could suppress tics without reporting the premonitory urge (9). During HRT, practitioners encouraged patients to identify signals for the emerging tics to initiate a competing response before the tic’s emergence (11). We assumed this signal of emerging tics to be related to the tic suppression ability.

Therefore, we created a new scale to assess the two aspects of tic-associated sensation (premonitory awareness and rumination about sensation). We also examined each trait concerning the tic suppression ability. We hypothesized that premonitory awareness correlates significantly with the tic suppression. In contrast, we hypothesized that PUTS is not related to the tic suppression ability, as previously reported (6–8), but correlates with the obsessive-compulsive symptoms, consistent with other reports (3, 5, 18). We hypothesize that rumination about sensation correlates with PUTS and obsessive-compulsive symptoms, and does not correlate with the tic suppression ability.



Methods


Participants

Participants were recruited from 2013 to 2016 in three steps (Figure 1). First, 59 patients with TS aged between 9 and 30 and their parents were recruited from the University of Tokyo Hospital from 2013 to 2014. Out of these, 26 patients with TS (44%) and the child participants’ parents participated following a full explanation of the study. Second, under the approval of the Tourette syndrome Association of Japan (TSAJ), 154 questionnaires were mailed to TSAJ members; consequently, 32 questionnaires (21%) returned from individuals with tic disorders and their parents. Third, 45 participants with TS aged between 13 and 53 were recruited from the University of Tokyo Hospital, from 2015 to 2016. Of these participants, 22 patients with TS (49%) participated following a full explanation of the study. Patients from the University of Tokyo Hospital had been diagnosed with TS according to the Diagnostic and Statistical Manual, Fourth Edition, Text Revision (DSM-IV-TR) criteria by a child psychiatrist (19). We excluded participants under the age of 10 years. For participants from TSAJ members, we excluded questionnaires that did not report a TS diagnosis. In addition, four clinic participants answered the questionnaire twice; consequently, we excluded the 2nd questionnaire. Taken together, a total of 62 questionnaires were analyzed (43 clinic participants and 19 non-clinic participants; 50 men, 12 women, mean age = 19.2 years, SD = 10.3 years, range = 10–53 years). For the TSAJ participants and 22 of the clinic participants, their parents also answered a questionnaire, including the TSSR and diagnostic information (n = 41). We also evaluated YGTSS (20) for 41 participants recruited from the hospital. Regarding the clinic participants, written informed consent was obtained from the adults and parents of participating children, and assent was obtained from the children. For non-clinic participants, a response to the questionnaire that included a full explanation of the study was recognized as informed consent. The institutional ethical committee of the University of Tokyo Hospital approved the study protocol.




Figure 1 | Participants flow-chart.





Measures

The questionnaire consisted of RASTS, the Tic Suppression Scale, PUTS, and LOI-CV for participants with TS and TSSR, and diagnostic information for the parents of the participants with TS. YGTSS was evaluated for the participants from the hospital.


Rumination and Awareness Scale for Tic-Associated Sensations

This scale was designed to assess the two distinct aspects of the tic-associated sensation. We developed RASTS as follows: a set of questions were developed based on the clinical interviews with patients, consultation with experts, and a review of the relevant literature regarding the premonitory awareness and rumination about sensation. We referred to a negative rumination scale (21) in order to develop items evaluating somatosensory hyper-awareness severity. Participants answered 14 items (7 items for each; see Supplementary Material), and each item was scored from 0 to 5. To facilitate the participants in recalling their tic-associated sensations, they first completed the PUTS, in which detailed examples of description of tic-associated sensations were described.



The Tic Suppression Scale

We used a list of questions that addressed the three aspects of the tic suppression (see Supplementary Material) as follows: frequency (three items; Cronbach’s α = 0.87), suppression ability (six items; Cronbach’s α = 0.92), and subjective discomfort (three items; Cronbach’s α = 0.87). Participants responded using a 4-point Likert-type scale ranging from 0 to 3. These items were also used in our previous study (22), except for the tic suppression ability which was improved by adding four extra items that evaluated the distinct tic suppression ability aspects in this study. The validity and usefulness of the Japanese version of the Tic Suppression Scale was tested by demonstrating a negative correlation with a motor tic interference scale of the YGTSS and a positive correlation with overall satisfaction with tic control (23).



Premonitory Urge for Tics Scale

The PUTS is a nine-item self-reported scale that measures the sensations before the emergence of tics, and each item is scored from 1 to 4 (3). The total score (range: 9–36) is obtained by summing all of the nine items. The Japanese version of the scale was designed using rigorous methods, including translation and back translation, and with sufficient internal and concurrent validity (18).



The Yale Global Tic Symptoms Scale

The presence and severity of tics were evaluated in the recruited clinic participants using the Japanese version of the Yale Global Tic Symptoms Scale (YGTSS) (20). This version has previously been proven valid and reliable (24). On this scale, the motor and vocal tics were evaluated separately (0–25) on 5 ordinal scales, and a total tic symptom score was obtained by summing the individual scores (0–50). The current impairment due to tics was additionally assessed (0–50). The global severity score was determined (0–100) as the sum of the total tics score and the impairment score.



The Tic Symptom Self Report

The Tic Symptom Self Report (TSSR) is a 40-item self- or parent-rated scale measuring the tic severity, with items scored from 0 to 3. We adopted the parent-rated version (25). Participants rated the frequency and intensity of the list of symptoms (20 for motor tics and 20 for vocal tics); then, a summed tic severity score was calculated (0 to 120). The validity and usefulness of the Japanese version of the TSSR was tested by demonstrating a high correlation with the YGTSS (26). We used the TSSR to only compare the tic symptoms between the clinic patients and the TSAJ members.



The Leyton Obsessional Inventory Child Version

The Leyton Obsessional Inventory Child Version (LOI-CV) is a self-reported 20-item scale measuring the severity of obsessive-compulsive symptoms (27). In this inventory, participants report whether they experience any of the 20 symptoms that have been previously reported, as well as how these symptoms interfere with their daily activities. Both the validity and reliability of the Japanese version of the LOI-CV have been demonstrated (28).

Other characteristics, including the participants’ age, sex, diagnoses of TS, attention deficit hyperactive disorder (ADHD), and obsessive-compulsive disorder (OCD) was obtained from the parents’ reported questionnaire for the participants from TSAJ. For the participants recruited in the hospital, comorbid OCD and ADHD were diagnosed based on the DSM-IV-TR criteria, as in the case of TS (19).




Statistical Analysis

Statistical analyses were performed using the SPSS software version 25.0. Differences were considered statistically significant if p <0.05. Exploratory factor analysis for the RASTS was conducted. In addition, we conducted an exploratory factor analysis to explore the PUTS dimensions. Spearman’s rank correlation coefficients were calculated to examine the relationships between each clinical characteristic, as some scales were not normally distributed, including the premonitory awareness, rumination about sensation, tic suppression frequency, and subjective discomfort according to the Shapiro-Wilk’s normality test (29). We applied Bonferroni corrections for multiple comparisons. To examine the relationship between the three scales of tic-associated sensation (PUTS, premonitory awareness, and rumination about sensation) and tic suppression ability, the significance level was divided by three (p <0.017). To examine the relationship between the three tic-associated sensation scales and the obsessive-compulsive symptoms, the significance level was further divided by three (p <0.017). Missing values were replaced by estimated values calculated by regression analysis using other items on the scale. We conducted a factor analysis of PUTS and Spearman’s rank correlation by the age group (children and adolescents for age ≤17 and adult for age ≥18) to find the possible effect of age. To explore the effect of comorbid disorders, we conducted a correlation analysis of tic suppression and tic-associated sensations by the two groups (participants without comorbid disorders or participants with ADHD or OCD).




Results

There was no significant difference in the tic severity (evaluated by the TSSR) between the clinical participants (mean = 13.4, SD = 9.3) and TSAJ members (mean = 18.8, SD = 12.1, t (39) = –1.64, p = 0.11). Therefore, we did not separate the clinical participants and TSAJ members in the following analysis. Table 1 describes the participants’ demographic and clinical data for the total group, the children and adolescent group, and the adult group. There were no significant differences in the PUTS, two RASTS scales, LOI-CV, total tic symptom score, and the global severity score of YGTSS between the children and adolescent participants and the adult participants, when using the t-test. Impairment scores of YGTSS and the ability to suppress tics were higher in the adult group compared to the children and adolescent group (t (39) = –2.4, p = 0.02, t (60) = –2.8, p = 0.007, respectively). Gender differences and comorbid disorders (ADHD and OCD) were compared between the two groups using the chi-square test, which indicated no significant differences (p = 0.24–0.51).


Table 1 | Demographic and clinical data for the participants.




Factor Analysis for Rumination and Awareness Scale for Tic-Associated Sensations

An exploratory factor analysis (maximum likelihood method: MLM) with an oblique rotation method was conducted to determine the factor structure of the 14 items of RASTS. Consideration of the criteria of the absolute value of the eigenvalues, visual screening test, and theoretical interpretability of the factors suggested a two-factor solution. One primary factor accounted for 34.4% of the variance in the data and another factor accounted for an additional 22.3% of the variance. Therefore, we conducted an MLM factor analysis in which we specified a two-factor solution. Items were removed according to the following criteria: a) items should exceed 0.4 on the corresponding factor and b) items should not exceed 0.25 on another factor. Consequently, three items were removed from the RASTS as they did not meet these criteria (items 8, 9, and 11). Another MLM exploratory factor analysis with oblique rotation was conducted with the remaining 11 items, where 2 factors accounted for 39.2 and 25.6% of the variance, respectively, and 64.8% of the variance cumulatively. The first factor with six items was labeled “rumination about sensation” and the second factor with five items was labeled “premonitory awareness” (Table 2). Both measures indicated adequate internal consistency, with Cronbach’s α = 0.91 for the rumination about sensation (α = 0.91 both in the young and adult sample) and Cronbach’s α = 0.79 for premonitory awareness (α = 0.80 in the young sample and α = 0.79 in the adult sample). The correlation between the two factors was measured at −0.03 (p = 0.83).


Table 2 | Factor analysis of Rumination and Awareness Scale for tic-associated sensations (RASTS).





Factor Analysis for Premonitory Urge for Tics Scale

Cronbach’s α across nine items of the PUTS were acceptable in the total sample (α = 0.85), young sample (α = 0.85), and adult sample (α = 0.87). An exploratory factor analysis (maximum likelihood method) with an oblique rotation method was conducted to determine the factor structure of the nine items of PUTS, indicating three factors. One factor accounted for 36.4% of the variance, two factors accounted for 56.4% of the variance, and three factors accounted for 65.2% of the variance. For total participants, items 1, 2, and 3 loaded on the first factor, items 1, 7, and 8 loaded on the second factor, and items 4, 5, and 9 loaded on the third factor. The same exploratory factor analysis was conducted for the young participant group and the adult participant group, resulting in a similar result (Table 3). For the young sample, items 1, 2, and 3 loaded on the first factor, items 1, 7, and 8 loaded on the second factor, and items 4, 5, and 9 loaded on the third factor. For the adult group, items 1, 2, and 3 loaded on the first factor, items 7 and 8 loaded on the second factor, and items 1, 4, 5, and 9 loaded on the third factor.


Table 3 | Factor analysis of Premonitory Urge for Tics Scale (PUTS).





Correlation Between Premonitory Urge and Rumination and Awareness Scale for Tic-Associated Sensations

The rumination about sensation and the three subscales of the PUTS score and total PUTS score significantly correlated with each other, while there were no significant correlations between the premonitory awareness and other tic-associated sensation scales (rumination about sensation, three subscales of PUTS score, or PUTS total scores) (Table 4). The rumination about sensation and PUTS scores were significantly correlated with the LOI-CV score (ρ = .50, p <.001; ρ = .52, p <.001, respectively), while the premonitory awareness score did not correlate with the LOI-CV score (ρ = .11, p = .50). In addition, the rumination about sensation and PUTS scores were significantly correlated with YGTSS total tic symptom score (ρ = .35, p = .02; ρ = .32, p = .04, respectively), while the premonitory awareness score was not correlated with the YGTSS total tic symptom score (ρ = −.21, p = .18). These correlation analyses were conducted in the adult and the young group separately, and they exhibited similar correlation patterns.


Table 4  | Spearman’s Correlation between Premonitory Urge for Tics Scale (PUTS) and Rumination and Awareness Scale for tic-associated sensations (RASTS).





Correlation Between Tic Suppression and Premonitory Urge and Rumination and Awareness Scale for Tic-Associated Sensations

The premonitory awareness score was significantly correlated with the tic suppression ability (ρ = .34, p = 0.008). The rumination about sensation and PUTS scores did not correlate with the tic suppression ability (ρ = –.25, p = .052; ρ = –.22, p = .09, respectively), consistent with our hypothesis (Table 5). In the young group, the premonitory awareness score was significantly correlated with the tic suppression ability (ρ = .39, p = .019). However, the premonitory awareness score was not significantly correlated with the tic suppression ability in the adult group (ρ = .19, p = .38). Figure 2 shows the scatter plot of the relationship between the premonitory awareness and rumination about sensation and the tic suppression ability for the adult and young groups. In the groups without OCD or ADHD (n = 37), rumination about sensation and PUTS scores significantly correlated negatively with the tic suppression ability (ρ = –.41, p = .012; ρ = –.40, p = .015, respectively), and the premonitory awareness correlated with tic suppression ability (ρ = .36, p = .028) although p score was slightly higher than 0.017 (modified significant level). In the group with ADHD or OCD diagnosis (n = 25), the PUTS, premonitory awareness, and rumination about sensation did not correlate with the tic suppression ability (p = .17~.99).


Table 5 | Spearman’s correlation between tic-associated sensations and tic suppressibility.






Figure 2 | Premonitory Awareness and Tic Suppression ability. ●, Children and adolescents, straight line (—) is for regression line in children and adolescent, dot line (- - -) is for regression line in adult participants ○, Adults. Regression line in adult participants.






Discussion


Premonitory Urge in Japanese Participants

Premonitory urge in Tourette syndrome has not been fully investigated in Asia. The PUTS score of our result was 21.9 out of 36 (21.2 for children and adolescents and 22.9 for adults). This score is similar to the initial report (18.5 for children and adolescents) (3) and the following reports [19.6 for children and adolescents, (13), 21.5 for adults, (14)], which are reported in the USA. Moreover, this score is similar to a previous Japanese study (18.6 for children and adolescents and adults) (18). Consistent with previous reports (3, 14, 18), our study showed a moderately positive correlation between the PUTS scores and the YGTSS total tic symptom score and obsessive-compulsive symptoms. These results indicate that Japanese individuals with TS feel similar premonitory urges compared to individuals with TS in Western cultures.



Dimensions of Tic-Associated Sensations

Factor analysis of the 9 item PUTS revealed three factors, which is consistent with a previous study that conducted a factor analysis of the 10 item PUTS. Items loading on the first factor (items 1, 2, and 3) assess whether participants with TS feel “itchy,” “pressure,” or “tense” before a tic, potentially reflecting the physical quality of the premonitory sensations. Items loading on the second factor (items 7 and 8) assess the extent to which the participants had these “feelings almost all the time” before tics and “for every tic,” which are related to the overall intensity of the premonitory urges. Item 1 also loaded on the first factor in the total group and the young group. Items loading on the third factor (items 4, 5, and 9) assess whether participants feel “not just right” or “something isn’t complete” before a tic, or how much relief of sensation comes after the tic occurs. Our results showed that the first and second factors reflect the quality of the premonitory urge and the intensity of premonitory urges, respectively, similar to the previous factor analysis of PUTS (13, 15). In contrast to a previous study (15), our third factor also includes the just right sensation (items 4 and 5) in addition to the relief from the premonitory urge following the tic (item 9). This result may partly come from a different number of items that were used for the factor analysis. We used nine items of PUTS, consistent with the original version. Brandt et al. used all 10 items of PUTS and their original real-time urge intensity score (15) whereas Raines et al. used 8 items of PUTS while excluding item 9 (13).

Correlation analysis between PUTS and our newly created tic-associated sensations scale suggested that the three PUTS subscales and ruminative tendency toward tic-associated sensations correlated with each other; however, pre-tic awareness was not related to any other tic-associated sensations. Upon conducting an exploratory analysis, two items including the “sensation”, were excluded from the premonitory awareness factor (item 9, “I experience more tics with a prior sensation than I do tics without warning,” and item 11, “Often, I feel some kind of sensation before the tic appears.”), and items not including the sensations but referring their awareness before the tics were retained. It indicates that individuals with TS do not have to feel any concrete sensations before tics to tell when their tic will occur.



Relation Between Tic-Associated Sensations and Tic Suppression Ability

Consistent with previous studies (6–8), PUTS scores were not correlated with tic suppression ability. PUTS scores were significantly correlated with obsessive-compulsive symptoms, consistent with previous reports (3, 5, 18). Rumination about tic-associated sensation was not correlated with the tic suppression ability but was significantly correlated with obsessive-compulsive symptoms. In the group of participants without ADHD nor OCD, PUTS and rumination about sensation was negatively correlated with the tic suppression ability. Therefore, we concluded that aversive tic-associated somatosensory experiences do not facilitate tic suppression or even make the tic suppression more difficult. In contrast, the ability to tell when tic will occur before participants experience tics was correlated positively with the tic suppression ability, and this awareness may help tic suppression.

When the analysis was conducted by the age group, the correlation between the premonitory awareness and tic suppression was significant only in the group with the TS children. An additional different relationship between the urges and tic suppression was observed in the different habituation of the premonitory urge in CBIT practice between the children and adults with TS (30). Houghton et al. examined the habituation of premonitory urge for the CBIT responders and the CBIT non-responders with chronic tic disorders and revealed that adult CBIT responders exhibited some degree of premonitory urge severity reductions; however, child CBIT responders failed to show any significant reduction in the premonitory urges (30). The authors partially explain these differences by hypothesizing on the development and maintenance of the premonitory urges. First, children with tics may fail to recognize the urges or experience them as non-aversive; however, as tics continue to occur and increase in severity, they result in aversive consequences i.e., their urges being associated with tics acquires aversive valence (3, 30, 31). We created a premonitory awareness scale to evaluate the more neutral aspects of tic-associated sensation. Indeed, premonitory awareness did not correlate with the tic severity and obsessive-compulsive symptoms, and the subjective discomfort from tic suppression. However, it may be possible that premonitory awareness gains aversive valence as participants get older, affecting the tic-suppression ability in older participants.



Limitation and Future Directions

Some limitations should be noted. First, the participants were recruited through only one specialty clinic for TS and related disorders or members of TSAJ, which may have led to biased and small sample size. Further, we included both pediatric and adult patients from the clinic. Although we divided all participants by age group and conducted the analyses by age group, the number of participants in each group was small. As Banaschewski et al. demonstrated, awareness of premonitory sensory phenomena develops with advancing age (9). Further studies with an increased number of participants for both children and adolescents are required to clarify the effect of developmental steps on the relationship between the tic-associated sensations and tic suppression. Second, we evaluated the tic suppression ability and premonitory awareness by using self-reported measures. We asked the participants to report RASTS and fill in the tic suppression questionnaire only once. Further studies are required to ensure test-retest reliability and concurrent validity to use the experimental evaluation of both the tic suppression ability and the ability to realize signals of emerging tics. Third, we recruited adult participants with TS mainly from the hospital, and this may lead to a possible confounding factor of the effect of age on the relationship between the tic-associated sensation and tic suppression. A higher percentage of ADHD in adults compared to children and adolescents may be caused due to this recruitment method. Fourth, we used the LOI-CV to evaluate the obsessive-compulsive symptoms. Although the relationship between the obsessive-compulsive symptoms and PUTS scores were consistent with those reported in previous studies, the results concerning obsessive-compulsive symptoms should be interpreted with caution. Further studies using Y-BOCS (32) to evaluate obsessive-compulsive symptoms are required.

In conclusion, to the best of our knowledge, this is the first study to examine the relationship between the tic suppression ability and the premonitory awareness and rumination about sensation. Premonitory awareness was not correlated with any other tic-associated sensations; conversely, PUTS and rumination about sensation correlated with each other. Our results indicate that the severity and frequency of tic-associated sensations (evaluated by PUTS and rumination about sensation) do not facilitate the tic suppression. In contrast, the awareness of signals for emerging tics facilitates the self-initiated tic suppression. This study provides additional insights into the mechanisms underlying the effectiveness of behavior therapy by clarifying two distinct aspects of tic-related somatosensory sensation that involve premonitory urges; repeated somatosensory phenomenon that is bothersome to individuals with TS and signals for emerging tics that may facilitate tic suppression in HRT. Future studies are required to examine these two distinct aspects of tic-associated sensations in the context of behavioral therapy.
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Tic disorders (TD) are a group neuropsychiatric disorders with childhood onset characterized by tics, i.e. repetitive, sudden, and involuntary movements or vocalizations; and Tourette syndrome (TS) is the most severe form of TD. Their clinical manifestations are diverse; and are often associated with various psychopathological and/or behavioral comorbidities, including attention deficit hyperactivity disorder (ADHD), obsessive-compulsive disorder (OCD), anxiety, depression, and sleep disorders. Individual severity and response to treatment are highly variable, and there are some refractory cases, which are less responsive to conventional TD treatment. TD/TS are also common in the Chinese pediatric population. To help improve the understanding of TD for pediatricians and other health professionals, and to improve its diagnosis and treatment in China, the Chinese Child Neurology Society (CCNS) has developed an Expert Consensus on Diagnosis and Treatment of TD in China, which is based on our clinical experience and the availability therapeutic avenues. It is focused on clinical diagnosis and evaluation of TD and its comorbidities, psychological and educational intervention, nonpharmacological therapy, pharmacological treatment, including traditional Chinese medicine and acupuncture, as well as prognosis in children with TD in China. A summary of the current status of TD and up-to-date diagnosis and treatment recommendations for TD in China is presented here.




Keywords: tic disorders, Tourette syndrome, diagnosis, pharmacological treatment, behavioral therapy, comorbidity, expert consensus, Chinese population



Introduction

Tic disorders (TD) are a group of common neuropsychiatric disorders with onset in childhood and adolescence, characterized by sudden, rapid, recurrent, nonrhythmic movements or vocalizations, including some simple forms, such as eye blinking, facial grimacing, and throat clearing; and some complex forms, such as body twisting, coprolalia (uttering socially inappropriate words, such as swearing) or echolalia (repeating the words or phrases of others) (1–3). TD is often associated with various psychopathological and/or behavioral comorbidities, including attention deficit hyperactivity disorder (ADHD), obsessive-compulsive behavior (OCB) or disorder (OCD), anxiety, depression, and problems with impulse control and sleep (1, 3–8).

TD was first described by a French physician Dr. Jean-Marc Gaspard Itard in 1825 (9) to report patients with involuntary motor tics with echolalia and coprolalia, and then named as Gilles de la Tourette syndrome (often shortened as Tourette syndrome, TS) by Dr. Jean-Martin Charcot in 1885 after his resident Dr. Georges Gilles de la Tourette (10). However, subsequent clinical experience has found that there are more patients with involuntary tics without echolalia and coprolalia, thus only TD. Notably, TS only represents the most severe form of TD in the current DSM-5 diagnostic criteria (2); but it is still often used to describe TD in the Western clinical practice and literature (3). Interestingly, some experts in the field recently suggested that a unified diagnosis of tic spectrum disorder (TSD), similar to autism spectrum disorder (ASD) in DSM-5, would be more appropriate and practical to diagnose individuals with a primary TD; while also reducing stigmatization by discarding the ‘Tourette Syndrome’ title” (11).

TS diagnosis was introduced to China in the early 1980s after several Chinese pediatric neurologists and psychiatrists first went abroad as visiting scholars and learned about the Western diagnosis and treatment of TD (12). In the Chinese literature and clinical practice, “tic-coprolalia syndrome” was initially used as an equivalent for TS, but “tic disorder” has been gradually used to replace “tic-coprolalia syndrome”, to include the majority of tics without coprolalia, as well as avoiding stigmatization of children suffering from “tic-coprolalia syndrome”. In Chinese culture, the manifestation of tics is considered as embarrassing, and coprolalia is socially unacceptable. However, this situation has ameliorated in recent years through the campaign of public education, such as public educational programs and social media spread of medical knowledge and scientific facts about TD (12). For example, August 3 has been set as the TD Day in China since 2012 to raise the public awareness of TD.

Epidemiological studies have shown that TD is equally common across all races, ethnicities, and populations, with transient and mild tics affecting as many as 20% of school-age children (13, 14); while chronic TD and TS affect 0.3–5.0% and 0.3–1.0% of school-age children, respectively in various Western populations (3, 6, 8, 13–16). TD is likewise a quite common neuropsychiatric disorder in the Chinese pediatric population as well (12). A meta-analysis of 13 epidemiological studies between 1992–2010 in China showed that the prevalence of combined TD, provisional TD, chronic TD, and TS was 6.1% (95% CI: 0.036–0.100), 1.7% (95% CI: 0.009–0.031), 1.2% (95% CI:0.007–0.022), and 0.3% (95% CI: 0.001–0.008), respectively (17), which are comparable with the prevalence reported in other world populations. Currently, more than 20% of the 1.4 billion people living in China are in the 0–18 age bracket (https://www.unfpa.org/data/world-population-dashboard). Therefore, it is estimated that more than 10 millions of children and adolescents in China suffer from some mild form of TD, and up to 1 million with TS (12, 17).

In China, children with TD are often mainly under the care of general pediatricians and pediatric neurologists. Pediatric psychiatrists are usually consulted for or in charge of more severe cases with mental comorbidities (12). However, presently child psychiatry is still a discipline in its nascent stage in China with less than 500 available qualified pediatric psychiatrists, and most of them practice in big cities, such as Beijing, Shanghai, Guangzhou, and Wuhan (12). Nevertheless, there is no strict tiered referral healthcare system in China and the patients with TD could seek medical service anywhere in China.

As one of the main bodies of physicians treating children with TD in China, the Chinese Child Neurology Society (CCNS), with ~2,300 members from 31 provinces and regions (18), formed a consortium working on TD and reached an agreement in 2013 to jointly improve the diagnosis and management of TD/TS nation-wide; and subsequently developed a Chinese version of expert consensus on diagnosis and treatment of TD in children (19), and further revised it in 2017 (20). Recently, the Chinese Child Neurology Society Tic Disorders Consortium have collectively reviewed the current updates in the field and revised the latest Chinese version of TD diagnosis and treatment, based on the most recent recommendations from the American Academy of Neurology for treatment of TD/TS, and feedback from colleagues in China. Here we present an updated English version of this Chinese experts’ opinions on current status of TD, and its diagnosis and treatment in China, which are mainly established on the commonly adopted Chinese national (19–22) and international practices and standards (15, 16, 23–28).



Pathophysiology of TD

TD used to be considered as a mysterious illness, and the cause was mostly unknown (9, 10). However, decades of clinical observation and basic research have suggested that TD is a spectrum of neurodevelopmental disorders. The pathogenesis of TD could be due to a combination of genetic, immunological, psychological, and environmental factors. The links between the pathophysiology and clinical symptoms probably lie in the disinhibition of the cortical-striatum-thalamus-cortical circuits (4, 29–31). An imbalance of inhibitory–excitatory signals in these circuits is considered as the molecular mechanism to produce the tics and related symptoms. For example, overactivity of striatal dopamine or postsynaptic dopamine receptor hypersensitivity could produce tic symptoms (8, 29, 31, 32). Multiple neurochemical and neurotransmitter abnormalities have been implicated in TD/TS, most notably dopaminergic, adrenergic, GABAergic, and glutamatergic pathways (3, 4, 31). More recently, histaminergic (33, 34) and endogenous cannabinoid pathways have been associated with TD/TS through genetic, pharmacological, and brain imaging studies as well (35, 36).

Furthermore, recent extensive genetics, neuroimaging, and neurophysiology research have demonstrated that TD/TS with or without comorbidities of ADHD and or OCD are not distinct disorders but instead arise from common neurodevelopmental abnormalities of parallel cortical-striatal-thalamo-cortical circuits, which regulate initiation, selection, execution, learning, and reinforcement of intended movements, thoughts, behaviors, and moods (30, 31, 37). While tics could arise from dysregulation of the sensorimotor and oculomotor loops, OCB/OCD symptoms may stem from dysregulation of the anterior cingulate and lateral orbitofrontal loop, and ADHD symptoms could be due to dysregulation of the dorsolateral prefrontal loop (30, 31, 37).

Previous studies have suggested that TD/TS is highly inheritable and the heritability is up to 0.77, but no definitive TS causal gene has been identified (38, 39). Recently, a largest-ever genome-wide association and family co-segregation studies with 4,819 TS case subjects and 9,488 control subjects have found only one significant locus (FLT3 on chromosome 13, rs2504235, with odds ratio = 1.16), and TS polygenic risk scores could significantly predict both TS and tic spectrum disorders status in the population-based sample (40). Moreover, a meta-analysis of eight psychiatric disorders in 232,964 cases and 494,162 controls, including independent ADHD, OCD, and TS samples, detected 109 loci associated with at least two psychiatric disorders, and 23 loci with pleiotropic effects on four or more disorders. These loci are enriched among genes highly expressed in the brain and play prominent roles in neurodevelopmental processes (41). These findings indicate that TD/TS may be highly polygenic in nature, and TD/TS and its comorbidities may share some overlapped genetic origins, pathogenic pathways, and underlying neural circuits.



Clinical Characteristics of TD


Age of Onset and Sex Differences

Tics mostly begin before 18 years of age, typically between 4–8 years old, and the mean age at onset is around 6 years old (42). The tics increase in severity to a peak around 10–12 years old, and then gradually decrease and some remit in late adolescence and young adulthood (4, 6–8, 15, 16, 43).There are rare cases of adulthood onset TD, which is not within the scope of this proposal.

TD and its various subtypes are more common in boys than girls, and the ratio of male to female is estimated to be 3–4:1 (4, 6–8, 14, 42). In a meta-analysis of TD in China, the boy to girl ratio ranged from 2.22 to 3.68 for transient TD, 1.57–2.79 for chronic TD, and 2.17–10.6 for TS, which are in line with the global reports of sex difference in TD/TS (17).



Clinical Manifestation of Tics

The word “tic” is evolved from the French word “tique”, meaning a sudden, aimless, fast, and rigid muscle contraction (9, 10). Tics are divided into motor tics and vocal tics. Motor tics are rapid contraction of the fingers, face, neck, shoulders, trunk, and limbs. Vocal tics are the contraction of the oropharynx, throat, and respiratory muscles, and the sound is produced through the airflow in the nose, mouth and throat.

Motor tics or vocal tics can be further divided into two categories: simple and complex, depending on the duration of tics and part(s) of body and group(s) of muscles involved. Simple tics involve brief activation of single muscles or a localized muscle group and manifesting as simple movement or sound; while complex tics activating more muscle groups and manifesting as a goal-directed or purposeful-like movements, or sounds of word or phrase.

Practically any body-muscle may be involved in tics, and there is wide variability in tic phenomenology. Nevertheless, certain tics occur much more frequently than others, and the most common tic is eye blinking. Some descriptive examples of tics are given in Table 1, and some video demonstrative examples could also be found in the supplementary online files from the reference (31). Tic symptoms usually start from the face, gradually spread to the muscles of the head, neck, and shoulder, and then to the trunk and upper and lower extremities.


Table 1 | Manifestation and classification of tics.



Tics are mostly involuntary but could also be voluntarily held temporarily, particularly in older children. However, voluntary tic suppression could result in a tic “buildup”, followed by a sense of relief when the tics are finally carried out (44). Sometimes in older children with longer disease course, after motor tic or vocalization, another action could quickly occur in an attempt to hide or disguise the tics, making the clinical manifestations more complex and challenging to recognize (20).

Forty to fifty-five percent of children report a premonitory urge before motor tic or vocalization, which is an urge-for-action to a perceived local sensory stimulus or sensation or discomfort. Such a premonitory urge could manifest as local pressure, itching, pain, hot, or cold sensation, or other strange feelings, which are also called sensory tics (32, 45, 46). Sensory tic is considered as a premonitory symptom that will disappear after the tics, especially in older children (4, 32, 46). Motor tic or vocal tic could be related to relieving such premonitory urge or local discomfort. Premonitory urge is a characteristic feature of TD, and its awareness and control increase with age (47).

Echopraxia (involuntary repetition or imitation of another person’s actions), echolalia (repetition of other people’s vocalizations), and palilalia (repetition of the last word or phrase said by the patient) are present in some patients with TD. However, it is noteworthy that echophenomena (echopraxia and echolalia) are essential developmental elements in social learning up to the age of 28–36 months. So only when their persistence beyond this developmental age should prompt diagnostic consideration for a neuropsychiatric disorder, including TD (48). Copropraxia, the involuntary making of obscene gestures, and coprolalia, inappropriate, and out-of-context swearing, are complex forms of motor and vocal tics, respectively. They have been strongly associated with TD/TS, but relatively uncommon in clinical practice, affecting less than 30% of TD/TS patients (47, 49).



Clinical Course of TD

The tics in one individual can change from one form to another, and new forms of tics could emerge during the disease course, but usually manifest as some specific stereotype during a particular time period (50). The frequency and intensity of tics could also fluctuate significantly during the disease course, and new tic symptoms can replace old tic symptoms or superimpose on old tic symptoms.

Tics usually occur in bouts, and tic symptoms often wax and wane during the disease course (4, 43), and they can also be aggravated or mitigated by some stimuli. For example, common factors exacerbating tics include stress, anxiety, anger, shock, excitement, fatigue, infection, and being reminded, while common factors reducing tics include attention concentration, relaxation, emotional stability, and sleep (43, 45). Exercises, especially those involving fine motor movements, such as dancing or sports activities, are often associated with tic attenuation as well (43, 45).



Comorbidity of TD

About half of the children with TD and more than 80% of patients with TS suffer from at least one comorbid psychopathological or behavioral disorder(s) and about 60% TS patients suffer from two or more, which are known as comorbidities (4, 42, 43, 51), e.g., ADHD, OCB or OCD, learning difficulties, anxiety, depression, sleep disorders (52, 53), self-harm behavior or self-injurious behavior (SHB or SIB) (54), conduct disorder (55), rage attacks, or explosive outbursts (32, 56–58). Among them, ADHD is the most common comorbidity, followed by OCD, affecting approximately 50–60% and 36–50% of the patients with TD/TS, respectively (4, 43). There is also a sex difference in the incidence of TD/TS comorbidity. Usually, ADHD, learning difficulties, conduct disorder, and rage attacks are more common in boys, while OCD and SHB/SIB happen more often in girls (4, 43, 47, 51). Comorbidity increases the complexity and severity of TD (4, 43, 47), affects the healthy development of children’s learning, social adaptation, personality, and psychological quality, and adds much more difficulties and challenges to the diagnosis, treatment, and prognosis of the illness (59).




Diagnosis of TD and Clinical Assessments

Extensive clinical observation and research have shown highly variable clinical manifestations, severity, and comorbidities in patients with TD. Such high clinical variability has created significant challenges in clinical diagnosis and management, as well as for clinical research. In the last two decades, better understanding of this group of disorders and collaborative efforts have facilitated the development of standardized diagnostic procedures and criteria for tics and related disorders. For example, the DSM-IV-TR in 2000 (60), the Chinese Classification of Mental Disorders 3rd Edition (CCMD-3) in 2001 (61), the DSM-5 in 2013 (2), and the ICD-11 in 2018 (62) all have specific criteria for the diagnosis of TD and related medical conditions. The CCMD-3, DSM-5, and ICD-11 diagnostic criteria for tics are almost the same. Currently, the DSM-5 is mostly used in clinical practice around the world, including China. Notably, the older versions of diagnostic criteria had a discrepancy in terms of tic-free period regarding the 1-year duration for diagnosis of chronic TD and TS, i.e., CCMD diagnostic criteria specified no remission period of >2 months in 1-year period for chronic TD and TS. In comparison, the DSM-IV-TR diagnostic criteria specified no remission period of > 3 months, which could be a contributing factor for variation of prevalence in the previous reports. Nevertheless, the current commonly used DSM-5 criteria have no limitation on remission or symptom-free periods.

At present, descriptive clinical diagnostic methods are mainly used to identify children with tic symptoms and associated mental and behavioral manifestations. Therefore, a detailed inquiry of the medical history and careful observation of the tic manifestation and its associated abnormal cognition and behaviors are the prerequisite for a correct diagnosis. A thorough medical history should include mother’s medication during pregnancy, birth history, early development, and past medication use by the patient, etc. plus a complete psychosocial and family history to detect psychiatric and or neurological conditions in relatives. A thorough physical, neurological, and psychiatric examination are critical to identifying any potential causal factor, and symptoms and signs of accompanying medical conditions. Please refer to Figure 1 for essential diagnostic steps.




Figure 1 | Diagnostic and Treatment Roadmap of TD.




International Diagnostic Criteria

According to the clinical characteristics and course of the illness, TD can be divided into three types according to DSM-5, i.e., Tourette syndrome (TS), chronic TD, and provisional TD.

	TS: (1) both multiple motor and one or more vocal tics, but the motor and vocal tics do not necessarily appear at the same time. (2) onset before age 18. (3) after the first onset of tics, the frequency of tic can increase or decrease, while the duration of the tic symptoms is more than one year. (4) tic symptoms are not caused by certain drugs or substances or other medical conditions.


	

Chronic TD, previously known as persistent TD: (1) single or multiple motor or vocal tics, but not both motor and vocal tics at the same time. (2) onset before age 18. (3) since the first onset of tics, the frequency of tics can increase or decrease, while the duration of the disease is more than one year. (4) tic symptoms are not caused by any medication or substance or any other medical conditions. (5) fail to meet the diagnostic criteria for TS.


	

Provisional TD, previously known as transient TD: (1) single or multiple motor and/or vocal tics but not both motor and vocal tics at the same time. (2) onset before age 18. (3) the duration of tics is less than one year. (4) tic symptoms are not caused by any medication or substance or any other medical conditions. (5) fail to meet the diagnostic criteria for chronic TD or TS.




There is a certain continuity between the three types, with transient TD can develop into chronic TD, while chronic TD can also transit into TS. Some patients do not fall into any of the above categories; they belong to other TD, such as adult-onset TD or late-onset TD, and any other unspecified TD.

Refractory TD is a new concept gradually formed in pediatric neurology/psychiatry in recent years, and there is no clear definition yet. It is generally accepted to consider as refractory TD when a severe case of TS has been treated with classical anti-TD medications, such as tiapride and haloperidol or aripiprazole, for more than 1 year without satisfactory results (63).



Differential Diagnoses and Auxiliary Exams

First of all, tic symptoms should be differentiated from epileptic seizures, substance or medication-induced dyskinesia, chorea, dystonia, to name a few (32, 64). The presence of a premonitory urge with relief following the tic movement, the ability to suppress the tic movement, as well as the waxing and waning pattern support the diagnosis of TD. Furthermore, tics occur when the motor function of the involved muscle is normal; and tics are sudden, brief, and repetitive, and happen temporarily and episodically (32, 64).

Secondly, the majority of TD cases are primary TD or idiopathic, in which tics are the main clinical manifestation and no direct cause could be identified. Hence there are no specific biomarkers nor diagnostic tests for primary TD. Neurologic examination is usually normal for patients with primary TD. However, “soft” neurologic signs may present, including impaired fine movement coordination and motor restlessness, especially in children with ADHD (31).

In general, electroencephalogram (EEG), neuroimaging, psychological test and laboratory examination are not required to support the diagnosis for primary TD. The results of such an examination could show nonspecific abnormalities; and they are mainly used to assist the diagnosis of comorbidity or exclude the possibility of other diseases. In a small number of children with tic-like symptoms, EEG could show background slow waves or asymmetry, or paroxysmal epileptiform discharges, which is helpful to identify any active brain pathology or concomitant or mistaken seizure disorders. Video-EEG is commonly available in most major cities of China with affordable cost therefore it could be considered a routine test to exclude epileptic seizures and other neurological conditions (20).

Skull CT or MRI examination in some patients with TD could show smaller caudate nucleus, slightly thinner frontal and occipital cortex, mild ventricular enlargement, or deeper lateral fissure, and other nonspecific structural changes (65). Therefore, brain imaging examination could mainly be used to exclude any structural lesion of the basal ganglia and other relevant brain regions if suspected (65).

However, it is important to keep in mind that a variety of medical conditions and acquired factors could also cause tics or tic-like symptoms (8, 29, 46, 64). According to the previous studies, the following medical conditions and disorders could present tics or tic-like movements as the main or part of the clinical manifestations (8, 29, 46, 64): (1) genetic syndromes, in which tics or tic-like symptoms are only part of, but not the primary clinical manifestation, such as Down’s syndrome, Fragile X syndrome, tuberous sclerosis complex, and neuroacanthocytosis; (2) infectious diseases, such as streptococcal infection, encephalitis, neurosyphilis, Creutzfeldt-Jakob disease; (3) intoxicating factors, such as carbon monoxide, mercury, or bee poisoning; (4) medication side effects, such as methylphenidate, pemoline, amphetamine, cocaine, carbamazepine, phenobarbital, phenytoin, and lamotrigine; (5) other factors, such as stroke, and head trauma.

In such above-mentioned situations, the patients will present repetitive, patterned, but aimless and inattentive tics or tic-like movements, or seemingly stereotypy movements. Careful observation, medical history and physical examination could differentiate them from primary TD/TS (32, 66). A secondary TD should be suspected when tics present in much older children, start abruptly, or rapidly worsen over days to weeks, or occur in patients with other neurologic signs or symptoms. Systematic screening and specific auxiliary tests should be ordered to exclude the above-mentioned causes if suspected. The laboratory blood tests of antistreptolysin “O” (ASO), erythrocyte sedimentation rate, rheumatoid factor, virus antibody, trace elements, and ceruloplasmin are helpful to identify some common causative factors or for differential diagnoses (46, 67). Consultation or referral to specialised health professionals could help solving some complicated cases of secondary TD with some rare primary disease conditions.



Tics Severity Assessment

The severity of tics and its associated comorbidities and functional impairment are also highly variable. Tics could be simply divided into mild, moderate, and severe cases based on simple clinical observation. Mild cases refer to light tic symptoms, which do not affect children’s normal lives, learning, or social activities. Moderate cases refer to frequent tic symptoms, which somehow interfere with children’s normal functions and social activities. Severe cases refer to very frequent tic symptoms, which significantly impair children’s lives, education, and social activities.

Nevertheless, it is highly recommended to use a standardized instrument to objectively, quantitatively, and systematically evaluate the severity in order to monitor the disease course and treatment effect. There are several different tools that have been developed to measure the severity of TD and its associated psycho-social-behavioral comorbidities and impairments (32), such as the Gilles de la Tourette Syndrome Health-Related Quality of Life Scale (68) and the Premonitory Urge for Tics Scale (69). One of the most commonly used tic severity measurements is the Yale Global Tic Severity Scale (YGTSS) (70).

YGTSS is based on a semi-structured clinical interview and consists of three parts. The first part consists of checking items of motor/vocal tic symptoms. The second part is a score-system to assess the severity of motor and vocal tics separately in five dimensions, including tic numbers, frequency, intensity, complexity, and interference. The third part is the scale of functional impairments in self-esteem, social interaction, study, or work of children with TD. The total score of YGTSS (maximum rating 100) is obtained by summing up the scores of motor and vocal tics and functional impairment. TD cases with less than 25 of YGTSS total scores are considered as mild, 25–50 scores as moderate, and more than 50 scores as severe.

Besides, the number of comorbidities is also highly associated with the overall severity of TD, with more comorbidities, more severe the cases are (46). Repeated measures of the YGTSS can help systematically monitoring the disease course and evaluating response to treatment. A recent study has further proved its utility in assessing tic severity in children and adults with some minor revisions, i.e., YGTSS-Revised (links.lww.com/WNL/A423) (71).



Diagnosis of Comorbidity

In any case, a careful evaluation of the common comorbidities is an essential component of the TD assessment. MINI Kid 5.0 (Mini-International Neuropsychiatric Interview for Children and Adolescents) is a short, structured diagnostic interview for DSM-IV and ICD-10 psychiatric disorders in children and adolescents (72). It has been translated and validated in Chinese language and is highly recommended by the Chinese pediatric psychiatric experts for diagnoses of psychiatric comorbidities of TD (73).


TD/TS With ADHD

ADHD is characterized by an enduring pattern of developmentally inappropriate inattention or hyperactivity and impulsive behavior. ADHD is reported to affect about 50% (range of 21%–90%) of referred patients with TD/TS, compared to 2%–12% in the general pediatric population (5, 74). ADHD symptoms (inattentiveness, hyperactivity-impulsivity, or both) usually precede the onset of tics by 2–3 years (5, 74). Comorbid ADHD may contribute to behavioral disturbances, such as aggressiveness, disruptive behaviors, poor school performance and social adaptation, and problems with executive function, as well as increased emotional problems and functional impairments (5, 74). Therefore, a coexisting ADHD and its health burden should be screened for every patient with TD (32) through MINI Kid 5.0 (72, 73). Thorough evaluation could be performed by using pediatric ADHD rating scales within the Child Behavior Checklist (CBCL), and the Children’s version of the Connors ADHD Rating Scale (CAARS) if needed (5, 32, 45).



TD/TS With OCD

OCD is characterized by the occurrence of obsessions, which manifest as recurrent and intrusive thoughts, ideas, images, or impulses; and the occurrence of compulsions, which are repetitive behaviours or mental acts sought to prevent or reduce anxiety or distress. The DSM-5 criteria for OCD require that obsessions, compulsions, or both occupy at least 1 h per day or cause significant clinical distress or functional impairment.

A lifetime comorbid diagnosis of OCD is present in about 50% of patients with TS (5). To a lesser degree, OCB usually presents as a need for order or routine, and a requirement for things to be symmetric or in specific order or pattern, e.g., repeated checking or reordering or counting, rituals, and forced touching (5). OCB occurs in 20%–60% of patients with TS, compared to 0.5%–3.6% of healthy children and adolescents. OCB/OCD often emerges during early adolescence, several years after the onset of tics, frequently accompanied by a higher frequency of aggressive behaviors (5). The most recommended instrument to capture the full range of obsessive and compulsive symptoms and assess its severity in children is the Children’s Yale-Brown Obsessive–Compulsive Scale (CY-BOCS in children), entailing 58–80 items on obsessive and compulsive symptoms and 10 items on obsessive and compulsive severity (32).



TD/TS With Anxiety and Depression

The presence of generalized anxiety disorder in subjects with TD/TS has been reported in the range from 19%–80%, with a high-risk period for anxiety issues starts at age 4, and a high-risk period for mood disorders begins at age 7 (47, 75). The presence of depression in patients with TS has been positively correlated with an earlier onset, greater severity, and a longer duration of tics (31, 45, 64, 75). Anxiety and depression should be routinely screened in children and youth with TD/TS by MINI Kid 5.0 (72, 73), and properly assessed using the Multidimensional Anxiety Scale for Children (MASC) and the Children’s Depression Inventory (CDI) when the symptoms are prominent and intervention is needed (75).



TD/TS With Disruptive Behaviors and Potentially Life-Threatening Symptoms

Disruptive behaviors, including episodic outbursts, rage, aggression, and impulse control problem, are common in patients with TD/TS, e.g., episodic behavioral outbursts and anger control problems have been reported in 25%–70% of TS populations (31, 45), which should be recognized during history taking and considered when planning for intervention and therapy.

The risk of premature death was reported to be higher among individuals with TD (mortality rate ratio, 2.02; 95% CI, 1.49–2.66) and with TS (mortality rate ratio, 1.63; 95% CI, 1.11–2.28), compared with controls in a large population-based prospective cohort study in Denmark (76). When having complex and greater severity of motor symptoms, plus the presence of two or more behavioral comorbidities, particularly OCB/OCD, the patients could result in tic-related injuries, self-injurious behaviors (SIB), uncontrollable violence and temper, and suicidal ideation/attempts (31). Notably, copropraxia and coprolalia have been reported highly associated with SIB in patients with TD/TS (47). Such high-risk symptoms and behaviors need to be recognized during psychiatric assessment, and these patients need immediate medical attention and intervention to prevent severe consequences (54, 77).





Therapeutic Approaches

There have been some consensus TD/TS treatment recommendations in the past decade in the Western countries, based on some experts experience and the clinical evidence, such as the European Clinical Guidelines for Tourette syndrome and other TD (15, 23, 24, 32, 78), the Canadian guidelines for the evidence-based treatment of TD (16, 25, 26), and the most recent American Academy of Neurology Practice Guideline Recommendations for Treatment of Tourette syndrome and Chronic TD (28).

The establishment of an effective therapeutic plan requires careful initial assessment of tics, determining the presence of co-occurring psycho-social-behavioral issues, and clarifying the resulting impairment of each issue. Many children and adolescents with TD do not require intervention or treatment for their tics if their tics do not interfere with daily life or school activities. In China, there are also variations in terms of availability of cognitive-behavioral therapy (CBT) and pharmacological treatments, as well as clinicians’ experiences to justify the clinical guidelines in different places and conditions. Therefore, treatment decisions should be based on an individual patient’s needs, available resources, experience of the treating clinician, guided by the recommendations from the experts and professional organizations in the fields.

Target symptoms should be identified before treatment starts, i.e., the most influential symptoms on patients’ daily life, study, or social activities. Tics are usually the main target symptoms of treatment, while the target symptoms of some children could be more prominent comorbid symptoms, such as hyperactivity, impulsiveness, obsessive compulsion, and so on.

For children with mild TD, medical education and psychological support could be offered first or only, and a watchful waiting period with regular follow-ups should be appropriate. The principle of treatment for moderate to severe TD is similarly to try non-pharmacological intervention first, and behavioral therapy could be combined with pharmacological treatment. Nevertheless, medical education and psychological support should be provided throughout the entire treatment course. Please refer to Figure 1 for therapeutic order and steps.


Education and Support of Patients With TD and Their Families

Before to and at the same time of the active treatment of TD/TS, we would first recommend medical education and psychological support to the patients, as well as their parents, peers, and teachers in school and communities (24, 28, 79, 80), which could be in the forms of parent management training, parent-child interaction therapy, parent-school teacher interaction etc. It is essential to inform and educate patients and their parents that for most people with TD, the tics subside on their own by the end of adolescence. This fact about TD could lead to a much more conservative therapeutic need and approach.


Parent Management Training

Parents could be taught to record short videos of the children’s symptoms at home and show them to the doctors at the clinics so that the doctors could have a better assessment of the condition. Parents could be encouraged to face the diagnosis of TD/TS with their children instead of being embarrassed and trying to deny or hide or finding “excuses” for the tics symptoms for their children. Parents could also be advised to reassure the children with TD/TS to interact confidently with their classmates and people around them so their social adaptability could be improved. They could also motivate the children to actively take part in physical and social activities, instead of over-protecting the children by keeping them inside and isolated from others, which is common in the Chinese culture, particularly in the current generation of one-child families in China (12). The parents could also be instructed to carefully observe with the children the conditions and factors that could provoke or increase the tic symptoms, and subsequently avoid such “risk factors”.

The Chinese TD/TS Association, which is a non-governmental, non-profit organization, has built a platform for health education, patient-physician and patient-patient interaction, and information exchange among physicians, patients with TD, and their families. It is a very useful resource for information and support for patients with TD/TS and their families.



School and Educational Support

Parents could also communicate more often with school-teachers to help them better understand the medical condition so that the children with TD/TS could avoid being punished for “unexpected or uncontrolled movements” and could have reduced academic work-load to lower their stress level. School teachers could also help educating other students not to laugh at, isolate, and stigmatize the children with TD/TS.

We would also recommend special educational support for children with TD/TS, and particularly those with problems of learning, social adaptation, and self-esteem. We believe such special support could promote rehabilitation and help children return to healthy life. Most children with mild TD and good social adaptability can achieve effective results through psychological education and support only.




Cognitive Behavioral Therapy of TD

Cognitive behavioral therapy (CBT) and/or pharmacological interventions should be considered in addition to psychoeducation for patients with TD who have clear impairment associated with the tics. There is no clear consensus on what constitutes an indication to start treatment in TS. However, the European guidelines published in 2011 (15) recommends starting behavioral or pharmacological treatment for tics in the following situations: (1) subjective discomfort otherwise requires other treatment; (2) social impairment; (3) emotional difficulties; (4) functional disabilities. These situations mainly correspond to moderate to severe TD.

Behavioral therapy is an effective means to reduce tic symptoms and comorbidity, and to improve social function (79, 81, 82). Multiple behavioral interventions have been developed for the treatment of TD/TS and its associated comorbidities, including habitual reversal training (HRT), effective prevention of exposure, relaxation training, positive reinforcement, self-monitoring, regression exercise, to name a few (3, 79). The most commonly used one is comprehensive behavioral intervention for tics (CBIT) (3, 29), which trains patients to become aware of their tics and teaches them specific behavioral strategies to reduce tics. CBIT has been shown superior to supportive psychotherapy for children aged 10–17 years with TS and considered as first-line therapy when available, including those with comorbid OCD and ADHD (3, 27–29).

However, behavioral therapies are unlikely to be helpful in very young children (aged 9 years and younger), who have limited cognitive function to recognize and control pre-impulses that are the core of behavioral therapy; or in children with severe, untreated ADHD, who may have difficulties sustaining engagement in therapy. Furthermore, behavioral interventions are resource-intensive and require the presence of highly skilled clinicians, typically psychologists, occupational therapists, or specially trained physicians, and their significant time commitment (83). Due to the shortage of such trained professionals, as well as lack of experience and confidence among clinicians and parents, widespread implementation of behavioral interventions of TD still faces challenges in China (84). Currently, it is only available at certain pediatric mental health centers in some big cities’ of China, e.g., Beijing, Shanghai, and Wuhan. Nevertheless, behavioral therapies are much safer than pharmacological medications and have been proven effective in older children with TD/TS (24, 26–28). Therefore, it has been highly recommended by the Western experts and guidelines, and it could be gradually introduced and implemented in some centers in China with a large volume of TD/TS patients and available resources.



Pharmacological Treatment of TD

For children with moderate to severe TD that affects daily life, school, and social activities, and when psychological education and behavior therapy are not effective or unavailable, pharmacological therapy is needed (28, 85). The patients and their parents need to understand at the beginning of pharmacological therapy that the outcome of the medication(s) is unlikely to be completely tic-free but rather to improve the control and reduction of tic severity. The currently available medications could reduce tics by over 60%, such as aripiprazole in 60.2% (86–88), tiapride in 76.0% (27, 59). In general, a two-tiered medication choice and multi-stage treatment course are recommended, with the use of first-line medications for milder tics and the use of second-line medications reserved for more difficult cases. Therapeutic agents should start with monotherapy at its lowest effective dosage and gradually increased as needed. It is inappropriate to change the medication(s) or to discontinue the medication(s) too early or abruptly.


Course of Pharmacological Treatment

It is highly recommended that the pharmacological treatment of TD will take a gradual process and divide into multiple stages with careful evaluation at each step (19, 20). The complete course of treatment usually takes 1–2 years. If symptoms reoccur or aggravate at any time during the course, then return to the previous step or resume the process from the beginning.

	Acute treatment period: Actively control the symptoms and shorten the course of the illness. Starting from the minimum dose, slowly increase (1–2 weekly added) to target treatment dose. The course of treatment is dependent on the patient’s response to the medication until satisfactory result is achieved.


	Consolidating treatment period: Consolidate therapeutic effect, prevent relapse, and promote social function recovery. After the tic symptom is mostly under control, the same dosage should be continued for at least 1–3 months.


	Maintenance treatment period: Prevent relapse, maintain good daily function, and improve the quality of life. After the consolidation period, if the condition is well-controlled, the treatment should remain for 6–12 months, and the maintenance dose is generally 1/2–2/3 of the maximum dose previously used.


	Medication withdrawal period: After the maintenance treatment, if the symptom(s) are well under control, the medication can be gradually withdrawn; and the withdrawing period should be gradual and last at least 1–3 months.






Medication Options

Some recommended medications for the treatment of pediatric patients with TD in China are shown in Table 2, which are based on our clinical experience and availability of the drugs in China, including two proprietary polyherbal Chinese medicines that have been approved by the Chinese National Administration of Traditional Chinese Medicine (TCM), and are recommended as the first-line TCMs for pediatric patients with TD by the National Guideline of TCM for Pediatric Diagnosis and Treatment through a TD Expert Committee (22) (please also refer to the Traditional Chinese Medicine Treatment of TD in China). The choice of medication is often driven in part by the patient’s comorbidity profile, and treatment sometimes needs to target multiple symptoms, for example, tics plus hyperactivity, or anxiety, or compulsion. Every patient need be carefully followed up and has periodic evaluation and check-up to assess medication efficacy, side effects, and the need for continued therapy.


Table 2 | Recommended medications in the treatment of TD.






Comorbidity Treatment


Comorbid With ADHD (TD+ADHD)

This is one of the most common clinical comorbidities (49). Alpha 2 receptor agonist, such as clonidine and atomoxetine hydrochloride, is the first-line treatment, which has the anti-tic function and improves attention (28, 98). Atomoxetine hydrochloride does not induce or aggravate tics, so it can also be applied to TD children with ADHD (99). Guanfacine is not available in China. There was also successful clinical experience in using methylphenidate for TD+ADHD treatment (21, 100). Central stimulant, mainly methylphenidate, is the second-line treatment of TD+ADHD in China. However, there is a potential risk of aggravating or inducing tics by psychostimulants (21). It is generally advocated that conventional doses of dopamine receptor blockers, such as tiapride, should be combined with low doses of psychostimulants, such as methylphenidate, 1/4~1/2 of the conventional dosage, to treat children with TD+ADHD (101). Such treatment can effectively control the symptoms of ADHD but has little effect on the tic symptoms of most children. Evidence from pharmacological studies conducted over the last decade supports the use of stimulants to prioritize the treatment of debilitating ADHD symptoms in patients with TD/TS.



Comorbid With OCD (TD+OCD)

Cognitive-behavioral therapy (CBT) with an exposure/response prevention (ERP) component has the strongest evidence-based effect and is considered to be the first-line treatment for TD+OCD, if available (27, 28). Selective serotonin reuptake inhibitors (SSRIs), such as sertraline, are the first-line pharmacological agents. SSRIs are the only class of medications that has primary efficacy for OCD (27, 28). SSRIs should start with a small dose and gradually increase. Tricyclic antidepressants, such as clomipramine, could be used as a second-line medication for TD+OCD, but with more side effects (59). Newer antidepressants can also be used to treat TD comorbid with OCD. The European clinical guidelines suggest to use risperidone as a first-line choice for TD+OCD (23). Dopamine receptor blockers, such as aripiprazole and risperidone, are often used in combination with SSRIs, such as sertraline, to treat TD with severe OCD symptoms (21, 102).



Comorbid With Other Behavioral Disorders

TD cases with other significant behavioral disorders, such as learning difficulties, sleep disorders, self-injurious behaviors, and conduct disorder, should be consulted with or referred to professionals in specialized education, psychological intervention, behavioral therapies, and sleep disorders (103). In some complicated severe cases, it is necessary to timely transfer the patients to advanced pediatric psychiatry and/or neuropsychological services for comprehensive assessment and treatment.




Refractory TD Treatment

When treatment outcome is not satisfactory as expected, some common scenarios should be investigated to first exclude false refractory TD, such as misdiagnosis, improper medication choice, insufficient dosage, intolerance of side effects, or poor medication compliance. For children with refractory TD/TS in China, it is recommended that such patients should be referred to pediatric psychiatry or multidisciplinary team for evaluation and management. Once the diagnosis of refractory TD is established, a comprehensive treatment plan could include combined medications, newer medications, non-pharmacological therapy, and proper treatment of comorbidities (3, 104).

Some newer medications were reported to be effective for the treatment of adult patients with refractory TD in the Western countries. These include new D1/D5 receptor antagonists (e.g., ecopipam), vesicular monoamine transporter inhibitors (e.g., tetrabenzazine), antagonist of the nicotinic acetylcholine receptors (e.g., mecamylamine), cannabinoids (e.g., tetrahydrocannabinol), glutamatergic blocker (e.g., riluzole), γ-aminobutyric acid (GABA), finasteride, and omega-3 etc (3, 28, 89, 96, 104). However, these newer medications are currently unavailable or not widely used in pediatric clinics in China.

Botulinum toxin injections for the treatment of adolescents and adults with localized and bothersome simple motor tics have been recommended in the Western countries when the benefits of treatment outweigh the risks (3, 27, 28, 96). Various neural regulation therapies have been reported, including repetitive transcranial magnetic stimulation (rTMS), cranial electrotherapy stimulation (CES), and EEG biofeedback. However, the effects of such treatments are non-conclusive, and sometimes controversial (3, 105); therefore, they should be prescribed with caution and reservation. The beneficial effect of deep brain stimulation (DBS) has been more consistently reported in small scale clinical trials for refractory TS (3, 28, 96). But DBS belongs to invasive treatments, so it should only be considered for older children (above 12 years old) or adult refractory TS or special cases, such as the ones with severe self-injurious behaviors. It should also be under multidisciplinary assessments, follow stringent criteria, and ethically approved protocols (3, 26, 28, 78, 96, 105, 106).



Traditional Chinese Medicine Treatment of TD in China

Pharmacological treatments often have significant side-effects; while currently CBT is not easily assessable in most parts of China. Neither of the non-pharmacological and pharmacological treatments results in complete resolution of tic symptoms. Therefore, a variety of seemingly safer and easier complementary alternative medicine (CAM) have become available to the patients with TD and their caregivers (107).

Traditional Chinese Medicine (TCM), which mainly includes TCM medication and acupuncture that have been developed for the prevention and treatment of various diseases and refined by the Chinese people over thousands of years, is widely available and commonly used all over China. TCM medication could be prescribed as individualized formula, often in the form of liquid decoctions; or in pre-made dry decoctions or granules or tablets, based on some commonly used formula with specific medical ingredients for specific diagnoses or medical purposes (108). Notably, in recent years TCM has drawn increasing attention worldwide, and the ICD-11 will formally include a chapter on TCM classification for the first time in 2022 (109–111).

Based on the TCM diagnostic procedures, patients with TD could be further diagnosed and classified as different specific subtypes of TD, which are defined by different types of yin-yang imbalances of the functional entities of the body and mind (22). In China, TCM could be used to treat TD alone by specialized TCM physicians, often using individualized, freshly made daily liquid decoctions; or used by pediatric neurologists and psychiatrists in combination with Western Medicine, often prescribed as premade formulated granules or tablets (12).

There has been a standardized national guideline for the diagnosis and treatment of TD using TCM in China since 2012, and an updated version in 2019 (22). Some meta-analyses have supported the efficacy and safety of TCM alone and TCM plus Western Medicine in treating patients with TD/TS (112–116). For example, a randomized, placebo-controlled, double-blind clinical study investigated the short-term effectiveness and safety of one premade TCM medication, Ningdong (ND) Granule in pediatric subjects (aged 7–18 years) with TS, showed a 41.39% reduction in the total tic score, while the placebo group showed a 10.79% decrease (117). In another multicenter, double-blind, double-dummy, randomized, placebo-controlled trial, 603 patients with TS aged 5–18 years were randomly assigned to either treatment with placebo (n = 117), or tiapride (n = 123, 200–400 mg/d) or 5-Ling Granule (5-LGr), a proprietary polyherbal product (n = 363, 15.0–22.5 g/d), for 8 weeks; and the results showed that the clinical efficacy of 5-LGr was comparable to tiapride in reducing tics but its safety profile was better than tiapride (118). Changma Xifeng Tablet is another proprietary polyherbal Chinese medicine often used to treat patients with TD in China. In another multicenter, double-blind, double-dummy, randomized, parallel positive drug-controlled trial, patients with TS aged 4–18 years were randomly assigned to treatment with Changma Xifeng Tablets (n = 438) or tiapride (n = 110); and Changma Xifeng Tablet showed similar clinical efficacy as tiapride (86.59% vs. 82.73%) but with fewer side effects as compared with tiapride (0.00% vs. 5.45%) (95). Changma Xifeng Tablet has been approved as one of the first-line TCM for the treatment of pediatric patients with TD by the Chinese National Administration of Traditional Medicine (22). There has also been increasing modern medical research in China to understand the mechanisms of TCM. For example, another commonly used TCM decoction (Xiao-Er-An-Shen) for the treatment of TS in children in mainland China, its beneficial effect was shown to be associated with reversing abnormal changes of neurotransmitter levels and enhancing antioxidant status in an experimental mouse model of TS (119).

Similarly, acupuncture has been demonstrated to be an effective alternative therapy for TD/TS in China (114, 115). Two meta-analyses of seven and ten randomized clinical trials (564 participants and 703 participants, respectively) in China have shown that compared with Western medicine (e.g., haloperidol and risperidone), acupuncture seemed to be more effective in short-term to improve the YGTSS [MD −4.60, 95% CI −5.80 to −3.40) (114) or SMD -0.71, 95%Cl (-1.10, -0.33), Z=3.65, P = 0.0003) (115)]; and the response rate, compared to haloperidol or risperidone [(RR = 1.15, 95% CI (1.05,1.25), Z = 3.05, P = 0.002 (115) or RR = 1.19 (95% CI 1.08 to 1.31, Z = 3.42, P = 0.0006) (114)]. Acupuncture could also be used as an adjuvant therapy to enhance the effect of Western medicine in improving the YGTSS (MD −7.11, 95% CI −8.74 to −5.47) (114).

However, the total number and sample sizes of the reported RCTs on the TCM medications and acupuncture treatment for TD were still relatively small, compared to the RCTs of Western medicine. Therefore, high quality RCTs on TCM treatment of TD/TS remain scarce, and large-scale and well-designed RCTs with rigorous methods of TCM medication and acupuncture for TS are warranted (113).




Prognosis and Main Determinants of Quality of Life in Patients With TD

The overall prognosis of TD is relatively benign, and most children with TD can grow up to work and live as healthy adults. However, a small fraction of children with TD could carry prolonged tic symptoms and comorbidity into their adulthood that would compromise their quality of life and career.

Nearly half of the pediatric patients with TD would have complete remission in adolescence or adulthood, and about another 30% of them would have alleviated tics in adulthood; up to 20% of the patients with TD would have deferred tics into adulthood or lifelong (43, 120). Only a small fraction (5–10%) of pediatric patients with TD not only experience tic worsening in adulthood but also develop the most severe and debilitating forms of TD, particularly those with comorbidities.

The prognosis of children with TD could be associated with certain risk factors, including a family history of mental or neurological disorders, childhood psychosocial stress, higher childhood tic severity score, smaller caudate volumes, and poor fine-motor control (120, 121). Since TD symptoms can be alleviated or relieved with age and brain development, the prognosis should be deferred until around 18 years old.

In the meantime, comorbid ADHD symptoms tend to decrease in only 20% of children during adolescence but later than tics. The strongest predictor of ADHD in early adulthood is ADHD severity in childhood. Furthermore, having a family history of ADHD or getting special education in childhood also significantly increases the risk of future ADHD. Studies have also shown that comorbid ADHD and OCD tend to persist, with ADHD symptoms (120) and OCD severity in childhood strongly predict OCD in early adulthood. Moreover, the presence of untreated comorbidities could also adversely affect the long-term outcome of patients with TD (120, 121).

TD is a chronic neuropsychiatric disorder that has a significant negative impact on the health-related quality of life (HR-QOL) of patients and their families, if not properly managed. A systematic review (122) and other studies (123–125) indicated that in patients with mild to moderate TS, HR-QOL relates primarily to co-morbidities of ADHD and OCB/OCD. ADHD with predominantly inattentive symptoms, rather than hyperactivity symptoms, was associated with lower QOL (123). However, young patients with severe tics associated with characteristic premonitory urges and a family history of TD appear to be at higher risk for poorer HR-QOL as adults (124). QOL profiles in children reflect more the impact of co-morbid attention-deficit and hyperactivity symptoms, which tend to improve with age, whereas adults’ perception of QOL seems to be more strongly affected by the presence of depression and anxiety symptoms (122). Therefore, early interventions and effectively managing the comorbidities in pediatric patients, as well as proper treatment of depression, anxiety, and other comorbid symptoms in young adult patients with TD, will effectively improve their HR-QOL.



Summary of TD Diagnosis and Treatment

Clinical diagnosis of TD relies on detailed medical history, careful physical examination, and some auxiliary tests. Direct interview and exam of the children are essential to observe the tics, as well as the general behaviors and mental status, and to identify any additional concomitant sign(s) or symptom(s) to rule out any primary causative medical condition or for differential diagnoses. It needs to keep in mind that tic symptoms can be self-controlled for a short period, so it is easy to overlook and miss the diagnosis at the beginning. At the same time, TD can also be disguised by other prominent symptoms, particularly with comorbidities. Secondary TD, such as tic-like movements caused by rheumatic chorea, epilepsy, and other extrapyramidal disorders, should be excluded. Treatment should be considered at the individual level, gradually apply available non-pharmacological therapy, and pharmacological agents and other interventions with careful measurement of therapeutic effects, side effects, and overall outcomes. A simplified diagnosis and treatment roadmap is shown in Figure 1.



The membership of the Chinese Child Neurology Society Tic Disorders Consortium (grouped by the geographic locations):

	Beijing Anding Hospital Affiliated to Capital Medical University (Drs. Yan-Jie Qi, Yi Zheng), Beijing, China


	Peking University First Hospital (Drs. Ying Han, Yu-Wu Jiang, Qin Lin, Zhi-Xian Yang), Beijing, China;


	Peking University People’s Hospital (Drs. Na Fu, Jiong Qin), Beijing, China;


	Beijing Children’s Hospital Affiliated to Capital Medical University (Drs. Fang Fang, Yong-Hua Cui), Beijing, China;


	Children’s Hospital Affiliated to Capital Institute of Pediatrics (Drs. Qian Chen, Li-Wen Wang, Jian Yang), Beijing, China;


	People’s Liberation Army General Hospital (Drs. Guang Yang, Li-Ping Zou), Beijing, China;


	Pediatric Hospital Affiliated to Fudan University (Drs. Dao-Kai Sun, Yi Wang, Li-Fei Yu, Shui-Zhen Zhou), Shanghai, China;


	Shanghai Children’s Medical Center (Drs. Ji-Wen Wang, Zhi-Ping Wang), Shanghai, China;


	Xinhua Hospital Affiliated to Shanghai Jiaotong Unniversity School of Medicine (Dr. Ling Li), Shanghai, China;


	Children’s Hospital Affiliated to Chongqing Medical University (Drs. Fang-Cheng Cai, Si-Qi Hong, Li Jiang), Chongqing, China;


	Tianjin Children’s Hospital (Dr. Yu-Qin Zhang), Tianjin, China;


	Wuhan Children’s Hospital, Tongji Medical College, Huazhong University of Science and Technology (Drs. Zhi-Sheng Liu, Qing Lu, Dan Sun), Wuhan, Hubei Province, China;


	Tongji Hospital of Tongji Medical College, Huazhong University of Science and Technology (Dr. Yan Liu), Wuhan, Hubei Province, China;


	Xiangya Hospital of Central South University (Drs. Jing Peng, Fei Yin), Changsha, Hunan Province, China;


	Cangzhou People’s Hospital of Hebei Province (Dr. Rong Wang), Cangzhou, Hebei Province, China;


	Children’s Hospital of Hebei Province (Dr. Rong-Fu Shi), Shijiazhuang, Hebei Province, China;


	Xinxiang Medical College (Dr. Xue-Peng Guo), Xinxiang, Henan Province, China;


	The Third Affiliated Hospital of Xinxiang Medical College (Dr. Jia-Qin Wang), Xinxiang, Henan Province, China;


	People’s Hospital of Henan Province (Dr. Li Gao), Zhengzhou, Henan Province, China;


	The First Affiliated Hospital of Anhui Medical University (Drs. Jiu-Lai Tang, De Wu), Hefei, Anhui Province, China;


	People’s Hospital of Hainan Province (Dr. Li-Shuang Que), Haikou, Hainan Province, China;


	Union Hospital Affiliated to Fujian Medical University (Drs. Yan-Hui Chen, Jun Hu), Fuzhou, Fujian Province, China;


	The First Affiliated Hospital of Guangxi Medical University (Dr. Yun-Li Han), Nanning, Guangxi Province, China;


	Guangzhou Medical Center for Women and Children (Drs. Jian-Ning Mai, Si-Da Yang), Guangzhou, Guangdong Province, China;


	Shenzhen Children’s Hospital (Drs. Bing-Rang Yang, Yan Hu, Jian-Xiang Liao), Shenzhen, Guangdong Province, China;


	Haerbin Children’s Hospital (Drs. Chun-Yu Wang, Wei Wang), Haerbin, Heilongjiang Province;


	The First Affiliated Hospital of Jilin University (Drs. Dong Liang, Jian-Min Liang), Changchun, Jilin Province, China;


	Children’s Hospital of Jiangxi Province (Dr. Jian-Min Zhong), Nanchang, Jiangxi Province, China;


	The Second Hospital Affiliated to Lanzhou University (Dr. Yong-Qian Chen), Lanzhou, Gansu Province, China;


	General Hospital of Ningxia Medical University (Dr. Guang-Bo Bian), Yinchuan, Ningxia, China;


	Qinghai Maternal and Child Health Care Hospital (Dr. Shou-Lei Wang), Xining, Qinghai Province, China;


	Qilu Hospital of Shandong University (Drs. Bao-Min Li, Ruo-Peng Sun), Jinan, Shandong Province, China;


	Children’s Hospital Affiliated to Suzhou University (Dr. Yan Li), Suzhou, Jiangsu Province, China;


	The Second Affiliated Hospital of Xi’an Jiaotong University Medical College (Drs. Shao-Ping Huang, Lin Yang), Xi’an, Shaanxi Province, China;


	Children’s Hospital of Shanxi Province (Dr. Hong Han), Taiyuan, Shanxi Province, China;


	Shengjing Hospital Affiliated to Chinese Medical Sciences University (Drs. Hua Wang, Jun-Mei Zhang), Shenyang, Liaoning Province, China;


	Children’s Hospital Affiliated to Zhejiang University (Dr. Feng Gao), Hangzhou, Zhejiang, China;


	Hangzhou Children’s Hospital (Dr. Guang-Qian Li), Hangzhou, Zhejiang Province, China;


	The First People’s Hospital of Yunnan (Dr. Chun-Hui Tang), Kunming, Yunnan Province, China;


	Huaxi Second Hospital of Sichuan University (Drs. Rong Luo, You-Quan Zhong), Chengdu, Sichuan Province, China;


	Affiliated Hospital of Zunyi Medical College (Dr. Xiao-Mei Shu), Zunyi, Guizhou Province, China.


	Macao Earl Count General Hospital (Dr. Xiang Cai), Macao Macao, China;


	The Affiliated Hospital of Inner Mongolia Medical University (Dr. Guang-Lu Yang), Hohhot, Inner Mongolia Autonomous Region, China;


	Wulumuqi Children’s Hospital (Dr. Xi Chen), Urumqi, Xinjiang Autonomous Region, China;
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Rare inherited variations in multiplex families with Gilles de la Tourette syndrome (GTS) are suggested to play an important role in the genetic etiology of GTS. In order to explore the rare inherited variations with the risk of GTS, whole-exome sequencing (WES) was performed in a family with three affected patients with GTS. Among the five novel rare variations identified by WES, CLCN2 G161S was presented in three patients, but not in four unaffected individuals, and thus co-segregated with GTS. A validation study was also performed in a cohort of Chinses Han population to further examine the identified rare variants. CLCN2 G161S was genotyped in 207 sporadic patients with tic disorder including 111 patients with GTS and 489 healthy controls. Compared with that in controls [allele frequency (AF) = 0], CLCN2 G161S had higher variant AF in patients with tic (AF = 0.00483) and in patients with GTS (0.00900), respectively. However, this variant was absent from the current 1000 Genome databases, and the variant AF is very low in the current public databases including ExAC (AF = 0.00001) and gnomAD (AF = 0.00003). Our results suggest that CLCN2 G161S might play a major role in the genetic etiology of GTS, at least in a Chinese Han population.

Keywords: Gilles de la Tourette syndrome, whole-exome sequencing, CLCN2, rare variation, multiplex family


INTRODUCTION

Gilles de la Tourette syndrome (GTS), also known as Tourette's syndrome (TS) or Tourette's disorder, is a common, heritable neurological disorder manifested by chronic motor and vocal tics that persist for more than 1 year with childhood onset. The global prevalence of GTS ranges between 0.3 and 1% (1).

GTS is a complex disorder, and genetics plays a critical role in the pathogenesis of this disorder. From family studies, it has been determined that first-degree relatives of affected individuals are at 5–15-fold increased risk of GTS compared to the general population (2). In twin studies, the heritability has been estimated at 70–80%, which is one of the highest heritability for a neuropsychiatric disorder (3). Association studies and linkage analyses of GTS conducted to date have led to identification of some risk genes relevant to neuronal outgrowth and neurotransmitter systems, such as genes encoding SLITRK1 (Slit and Trk-like 1), a member of a neuronal transmembrane protein family, serotonin receptors, and dopamine receptors, none of which have been consistently replicated (4). With the advent of the next-generation sequencing technology, rare variant studies using whole-exome sequencing (WES) might be useful for identifying susceptibility genes in complex neuropsychiatric diseases (5). A recent GTS study of de novo variation using WES found 25 de novo coding variants in 45 samples from 15 trios (6). A study examining rare inherited variants in multiplex families with GTS identified a rare nonsense mutation in PNKD that co-segregated with the phenotype of the disorder, which resulted in reduced expression of PNKD in neurons derived from individuals with GTS. Another GTS study of rare inherited variants identified three novel rare variations in MRPL3, DNAJC13, and OFCC1 that segregated with chronic tic disorder phenotype in a three-generation pedigree with seven family members showing GTS symptoms (7).

In order to further investigate the potential rare variants with large effect sizes in patients with GTS, WES was performed on the individuals of a multiplex family with GTS. Furthermore, it is also critical to confirm whether the candidate risk variants in a multiplex family identified by WES are involved in the genetic etiology of the disease using independent samples. Therefore, a follow-up validation study was performed in a Chinese Han population.



MATERIALS AND METHODS


Participants

In the multiplex family (named family 1#, Figure 1A), the proband was a boy. He, his monozygotic twin brother, and his father were diagnosed with GTS (Figure 1A: IV-1, IV-2, and III-4). The proband's grandmother had been diagnosed with tic disorder (Figure 1A: II-1). The diagnosis of tic or GTS (as a subtype of tic disorder) was made by an experienced deputy chief psychiatrist according to the Diagnostic and Statistical Manual of Mental Disorders, fourth edition, revision version (DSM-IV-TR) criteria made by the American Psychiatric Association (APA). The MINI-International Neuropsychiatric Interview (MINI), a semi-structured interview questionnaire, was conducted to meet the demand for a short but accurate structured psychiatric interview. The proband's mother, aunt, and uncles were confirmed as unaffected by an experienced psychiatrist using an unstructured interview (Figure 1A: III-5, III-1, III-2, and III-3). We were unable to obtain blood samples from several family members including the proband's grandmother and his grandmother's brother. Their current mental status was designated as unknown and needs to be confirmed through the formal interview, although the proband's father said his mother (the proband's grandmother) had only a few symptoms such as blinks and shrugs and the grandmother recalled that she often had loud throat vocalization. Rediagnosis of the proband's grandmother and diagnosis of the grandmother's brother were hindered by living in a remote rural location in China.


[image: Figure 1]
FIGURE 1. Familial cohorts with Tourette syndrome. (A) Family 1#: a multiplex family with Tourette syndrome; three affected individuals were G161S heterozygous (III-4, IV-1, and IV-2). (B) CLCN2 G161S is located in highly conserved regions in multiple species. (C) Family 2#: the biological parents of the proband carried the wild-type allele. CLCN2 G161S was a de novo mutation in this family. (D) In family 3#, the biological parents of the proband could not be reviewed, and the DNA samples were unavailable. Whether CLCN2 G161S was a de novo mutation in this family remained undetermined. Black-shaded symbols represent GTS-affected individual, unfilled symbols represent unaffected individuals, and question marks represent individuals with unknown disease status. Crosses represent individuals with available genomic DNA samples. Proband is marked with an arrow.


In the follow-up validation study, the cohort consisted of 207 patients with tic disorder (170 males and 37 females, mean age 10.6 [SD 3.6] years), including 111 patients with GTS (91 males and 20 females, mean age 11.4 [SD 3.2] years), and 489 healthy control individuals (296 males and 193 females, mean age 16.0 [SD 9.7] years) (Table 1). The patients and control groups were not sex or age matched. All patients with tics were subjected to psychiatric assessment. Specifically, patients were diagnosed according to DSM-IV-TR criteria by APA for tic disorder or GTS. Healthy controls were provided by the Women and Children's Hospital of Xiamen University and were assessed with a self-edited questionnaire in order to exclude psychiatric disorders and major organic diseases. Subjects were excluded if there were three generations of family members with mental illness.


Table 1. Demographics of participants and clinical evaluation of patients.
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This study was approved by the Ethics Committee of the Children's Hospital of Fudan University. Written informed consent was obtained from all participants and/or their families. All participants were of Han Chinese descent.



WES Study

The entire sequencing procedure was conducted. In brief, 3 μg of DNA extracted from peripheral blood samples was sheared through a Covaris M220 Ultrasonicator (Covaris, Woburn, MA, USA) to create 150–200-bp fragments. The adapter-ligated library was prepared with a SureSelectXT Library Prep Kit, and the capture library was constructed using a SureSelectXT Human All Exon V6 Kit (Agilent Technologies, Santa Clara, CA, USA) to enrich the coding exons and flanking intronic regions. Clusters were generated via isothermal bridge amplification and sequenced on the HiSeq 2000 system (Illumina, San Diego, CA, USA). Quality assessment of base calling and sequence reads was performed using the Illumina Sequence Control Software v4.0.4 with Real-Time Analysis. NextGENe® v2.4.1 software (SoftGenetics, LLC, State College, PA, USA) was used to align the sequence reads with the reference human genome (Human GRCh 37.3, http://hgdownload.soe.ucsc.edu/goldenPath/hg19/snp135Mask/). All acquired single-nucleotide variants (SNVs) and indels were saved in VCF file format and uploaded on Knowledge-Driven NGS Analysis-TGex™ (LifeMap Sciences, Inc., Alameda, CA, USA) for detailed filtering and interpretation.

To prioritize variations, we applied numerous filtering steps to variations in WES (Table 2). First, we filtered out variations with <20X coverage. Further, we filtered out variations whose population frequency was <0.1% in the gnomAD_EAS. Finally, the likely pathogenic (LP) and pathogenic (P) variations were selected according to the scoring criteria of the American College of Medical Genetics and Genomics (ACMG).


Table 2. Filtering steps to variations identified by WES for the multiplex GTS family.
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To assess co-segregation of prioritized variations, Sanger sequencing was performed for the individuals of the multiplex family including the proband's aunt and two uncles. PCR was carried out on a T100 Thermal Cycler (Bio-Rad, Inc. Hercules, CA, USA), and the resulting products were sequenced using the ABI 3130xl sequencer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with primers. The sequencing data were analyzed using Mutation Surveyor DNA Variant Analysis software v4.0 (SoftGenetics, LLC, State College, PA, USA). Primer sequences and detailed information of amplification conditions are available upon request.



Validation Study

To determine whether the rare splicing CLCN2 variation prioritized in WES of the multiplex family contributed to the genetic etiology of GTS, CLCN2 G161S was verified using an independent population comprising 207 sporadic patients with tic disorder and 489 healthy controls from the Women and Children's Hospital of Xiamen University. CLCN2 G161S was genotyped using MALDI-TOF mass spectrometry (MS), as previously described (8). The CLCN2 primers used were as follows: 5′-ACGTTGGATGATCACTTTCTCAGCCGGATTC-3′ (forward) and 5′-ACGTTGGATGATTCGATGCACCCATTTCAGG-3′ (reverse). To remove the remaining dNTPs in the PCRs, we performed shrimp alkaline phosphatase treatment followed by primer extension. The sequence for the extension primer was CLCN2_U: CCTGCCCCTCAGGCTGTC. The extension products were desalted for MS analysis, as previously described. Data acquisition from the SpectroCHIP was performed using Bruker Compact MALDI-TOF MS (Bruker Daltonics), and data analyses were carried out with the TyperAnalyzer application, version 4.0 (Sequenom). All primers were purchased from Integrated DNA Technologies. All other reagents were purchased from Sequenom.

Deviations from the Hardy–Weinberg equilibrium were tested using the χ2 test for goodness of fit. Allelic association of variants was tested using Fisher's exact test. Allele frequencies (AFs) were estimated in all samples using the SHEsisPlus program [http://shesisplus.bio-x.cn/SHEsis.html (9)].




RESULTS

WES was performed for a multiplex family (family 1#) including the proband, his monozygotic twin brother, and the proband's father and mother and captured almost all regions (59.04 Mb) in each exome (Supplementary Table 1). The average read depth varied from 108.48X to 123.00X, and 94.10 to 96.00% of target regions were covered by 20 or more reads. A total of 30,534 sequence variations were called from WES in the multiplex family (Table 2). After several filtering steps, we prioritized four rare missense variations (C2CD2L R497W, MSH4 E379K, TULP4 S1451I, and UTP4 R634W) and a rare splicing variation (CLCN2 G161S). These variations were confirmed by Sanger sequencing. These five rare variants were predicted to be “probably damaging” by PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and Sorting Intolerant from Tolerant (SIFT: http://sift.bii.a-star.edu.sg/index.html). Among these five variants, CLCN2 G161S was identified in three affected individuals (Figure 1A: III-4, IV-1, and IV-2), but not in one unaffected individual (Figure 1A: III-5; Figure 1B), which was verified by Sanger sequencing (Supplementary Figure 1). In contrast, the other four variations were present in both affected and unaffected individuals (Table 3). In order to investigate whether CLCN2 G161S co-segregates with the phenotype of GTS, CLCN2 G161S was examined in three unaffected relatives including the proband's aunt and two uncles by Sanger sequencing. The results showed that the proband's aunt and uncles carried the wild-type allele. Therefore, CLCN2 was considered to be the most promising candidate gene for GTS.


Table 3. Rare variation prioritized by WES for the GTS multiplex family.
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Subsequently, a validation study was performed to assess the association of CLCN2 G161S with tic disorder in an independent population. We genotyped CLCN2 G161S in 489 healthy controls and 207 sporadic patients with tic disorders including 111 GTS patients. In sporadic patients, a heterozygous CLCN2 G161S was identified in a male patient with GTS and attention deficit hyperactivity disorder (ADHD) and a female patient with GTS and obsessive–compulsive disorder (OCD), and the 489 controls all carried the wild-type allele (Figure 2). Compared with that in controls (AF = 0), CLCN2 G161S had a higher variant AF in patients with tic (AF = 0.00483) and in patients with GTS (AF = 0.00900). No deviation from the Hardy–Weinberg equilibrium was found in genotype distribution of the variant. No significant association was detected between CLCN2 G161S and tic disorder (P = 0.029, adjusted P = 0.999) and CLCN2 G161S and GTS (P = 0.003, adjusted P = 0.996) after age and sex correction (Table 4).


[image: Figure 2]
FIGURE 2. A representative mass spectrum of the screening sample. (A) Wild-type mass spectrum for a patient with GTS. (B) Mutation mass spectrum for a patient with GTS. (C) Mutation mass spectrum for a patient with GTS. Primer, unextended primer; T, extension products for the mutant sequence; C, extension products for the wild-type sequence C.



Table 4. Genotyping of CLCN2 G161S in the follow-up study.
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In addition, in order to identify whether the CLCN2 G161S carried by the two sporadic GTS patients was inherited from their parents, the proband's parents (family 2#) were genotyped using Sanger sequencing and were found to carry the wild-type allele (Figure 1C). Therefore, CLCN2 G161S was a de novo mutation in family 2#. In family 3#, the biological parents of the proband could not be reviewed, their disease status was unknown, and DNA samples were unavailable (Figure 1D). Therefore, whether CLCN2 G161S was a de novo mutation in family 3# remained undetermined.

The following are the clinical descriptions of the proband and his monozygotic twin brother with GTS in family 1#. The proband was a 12-year-old boy and was a younger monozygotic twin brother. He had many severe symptoms for more than 3 years including blinking, shaking head, shrugging, plucking up the abdomen, and shrinking the nose repeatedly, accompanied by repeated throat voice for more than 1 year. The total score of the Yale Global Tic Severity Scale (YGTSS) was 64, which indicated that the severity of his tics was high. Brain structure examination was performed using a 3.0-T magnetic resonance imaging (MRI) instrument, which showed a normal brain structure. The results of electroencephalogram (EEG) examination and biochemical and immunological examinations of peripheral blood were also normal (Table 5).


Table 5. Clinical phenotypes of the five individuals heterozygous for CLCN2 G161S.
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The elder monozygotic twin brother developed tic symptoms earlier than the proband, and his age of onset was 5 years old according to his mother's recollection. The first episode of symptoms included repeated blinking of the eyes. After 6 months of treatment, the symptoms improved. However, 2 years later, the blink symptoms recurred, and other tic symptoms also occurred intermittently, such as throat vocalization, sniffing, and sound from the nose. Although his age at onset was earlier than that of the proband, he still had a variety of tic symptoms, which were relatively less severe than that of the proband. The total score of YGTSS was 40, which indicated that his tic severity was moderate. His mother was more concerned about his younger brother's tics.

The proband of family 2# was an 11-year-old boy. He had a variety of twitching symptoms since the first grade of primary school, such as shrugging his shoulders, grinning, making voices in his throat, and liking to spit. In addition to twitching symptoms, he exhibited inattention symptoms in class and procrastination toward his homework. He was also diagnosed with ADHD. His total YGTSS score was 56, indicating a severe level (Table 5).

The proband of family 3# was a 12-year-old girl. She had a history of tics for more than 3 years. She twisted her neck, shook her limbs, blinked repeatedly, and smacked her lips back and forth to make a loud voice. Now she often blinks and shrugs repeatedly. The total YGTSS score was 40, indicating a moderate level. In addition, she had some OCD symptoms, such as writing repeatedly and modifying and counting numbers repeatedly although that was not what she wanted to do (Table 5).



DISCUSSION

In the present study, five rare variations were identified by WES in a multiplex family with GTS. Among these variations, only CLCN2 G161S co-segregated with the phenotypes of GTS and was inherited from the proband's father. In the follow-up validation study, CLCN2 G161S was identified in two sporadic patients with GTS. In family 2#, the unaffected parents of the proband carried the wild-type allele; therefore, CLCN2 G161S was a de novo mutation in the family. In family 3#, whether CLCN2 G161S was an inherited or a de novo mutation was unknown due to the unavailability of the sample of the proband's parents. In addition, our follow-up validation study showed that CLCN2 G161S had a higher variant AF in sporadic patients with GTS (AF = 0.004) than in the controls (AF = 0). Interestingly, CLCN2 G161S was absent from the current 1000 Genome databases, and the variant AF was very low in the current public databases including ExAC (AF = 0.00001) and gnomAD (AF = 0.00003). We screened the CLCN2 gene for its relevance to neurodevelopmental disorders and found that CLCN2 has been strongly implicated in neurological disorders.

Certain homozygous or heterozygous CLCN2 mutations can cause two distinct phenotypes: leukoencephalopathy with ataxia (CLCN2; MIM#615651) and idiopathic generalized epilepsy (CLCN2; MIM#607628) including juvenile myoclonic epilepsy and juvenile absence epilepsy. For example, a homozygous 6-bp in-frame deletion (c.430_435del) was found in a woman from North Africa, and a homozygous 6-bp in-frame deletion (c.430_435del) and heterozygous R235Q and R577Q were identified in a sib of Tunisian origin with juvenile myoclonic epilepsy and in two German sibs with idiopathic generalized epilepsy (10, 11). Interestingly, a recent study showed that CLCN2 G161S, as a de novo mutation, was found in three patients with childhood absence epilepsy (12). In this study, we identified the heterozygous CLCN2 G161S variant in a multiplex family with GTS (family 1#). In this family, the variant carried by monozygotic twin brothers was inherited from their father. In family 2#, the CLCN2 G161S variant, as a de novo mutation, was found in the patient but not his unaffected parents. Both patients with epilepsy and GTS had an early onset age. Therefore, we speculated that CLCN2 G161S might cause a neurodevelopmental dysfunction underlying epilepsy and GTS. However, its functional implications remain to be clarified.

CLCN2 encodes chloride channel 2 (CLC-2), which is a type of permeable chloride channel that belongs to the family of CLCN2 channel/transport proteins (13). CLCN2 is expressed in glia precursors during development and is required for their differentiation into astrocytes and oligodendrocytes (14, 15). Mutations in CLCN2 are responsible for leukoencephalopathy with ataxia (16). Several lines of evidence suggest that oligodendrocyte dysfunction and white matter disconnection are involved in the pathophysiology of GTS (17, 18). Compared to healthy control, fractional anisotropy decreases and radial diffusivity increases in deep white matter tracts in cortico-striato-thalamo-cortical circuit as well as superficial white matter in GTS children; furthermore, lower fractional anisotropy values and higher radial diffusivity values in white matter regions are correlated with more severe tics (19). Taking these findings into account, we speculate that CLCN2 G161S might elicit abnormal signal conduction by damaged myelin across different brain regions, which results in GTS development.

There were some limitations in our study. First, we prioritized the rare variations that were predicted to be “probably damaging” by PolyPhen-2 and SIFT. Thus, other rare variations might have been overlooked. Second, WES can detect exon variants but not promoter variants, which could contribute to GTS. Third, blood samples from the proband's grandmother were not available. As described by the proband's father, the proband's 82-year-old grandmother also showed symptoms of tic disorder; however, we did not obtain her peripheral blood sample for WES verification and needed face-to-face interviews to obtain more information supporting the GTS diagnosis or just tic disorder.

In conclusion, our study suggests that CLCN2 G161S might play a major role in the genetic etiology of GTS, at least in the Chinese Han population.
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Tourette syndrome (TS) is a developmental neuropsychiatric disorder with onset during childhood. Because of its complex spectrum of phenotypes, the underlying pathophysiology of TS is still unclear. Resting-state functional magnetic resonance imaging demonstrated aberrant spontaneous neural synchronization in conventional frequency band (0.01–0.08 Hz) in TS. No published studies have reported abnormalities of local synchronization across different frequency bands. We estimated the alterations of local synchronization across five bands ranging from 0 to 0.25 Hz. Seventy-nine children with TS and 63 age-, sex-, and handedness-matched healthy children were recruited. Frequency-specific regional homogeneity (ReHo) and independent component analysis were used to identify functional alterations between TS and healthy children. TS patients showed significantly increased ReHo in the left precentral gyrus and decreased ReHo in the right operculum. Abnormal ReHo alterations of the superior frontal gyrus, superior parietal gyrus, anterior cingulate gyrus, putamen, superior temporal gyrus, and operculum were observed in different frequency bands. TS patients showed increased connectivity of the right superior frontal gyrus within the left executive control network. In addition, a significantly negative correlation was found between Yale Global Tic Severity Scale (YGTSS) vocal score and ReHo values of the right operculum in the highest frequency bands (0.198–0.25 Hz), while a significant positive correlation was found between YGTSS motor score and altered connectivity of the right superior frontal gyrus. The present study revealed frequency-specific abnormal alterations of ReHo in the whole brain and altered connectivity within the executive control network of TS children. Its neural importance and clinical practicability require further investigation.

Keywords: Tourette syndrome, resting-state functional MRI, regional homogeneity, frequency-specific, network


INTRODUCTION

Tourette syndrome (TS) is a developmental neuropsychiatric disorder with an onset during childhood, defined by the co-occurrence of motor and phonic tics lasting at least 12 months. Tics typically show a waxing and waning pattern of severity, intensity, and frequency (1). The prevalence of TS for children in China is 1.7% (2). Previous studies showed that ~90% of TS children have comorbid conditions, including obsessive–compulsive disorder (OCD), attention-deficit hyperactivity disorder (ADHD), rage attacks, sleep disturbances, and depressive symptoms (3), which might have a negative impact on their quality of life (4). Moreover, the underlying pathophysiology of TS is controversial and poorly understood because of the complex spectrum of phenotypes involved in TS (5).

Advanced neuroimaging methods have been used to investigate the neural basis of TS over the last few decades. Many neuroimaging studies using structural magnetic resonance imaging (MRI), positron emission tomography (PET), and diffusion tensor imaging techniques have reported abnormalities in the basal ganglia and associated thalamic and frontal cortical regions (6), supporting a hypothesis of dysfunction in the cortico-striato-thalamo-cortical (CSTC) networks in TS (7). A recent meta-analysis of task-based neuroimaging studies showed that TS patients had abnormal activation in the prefrontal, anterior cingulate, motor preparation cortices, and sensory and temporo-parietal association cortices (8). A previous study using functional MRI (fMRI) showed abnormal functional connections in the executive control network, especially in the fronto-parietal network in TS patients (9). This suggested that the broadly distributed involvement of multiple cortical regions or brain networks, in addition to the CSTC network, might play a critical role in TS pathophysiology.

Because TS children cannot perform specified tasks well, there have been few task-related fMRI studies in TS children. Resting-state fMRI (RS-fMRI) has the advantage of measuring spontaneous neural activity such as regional homogeneity (ReHo) in the TS population (10, 11). A previous study of TS with a small sample size (n = 21) showed decreased ReHo in the right cerebellum that was positively correlated with disease duration (11); however, no cortical regions were identified with abnormal ReHo. That study only observed the local synchronization of spontaneous RS-fMRI signals at a low frequency band (0.01–0.08 Hz), and therefore information about other lower- or higher-frequency realms is unknown (12). In contrast, a broader band of 0.01–0.08 Hz, containing several mixed physiological alterations of potentially specific frequencies, may lead to negative or inexact results. Zuo et al. discovered that even in the conventional low-frequency band (<0.1 Hz), blood oxygenation level-dependent (BOLD) fluctuations were stronger at 0.01–0.027 Hz in the subcortical region and at 0.027–0.073 Hz in the cortical region (13). Frequency characteristic analysis demonstrated that ReHo oscillations lower than 0.02 Hz mainly occurred in the putamen and that higher-frequency oscillations mainly occurred in limbic areas (>0.08 Hz) (14). Thus, a frequency-specific approach may provide more information than that of the conventional band (<0.1 Hz) to help understand the local BOLD activity of the cortical regions in TS.

To discover frequency-specific functional alterations that might have an important role in the pathophysiology of TS, we used RS-fMRI in a frequency-specific manner (0–0.01 Hz, 0.01–0.027 Hz, 0.027–0.073 Hz, 0.073–0.198 Hz, and 0.198–0.25 Hz) to compare TS patients with healthy controls (HC) (13, 15). Independent component analysis (ICA) was used to detect connectivity differences within brain networks between TS and HC groups. In the current study, we included subjects with comorbid symptoms who are most typical of TS [as “pure” TS without any comorbidity occurs in only 10% of patients (3)] to obtain generalizable results for clinical practice.



MATERIALS AND METHODS


Participants

Ninety-four children with TS were recruited from outpatient clinics of the Second Affiliated Hospital, Zhejiang University School of Medicine. All patients met the Diagnostic and Statistical Manual of Mental Disorders, 4th edition, text revision (DSM-IV-TR) criteria. Sixty-three age-, sex-, and handedness-matched healthy children without any neurological or psychiatric disorders were recruited as HC. Participants were excluded if they had (i) any neurological (other than tics) or psychiatric diseases (other than ADHD and OCD), (ii) structural abnormalities on visual inspection of structural imaging, and (iii) head motion exceeding 3 mm in translation or 3° rotation in any direction. After head-motion control, fifteen patients were excluded. Seventy-nine TS patients were eligible to take part in the current study. All clinical evaluations were performed on the day of acquisition of MRI scans by an experienced pediatric neurologist (Table 1). The Yale Global Tic Severity Scale (YGTSS) was used to assess current tic severity. The Swanson, Nolan, and Pelham IV Scale (SNAP-IV) was used to assess ADHD symptoms, and the Children's Yale–Brown Obsessive Compulsive Scale (CY-BOCS) was used to quantify OCD symptoms. Twenty-five children with TS in this study were using psychoactive medication during the MRI scan. Eighteen children with TS were on monotherapy (Tiapride 11/18, Topamax 5/18, Haloperidol 2/18), while seven subjects were taking combination drug therapy. Informed written consent from parents and assent by children for TS and HC were obtained before participation. The study was approved by the Medical Ethics Committee of the Center for Cognition and Brain Disorders, Hangzhou Normal University, China.


Table 1. Demographic variables and clinical characteristics.
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Image Acquisition

MRI images were acquired on a 3.0-Tesla MRI scanner (GE Discovery 750 MRI, General Electric, Milwaukee, WI, USA) at the Center for Cognition and Brain Disorders, Hangzhou Normal University. Foam pads were used to minimize head motion for all subjects. A gradient-recalled echo planar imaging sequence (repetition time = 2,000 ms, echo time = 30 ms, and flip angle = 90°) was used to obtain functional images. Forty-three axial slices (field of view = 220 × 220 mm, matrix = 64 × 64, slice thickness/gap = 3.2/0 mm, and 240 volumes) were acquired. Participants were instructed to rest with their eyes closed, not to think of anything in particular, and not to fall asleep. Three-dimensional T1-weighted images were obtained in the sagittal orientation using a magnetization-prepared rapid acquisition gradient-echo sequence (repetition time = 8.068 ms, echo time = 3.136 ms, flip angle = 8°, field of view = 250 × 250 mm, matrix = 256 × 256, slice thickness/gap = 1/0 mm, and 176 slices). After each scanning session, the responsiveness of the subjects was determined by asking whether they had fallen asleep during the scan.



Image Data Preprocessing

Statistical Parametric Map (SPM12, http://www.fil.ion.ucl.ac.uk/spm) software and the Data Processing & Analysis for Brain Imaging (DPABI) toolbox (http://rfmri.org/dpabi) were used for preprocessing (16). The first 10 image volumes of fMRI scans were discarded for scanner calibration and the subject's adaptation to the scanning noise. After slice time correction, functional images were spatially realigned to the first image of each session for head motion correction. Head movements assessed by the realignment parameters were tolerated up to ±3 mm and ±3°. Then, several nuisance variables including a linear trend, head-motion parameter (the Friston 24-parameter model) (17), white matter, cerebrospinal fluid, and global mean signals were regressed out (16). Individual T1 images were coregistered to functional images, then segmented (gray matter, white matter, and cerebrospinal fluid) and normalized to Montreal Neurological Institute (MNI) space. The transformation matrix obtained from T1 segmentation was applied to the functional images. The normalized functional images were resampled to 3 × 3 × 3 mm. Finally, we performed bandpass filtering (0.01–0.08 Hz, 0–0.01 Hz, 0.01–0.027 Hz, 0.027–0.073 Hz, 0.073–0.198 Hz, 0.198–0.25 Hz). ReHowas calculated (27 voxels) and ReHo maps from each frequency band for each individual were divided by the global mean ReHo value and then spatially smoothed with a Gaussian kernel (full width at half maximum = 6 mm). Ultimately, smReHo maps were used for statistical analysis.

For ICA, fMRI data were spatially smoothed with 6 mm full width half maximum Gaussian kernel after normalization. Subsequently, Group ICA of the fMRI Toolbox v3.0b (GIFT, http://icatb.sourceforge.net) was used to calculate spatially independent components (ICs). Dimension estimation of data from both groups was conducted using the minimum description length (MDL) criterion to determine the number of ICs (18). Then, individual maps in each group were conjoined and the temporal dimension of the convergent data was reduced via principal component analysis, followed by IC estimation. For all subjects, the spatial component maps were converted into z-score maps.

The number of ICs in the two groups (TS and HC) was 43. These components were selected based on the largest spatial correlation with a specific resting-state network template (http://findlab.stanford.edu/functional_ROIs.html) for further analysis. The brain networks included basal ganglia, sensorimotor, and the left and right executive control networks (one sample t-test, multiple-comparison correction based on Gaussian random field theory, single voxel p < 0.001, cluster level p < 0.05, Figure 1).


[image: Figure 1]
FIGURE 1. Brain networks of independent component analysis for each group (one sample t-test, GRF correction, single voxel p < 0.001, cluster level p < 0.05).




Statistical Analysis

Two-way repeated-measures analysis of variance (ANOVA) was performed to examine the effects of group and frequency band on the ReHo maps. Group (TS and HC) served as a between-subject factor and frequency band (0–0.01 Hz, 0.01–0.027 Hz, 0.027–0.073 Hz, 0.073–0.198 Hz, and 0.198–0.25 Hz) served as a within-subject factor. An F-map of the “frequency by group” interaction effect and an F-map of the group main effect were obtained. Multiple-comparison correction was conducted based on Gaussian random field (GRF) theory (single voxel p < 0.001, cluster level p < 0.05). The peak ReHo values of the clusters surviving from the group main effect were extracted and then entered SPSS software for two-sample t-tests in each frequency band

The peak ReHo values of TS patients were correlated against the clinical measurements, including YGTSS scores and SNAP-IV scores.

To explore connectivity differences between the two groups, two sample t-tests were performed within each network. Multiple-comparison correction was conducted based on GRF theory (single voxel p < 0.001, cluster level p < 0.05).




RESULTS

There were no significant differences in age (p = 0.599), sex (p = 0.066), and handedness (p = 0.370) between the two groups. The detailed demographic variables and clinical characteristics of participants are shown in Table 1.


Differences in Regional Homogeneity

ANOVA showed a significant main effect of group and a significant interaction effect (Figure 2, Table 2). For the main effect of group, the brain regions included the left precentral gyrus and the right operculum (frontal and temporal lobes). For the interaction effect, the brain regions included the right anterior cingulate gyrus (ACC)/supplementary motor cortex (SMA), right superior frontal gyrus, right Rolandic operculum, right putamen, right superior parietal gyrus, left superior temporal gyrus, and left white matter. Generally, in TS patients, the right superior frontal, and superior parietal gyrus showed an increased ReHo in lower bands and turned to normal in the higher bands, while the right Rolandic operculum and ACC/SMA showed a decreased ReHo in lower bands and turned to normal in higher bands. The right putamen and the left superior temporal gyrus showed a trend of decreased ReHo in lower frequency bands and increased ReHo in higher frequency bands (Figure 3, Table 3).


[image: Figure 2]
FIGURE 2. Brain regions showing significant differences on ReHo (ANOVA) (GRF correction, single voxel p < 0.001, cluster level p < 0.05).



Table 2. Brain regions showed significant differences (ANOVA).
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FIGURE 3. Altered ReHo of brain regions in TS patients across five frequency bands ranging from 0 to 0.25 Hz. SMA, supplementary motor cortex. **Bonferroni correction, i.e., 0.05/35 = 0.001.



Table 3. Details of simple effect for the brain regions in ANOVA (interaction effect of group × frequency).

[image: Table 3]

The two-sample t-tests showed significantly increased ReHo in full bands of the left precentral gyrus and significantly decreased ReHo in full bands of the right operculum (frontal and temporal lobes) (Table 4).


Table 4. Two sample t-tests for the peak ReHo value of the clusters showed significant differences in ANOVA (group main effect).

[image: Table 4]

The ReHo value of the right operculum (frontal and temporal lobes) showed significant negative correlations with vocal scores of YGTSS in the highest frequency bands (0.198–0.25 Hz) (Bonferroni correction, 0.05/15 = 0.0033; Figure 4, Table 5). No significant correlation was found between the ReHo value and any rating score in the left precentral gyrus.


[image: Figure 4]
FIGURE 4. The correlation between ReHo value and YGTSS scores in the right operculum. YGTSS, Yale Global Tic Severity Scale. The total score is the sum of motor score and vocal score. *p < 0.05; **Bonferroni correction, i.e., 0.05/15 = 0.0033.



Table 5. The correlation between ReHo and the scores of YGTSS in the significantly different brain regions of ANOVA (group main effect).
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Differences of Connectivity Within Networks

Compared with HC, TS patients showed increased connectivity of the right superior frontal gyrus (BA 6, MNI coordinates X = 21, Y = 9, Z = 63, T = 4.132, Cluster size = 945 mm3) within the left executive control network (Figure 5). No significant group difference was found in the basal ganglia, sensorimotor, and right executive control network. The peak Z-value of the right superior frontal gyrus was extracted to perform correlation analysis against clinical assessment scores. Only the motor score of YGTSS showed a positive correlation with abnormal connectivity (Figure 6).


[image: Figure 5]
FIGURE 5. Two sample t-tests on ICA maps (GRF correction, single voxel p < 0.001, cluster level p < 0.05). TS patients showed increased connectivity of the right superior frontal gyrus within the left executive control network.



[image: Figure 6]
FIGURE 6. A positive correlation between peak Z-value of the right superior frontal gyrus and YGTSS scores (motor score). YGTSS, Yale Global Tic Severity Scale.





DISCUSSION


Reduced Synchronization Within the CSTC Circuit in TS

The present study found decreased ReHo in the right putamen and increased ReHo in the left precentral gyrus of TS children. The putamen, a key node of the basal ganglia, is involved in motor loop circuits (19). The precentral gyrus responds to visual input and codes information during movement preparation (20), which involves cognitive processing for movements such as motor preparation and execution (21). The putamen and precentral gyrus are both parts of the CSTC circuit.

Functional deficits in the CSTC circuit may contribute to the motor symptoms of TS (7). The putamen, the center of the motor portion of the CSTC in the genesis of tics, receives abundant projections from the motor and somatosensory cortices (22). Defects in the modulation of activity in the structures of the motor CSTC network may underlie the failure to inhibit unwanted impulses in patients with TS (7). Previous studies demonstrated the aberrant structure, metabolism, and activity of the putamen and primary motor cortices in TS patients (23–25). Microstructural changes in the white matter of the left precentral gyrus and putamen in unmedicated and pure TS, and the regional apparent diffusion coefficient values were positively correlated with tic severity (25). A proton magnetic resonance spectroscopy study of children with TS showed significant reductions of N-acetylaspartate and choline in the putamen and reduced N-acetylaspartate in the frontal cortical (24). TS children were shown to have increased spontaneous local brain activity in the putamen and bilateral thalamus during RS-fMRI scans (26). Two event-related functional neuroimaging studies support the idea that the primary motor cortex processes preparatory signals related to motor tic behavior in TS (23, 27). One study showed significant fMRI activity in the primary motor cortex before tic onset (23). Another study found that cortical structures, including the primary motor cortex, preceded subcortical activation prior to tic onset (27). Decreased ReHo in the putamen and increased ReHo in the precentral gyrus in the current study indicated reduced synchronization of spontaneous neural activity in the putamen might inhibit the output nuclei of the basal ganglia, which in turn excite the precentral cortex to produce tics.



Abnormal Synchronization Within Executive Control Networks in TS

Executive control networks are thought to include the dorsolateral prefrontal, anterior cingulate cortices, and the orbitofrontal cortex (28). Many studies provided evidence of possible executive deficits in TS during various executive tasks such as working memory, fluency, shifting, and especially inhibition (29). TS patients could not suppress unwanted movements, and mainly comorbid with ADHD (3). The present study found that ReHo was decreased in the frontal and temporal operculum and ACC, but increased in the superior frontal and parietal cortexes. These regions were reported to be involved in two principal attention control networks. The cingulo-opercular network showed sustained activation across all tasks or nearly all tasks and was hypothesized to maintain task sets (30). The fronto-parietal network, which flexibly segregated or integrated in different aspects of control such as focused proactive control and episodic memory (31), has a crucial role in rapidly adaptive online control (32).

The present results showed reduced synchronization within the cingulo-opercular network (frontal operculum and ACC). Task-maintenance processes may be affected resulting in unwanted breakthroughs of normally suppressed behaviors, such as tics. However, the hyperactive frontal-parietal network (superior frontal and parietal cortexes) motivated initiate and adjust change in task control, again leading to unwanted movements and vocalizations (9). In previous fMRI studies of TS, activation of the operculum, ACC, insular, SMA, primary motor, and somatosensory cortex were found prior to tic onset (23), while decreased amplitude of low-frequency fluctuation (ALFF) and fractional ALFF in the ACC, frontal and parietal gyrus were detected during the resting state (26). In addition, fewer functional connections were found in the fronto-parietal and cingulo-opercular networks in TS children vs. adults and adolescents (9). Abnormalities of metabolism, anatomy, and function in the ACC, an important component of the cingulo-opercular network, have been reported in many previous TS studies (33–37). For instance, significantly decreased gray matter volumes were found in the ACC of TS patients (36). A single-photon emission tomography study reported the hypoperfusion of the ACC during the resting state, which was related to the severity of tics (35), while another study found increased ACC activation during voluntary tic suppression (34, 37). A recent proton magnetic resonance spectroscopy study of TS patients also found that concentrations of glutamine, an important excitatory neurotransmitter, negatively correlated with tic severity scores in ACC (33). Furthermore, we observed a negative correlation between tic severity and ReHoin the operculum. The greater the reduction of synchronization in the operculum, the more serious the disease is thought to become. Above all, altered ReHo of the cingulo-opercular and fronto-parietal networks, especially in the operculum and ACC in the current study, suggested that these brain areas may have an important role in the progress of tic generation mainly by breaking task set maintenance and enhancing adaptive tasks.

In addition to local synchronization, the present study used ICA to detect connectivity differences within the basal ganglia, sensorimotor, and executive control networks. We found increased connectivity of the right superior frontal gyrus within the left executive control network. The executive control network shares major nodes with the frontal-parietal network, including the dorsolateral prefrontal cortex and posterior parietal cortex. It is involved in the control of higher-order cognitive neural functions such as attention, planning, decision-making, and working memory (38). Recent years transcranial magnetic stimulation (TMS) studies attempted to indirectly impact deep or remote brain areas via functional connectivity. Some researchers have successfully observed TMS-induced functional connectivity alterations by stimulating the superficial cortex (39, 40). Our previous work also found increased ReHo in cerebellum after high frequency TMS on precentral gyrus (41). In addition, there was a significant positive correlation between functional connectivity of the right superior frontal gyrus and YGTSS motor score. The right superior frontal gyrus might be a direct or indirect target of TMS for TS treatment. This also suggested that Tics may be aggravated by enhanced functional connectivity within the executive control network, supporting the putative role of the control network in the pathogenesis of TS.



Frequency-Specific Altered Synchronization in TS

To the best of our knowledge, this is the first study to examine abnormalities of regional synchronization in a relatively large and typical pediatric TS population using the frequency specificity of ReHo. Several studies demonstrated the frequency specificity of ReHo changes in neurologic and psychiatric disorders, such as paroxysmal kinesigenic dyskinesia (42), schizophrenia (43), and major depression (44). In the present study, significantly increased ReHoin the superior frontal gyrus and superior parietal gyrus of TS children indicated compensatory functions of the frontal–parietal network in the lower frequency bands. These findings are consistent with previous reports that the lower frequency band (0.01–0.027 Hz) had a higher BOLD fluctuation in the cortical regions (13). We also found decreased ReHo in the putamen, ACC, and superior temporal gyrus in the lower-frequency bands, which was normal or reversed in the higher frequency bands. Previous RS-fMRI studies indicated that the higher band (0.027–0.073 Hz) exhibited increased ALFF compared with the lower band (0.01–0.027 Hz) in the subcortical regions (13, 45). The interaction of frequency band × group on ReHo indicated a significant difference in frequency-specific alterations (Figure 3, Table 3). The results of the current study suggested that the local intrinsic brain activity of TS was sensitive to specific frequency bands. More frequency-specific investigations are needed in the future.

The significant negative correlation between ReHo and YGTSS scores was found only in the highest frequency bands (0.198–0.25 Hz) (Figure 4, Table 5), suggesting that the ultra-high frequency band might be of clinical importance. These findings indicate that abnormal ReHoin TS is frequency-dependent and might be missed when using routine frequency band. Although the nature of these frequency-specific alterations of local neuronal homogeneity is still unclear, different frequency bands should be considered when measuring the ReHo of TS children in future studies to further understand the pathology of TS.




CONCLUSION

In summary, the present RS-fMRI study revealed frequency-specific abnormal regional homogeneity and altered connectivity in children with TS. The regions of frequency-specific abnormalities included the frontal–parietal network, ACC, and putamen, as well as an altered connectivity region in the executive control network. These brain regions are involved in multiple cognitive dysfunctions characteristic of TS. All these aberrant regions might be direct treatment targets or indirect targets for brain stimulation, especially those regions with frequency-specific abnormalities, which might be sensitive to specific stimulation frequencies for TMS. These targets should be tested and verified in TS populations in the future.



LIMITATIONS

This study had several limitations. The drugs used for TS treatment may affect brain function. The dose and duration of drug information were not recorded completely in the current study. The variability of the doses and types of drugs used makes it difficult to analyze the contribution of each drug on ReHo. Therefore, drug-naïve status and type of medication used should be taken into consideration in the future.
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Therapies for Tourette syndrome (TS) are insufficient, and novel therapies are needed. Fecal microbiota transplantation (FMT) has been a potential therapy for several neurological diseases. Here, we report a preliminary study to investigate the effects of FMT on patients with TS. Five patients with TS received a single administration of FMT via endoscopy. Tic symptoms were assessed by Yale Global Tic Severity Scale-Total Tic Score (YGTSS-TTS) and adverse effects were recorded at week 8 following FMT. Lipopolysaccharide (LPS) levels and 14 cytokines levels were measured. The microbiota profile in feces were analyzed by shotgun metagenomics. Four patients (4/5) responded positively to FMT (YGTSS-TTS reduction rate >25%) at week 8 with high safety. The levels of LPS and cytokines varied after FMT. FMT shifted the composition of the gut microbiota in patients close to that of the donor and continuously changed the abundance of Bacteroides coprocola, Dialister succinatiphilus and Bacteroides vulgatus. The restoration of B.coprocola was correlated with the improvement in tic symptoms (Spearman R = −0.900, P = 0.037). In conclusion, FMT was indicated a potential effective and safe alternative for patients with TS. However, larger clinical trials are needed to confirm the influence of microbiota in TS.

Trial Registration: chictr.org.cn Identifier: ChiCTR-IIR-17011871, URL: http://www.chictr.org.cn/showproj.aspx?proj=19941.
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INTRODUCTION

Tourette syndrome (TS) is a combination of persistent multiple motor tics and at least one kind of vocal tic lasting for more than 1 year in youths before reaching the age of 18 years old (1). The prevalence of TS is ~0.8% worldwide and 1.7% in China (2, 3). Approximately 80–90% of patients with TS have common neuropsychiatric comorbidities, such as attention-deficit/hyperactivity disorder (ADHD), obsessive-compulsive disorder (OCD), anxiety, depressive disorders, and autism spectrum disorders (ASDs) (4–6). Generally, genetic and environmental factors play a substantial role in the onset of TS; however, the intrinsic etiologies are currently poorly understood. Environmental factors include pre- and perinatal factors (7), psychosocial stress (8), and abnormal innate and adaptive immune responses (9). In addition, increasing evidence indicates that infections and immune activation might be part of the pathogenesis of TS (10). Infections with group A streptococci (GAS) have been implicated in the development of pediatric autoimmune neuropsychiatric disorders associated with streptococcal infections (PANDAS), which is a subtype of pediatric OCD and/or TS. One potential mechanism of PANDAS is that GAS induce inflammatory/immunological dysregulation (11). Abnormal activation of the Toll-like receptor (TLR) pathway induced by lipopolysaccharide (LPS) produced by gram-negative bacteria has been observed in TS patients. LPS has further been found to aggravate tic symptoms and increase inflammatory cytokine production in rat models of TS (12).

Behavioral therapy and pharmacotherapy for TS are conducted with an emphasis on the individual. Pharmacotherapy includes antipsychotic medications (haloperidol, tiapride, haloperidol, and risperidone and aripiprazole) and alpha agonists (clonidine and guanfacine) (6). However, a certain proportion of patients may fail to respond to pharmacological treatments alone or in combination, and the above medications produce some potential adverse effects, such as drug-induced movement disorders, metabolic and hormonal effects, and sedation (13). Deep brain stimulation (DBS) has been used extensively as an invasive neuromodulation method in patients with severe, medically refractory TS. However, uncertainties surrounding targeted anatomical selection, controversial age cut-offs for patient consideration for surgery and a high frequency of postoperative infections are drawbacks of DBS (13). The TS requires further research to clarify its pathogenesis, and alternative treatment options still need to be explored.

Previous studies have suggested that gut microbiota substantially influence the development of the brain and behavior through bidirectional communication via the microbiota-gut-brain axis (14). ASD and ADHD, which are neurological diseases and sometimes co-occur with TS, has been associated with altered gut microbial profiles: decreased Alistipes, Dialister, Veillonella and increased Collinsella, Dorea, and Lactobacillus abundances are found in ASD patients (15); decreased Faecalibacterium abundance has been found in ADHD patients (16).

There are several interventions for modulating gut microbiota to relieve behavioral abnormalities, including probiotics, antibiotics, diet, and especially fecal microbiota transplantation (FMT) (14). FMT, which reconstitutes the balance of patients gut microbiota with that of fecal microbiota from healthy donors, has been effectively used for treating recurrent Clostridium difficile infection (17) and has also been used to treat inflammatory bowel disease (18) and hepatic encephalopathy (19). Recent clinical trials have further shown that FMT could persist in alleviating the symptoms of ASD (20) and epilepsy (21) by reconstituting the recipient gut microbiota. In addition, increasing evidence shows that gut microbiota modulates different neurological diseases via different mechanisms of the microbiota-gut-brain axis. For example, a previous study showed that TLR-4-mediated inflammation triggers intestinal and/or brain inflammation, which further aggravates neurodegeneration in Parkinson's disease patients (22); the gut microbiome of patients with schizophrenia alters the glutamate-glutamine-GABA cycle and worsens schizophrenia-relevant behaviors (23); microbial reconstitution reverses the social and synaptic deficits of maternal high-fat diet (MHFD) offspring by correcting oxytocin levels and synaptic potentiation (LTP) in the ventral tegmental areas (VTAs) (24).

Considering that new alternatives are urgently required to relieve the symptoms of patients with TS who fail to respond to medications or DBS, and the changes in gut microbial populations are correlated with multiple neuropsychiatric diseases (20–23), it is worth exploring the effect of FMT in TS. Our research team previously focused on performing FMT to patients with ulcerative colitis (UC), and achieved high clinical response and safety (25). Then we conducted an FMT to one patient with TS and found that the tic symptoms assessed by the Yale Global Tic Severity Scale-Total Tic Score (YGTSS-TTS) were ameliorated notably by 8 weeks (26). Here, we performed FMT treatment on five patients with TS to assess its efficacy and safety; we further explored the alterations of fecal microbial composition and serum cytokines after FMT.



MATERIALS AND METHODS


Ethical Approval

This trial was approved by the Ethical Committee of Chinese People's Liberation Army General Hospital (S2015-110-02) and registered in the Chinese Clinical Trial Registry (ChiCTR-IIR-17011871). The patients and their legal representative and/or the patients voluntarily participated in the study and signed the informed consent form.



Patient Recruitment

Five patients meeting the diagnostic criteria of the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) and YGTSS-TTS (combined motor tic and vocal tic score) > 13 were included (27). Patients were eligible if they had been diagnosed for more than one year, had a persistent high level of tic severity, and had a relapse or were intolerant to regular medications for tics disorders. Patients continued to receive regular medication therapy for tics if the medication was stable for at least 3 weeks and no changes occurred over the 8-week trial. Enrolled patients were required to stop using antimicrobial drugs or probiotics for more than 1 month.



Donor Screening and FMT Procedure

A questionnaire about the family medical history and individual medical history, and laboratory blood and fecal examinations for pathogens were used for donor screening. Healthy fecal donor inclusion criteria were as follows: aged 5–30 years without sex limitation. Exclusion criteria included known infectious diseases, current gastrointestinal disease, and other systematic diseases, and use of medications causing dysbiosis. One hundred and thirty one volunteers were screened for eligibility, including 59 males and 72 females, with an average age of 33.5 (range 3–67) years. Five people were enrolled as donors according the inclusion and exclusion criteria. In a separate study, we performed FMT to 62 patients with UC from the five donors included in the current study and compared the rate of clinical remission (defined as a total Mayo score (for UC activity) ≤ 2, combined with all Mayo subscores ≤ 1). We subsequently identified that the efficacy of FMT using the feces from a 14-year-old male was superior to those using other donors after comparison (data unpublished). Therefore, we selected the 14-year-old male donor for the five TS patients in the current study. We collected ~120 g of fresh stool for every treatment. The stool was homogenized with 500 ml physiological saline (Kelidai, China) and then filtered to an ~400 ml suspension (donor fecal liquid, DL). After intravenous anesthesia, FMT treatment was performed with 100 ml of fecal suspension delivered through a gastroscope into the duodenum and 300 ml delivered to the colon via a colonoscopy. The detailed process of donor screening and the FMT procedure were previously reported in Wang et al. (25).



Outcomes

The primary outcome was the YGTSS-TTS. The YGTSS is a multi-dimensional, clinician-rated scale assessing tic severity, including the Total Tic Score (TTS) (0–50) and the Overall Impairment Score (0–50). The YGTSS-TTS is the combination of the Total Motor Tic score and the Total Vocal Tic score, which are assessed separately from five dimensions: the number, frequency, intensity, complexity and inference. Each item is scored from 0 to 5. Clinical response is defined as a YGTSS-TTS score-reduction rate of > 25% (27). We assessed the tic severity at baseline (W0) and 8 weeks after treatment (W8) using YGTSS-TTS (Figure 1), which was conducted by an independent evaluator.


[image: Figure 1]
FIGURE 1. Study design. After screening, FMT was performed at W0. YGTSS-TTS was assessed at baseline (W0) before FMT and W8. Stool samples were collected for metagenome sequencing and lipopolysaccharide (LPS) measurement at W0, W1, W8. Serum samples were collected for LPS and cytokines measurement at W0, W8.




Sample Collection

The fecal samples were collected from the five TS patients at W0, W1 (1 week after FMT) and W8. The donor feces (DF) was collected for every treatment. We further collected the DL, which represented the microbial composition that was ultimately transplanted into the patients. We also collected serum samples from patients at W0 and W8 (Figure 1). All the samples were stored at −80°C.



Limulus Amoebocyte Lysate Assay and Cytokine Analysis

We detected fecal and serum LPS levels and the serum levels of 14 cytokines. Serum and fecal LPS levels were measured using a limulus amoebocyte lysate (LAL) assay (Xiamen Bioendo Technology Co., Ltd, Xiamen, China) following the manufacturer's protocol. In brief, serum was diluted 10-fold in pyrogen-free water and inactivated at 70°C for 10 min. One gram of fecal sample was dissolved in 10 ml of sterile PBS, vortexed gently, and centrifuged at 3,000 rpm for 15 min. The supernatant was filtered through a 0.45-μm filter and a 0.22-μm filter successively and inactivated at 90°C for 15 min (28). The cytokine analysis was conducted using a multiplexing bead immunoassay (AimPlex Biosciences, Inc., USA) following the manufacturer's protocol to measure the levels of 14 different cytokines: IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12P70, IL-17A, IL-17F, IL-22, TNFα, TNFβ, and IFN-γ. Briefly, 45 μl samples were incubated with antibody-coupled fluorescent beads, washed and incubated with Biotin-dAb and NR-dAb diluent. The beads were analyzed using a flow cytometer (BD Bioscience, San Diego, CA, USA). Standard curves were generated by FCAP Array 3.0 software (BD Bioscience, San Diego, CA, USA) to determine the concentration of unknown sample.



Shotgun Metagenomic Sequencing and Analysis

Shotgun metagenomic sequencing was conducted as previously reported (29). In brief, DNA in the fecal sample (200 mg) and DL (200 μl) was extracted using a QIAamp DNA Stool Mini kit (QIAGEN), and the concentration was gauged by a NanoDrop instrument. The DNA library construction was performed following the Illumina TruSeq DNA Sample Prep v2 Guide, and the libraries were sequenced using an Illumina HiSeq 4000 (10G per sample). After data quality control and host genome filtering, the Illumina short reads were de novo assembled using SOAP de novo software (V2.04), and the obtained Scaffolds were cut into contigs, which were further used for gene prediction. The microbial composition at different taxonomic levels was annotated by MEGAN software (version 5, http://ab.inf.uni-tuebingen.de/data/software/megan5/download/welcome.html) with matched genes. The abundance of a taxonomic group equalled the sum of the gene abundance annotated to the species. The genes were assigned to the Kyoto Encyclopedia of Genes and Genomes (KEGG) orthology/module group for functional annotation.



Statistical Analysis

Non-normally distributed continuous data were presented as median (range). LPS and cytokines levels were analyzed by Wilcoxon signed-rank test. The principal component analysis (PCA) was calculated by the unweighted UniFrac distance metric and the analysis of similarities (ANOSIM) by the Vegan package in R (version 2.15.3). Microbiota differential abundance and function comparisons were performed using the linear discriminant analysis effect size (LEfSe) algorithm (http://huttenhower.sph.harvard.edu/galaxy), and an LDA score >3 was applied. Further pairwise comparisons of relative abundance among groups were analyzed via Metastats (http://metastats.cbcb.umd.edu/) (30). Spearman's correlation coefficient was calculated using R. P < 0.05 was considered statistically significant.




DATA AVAILABILITY

The metagenomic sequencing data are available in the BioProject database under research ID PRJNA628029 and the SRA accession number SUB7328137 (https://submit.ncbi.nlm.nih.gov/subs/sra/SUB7328137).



RESULTS


Patient Characteristics

Five boys with TS were enrolled for FMT treatment in this pilot study (Table 1). The average age of the patients was 8 years (range 7–10 years), and the body mass index (BMI) was 18.0 (range 13.2–26.3). The disease duration before FMT ranged from 1.5 to 4 years. All their anti-streptolysin O titres (ASOT) tests were negative. Patients 2,3, and 4 had TS combined with ADHD; patient 3 had variant asthma.


Table 1. The general information of the five patients.
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Efficacy and Safety of FMT in TS Patients

Table 2 show the YGTSS-TTS results for five patients. Four patients (4/5) achieved a clinical response at week 8 after FMT; patient 2 was the exception. The YGTSS-TTS of the remaining four patients decreased with a range of 7–35. The total tic symptoms of patient 3, who failed to adequately respond to medication, disappeared at week 8, and the vocal tic symptoms of patient 1 were also completely resolved. However, the vocal tic score of patient 2 increased from 13 to 17, which indicated a slight aggravation of symptoms. During the FMT process and follow-up period, no patients experienced any obvious adverse events, such as allergy, nausea, vomiting, diarrhea or abdominal pain. The body temperature of all five patients rose slightly 24 h after FMT treatment (Table 3).


Table 2. YGTSS-TTS scores and reduction rate in the five patients.

[image: Table 2]


Table 3. The adverse events after FMT.
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Variations in LPS and Cytokine Levels Following FMT

We explored the changes in LPS and 14 cytokines in TS patients. There were no significant changes in the LPS concentration in the feces and serum or in the concentration of all the cytokines in the serum before and after FMT (Table 4). The LPS concentrations of patients 2 and 4 in stool and serum samples were dramatically higher than those of the donor at baseline and persistently decreased after FMT (Figures 2A,B). The concentration of serum IL-6 was reduced in patient 4 and patient 5 following FMT but elevated in the other three patients (Figure 2C). Levels of both IL-17F and IL-22 were decreased in patient 2 (Figures 2D,E).


Table 4. Fourteen cytokine levels in the serum before and after FMT.

[image: Table 4]
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FIGURE 2. Fecal and serum lipopolysaccharide (LPS) levels and serum cytokine levels in patients with Tourette Syndrome (TS) following FMT. (A) Fecal LPS levels of the donor and five patients with TS. (B) Serum LPS levels of five patients with TS before and after FMT. (C) Serum IL-6 levels. (D) Serum IL-17F levels. (E) Serum IL-22 levels.




Alterations in Patient Microbiota Composition Before and After FMT

We further investigated the microbiota composition and diversity in TS patients before and after FMT by metagenomics analysis. The number of non-redundant genes in TS patients prior to FMT was significantly decreased compared to that in the donor (P = 0.073, DF VS W0; P = 0.043, DL VS W0, analysis of variance (ANOVA), Supplementary Figure 1) and transiently increased following FMT treatment (P = 0.053, W0 VS W1, ANOVA, Supplementary Figure 1). Principal coordinates analyses (PCoA) calculated by the unweighted UniFrac distance metric revealed a clear cluster of patients with TS prior to FMT away from the donor (Figure 3F). The gut microbiota composition in TS patients 1, 2, 4, and 5 temporarily shifted close to the profile of the donor microbiota by W1 but moved away by W8 though remaining dissimilar to the composition prior to FMT and to that of the healthy donor (Figures 3A,B,D,E). However, there was no obvious change observed in patient 3 whose microbiota composition remained distinct from the donor (Figure 3C). The analysis of similarity (ANOSIM) showed a similar trend in microbial composition among the different time points (DF VS W0: R = 0.268, P = 0.006; DF VS W1: R = 0.092, P = 0.161; DF VS W8: R = 0.212, P = 0.036; W0 VS W1: R = 0.092, P = 0.235; W0 VS W8: R = −0.08, P = 0.714; Supplementary Figure 2), indicating that FMT treatment transiently altered the gut microbiota composition of patients to that of the donor.


[image: Figure 3]
FIGURE 3. The shift in gut microbiota in the five patients before and after FMT. Principal coordinates analyses (PCoA) was performed by the unweighted UniFrac distance metric using the whole data set and showed a shift in the gut microbiota of each patient separately (A–E) and in combination (F).


We further explored changes in the microbiota composition of TS patients following FMT. Four different phyla, Firmicutes (53%), Bacteroidetes (27%), Actinobacteria (4%) and Proteobacteria (4%), dominated the gut microbiota composition of the five TS patients (Supplementary Figure 3). We performed LEfSe analysis and Metastat analysis to investigate the significant differences between TS patients and the healthy donor. LEfSe analysis revealed that the genera Bifidobacterium, Collinella, Dorea and Catenibacterium were much lower in TS patients than in the donor, and the abundance of the above genera transiently increased to the level of the donor at W1 but decreased by W8 (Supplementary Figure 4). Furthermore, the abundance of species Roseburia faecis, Bacteroides coprocola, Dialister succinatiphilus, Catenibacterium mitsuokai, Holdemanella biformis, and Allisonella histaminiformans was significantly decreased in TS patients compared with the healthy donor (relative abundance of DF VS W0, 0.0153 VS 0.0032, P = 0.0001; 0.0064 VS 0.0021, P = 0.0161; 0.0070 VS 0.0003, P = 1.59*10−6; 0.0051 VS 0.0002, P = 0.0009; 0.0075 VS 4.8*10−5, P = 0.0004; 0.0016 VS 2.8*10−5, P = 0.0002, Figure 4A); however, the abundance of Bacteroides vulgatus was significantly increased (relative abundance of DF VS W8, 0.0027 VS 0.0089, P =0.0017) (Figure 4A). Following FMT, Bacteroides coprocola abundance was restored in patients 3, 4, and 5 (Figure 4B), and the abundance of Dialister succinatiphilus was restored in patients 4 and 5 (Figure 4C). However, Bacteroides vulgatus abundance remained continuously reduced in all five patients (relative abundance: W0 = 0.0089, W1 = 0.0038, W8 = 0.0040, PW0vsW1 = 0.0372, P W0vsW8 = 0.0380) (Figure 4D). Furthermore, the change in YGTSS-TTS showed a strong negative correlation with the abundance of Bacteroides coprocola (Spearman R = −0.900, P = 0.037).


[image: Figure 4]
FIGURE 4. Changes in microbial composition at the species levels after FMT generated with Metastats. (A) A heatmap showing the relative abundance of 35 species in different groups. (B–D) The dynamic changes in Bacteroides coprocola, Dialister succinatiphilus, and Bacteroides vulgatus in Tourette Syndrome (TS) patients.




Functional Transformation/Diversification Following FMT Treatment

We characterized the functional changes in the gut microbiota using the KEGG database to annotate the metagenomics data. Dramatic functional differences between TS patients and healthy donors and post-FMT changes in TS patients resembling the donor gut microbiota were found (Figure 5A). The genes predominantly related to the biosynthesis of amino acids, glycan biosynthesis, and metabolism were significantly different between TS patients (W0) and healthy donors (DF). Amino acid biosynthesis contributing to arginine biosynthesis, lysine biosynthesis, terpenoid backbone biosynthesis and peptidoglycan biosynthesis pathways were significantly enriched, whereas glycosphingolipid biosynthesis and sphingolipid metabolism pathways were depleted promptly after FMT treatment (W1); however, all KEGG KOs had shifted back to the primary state by W8 (Figure 5B).


[image: Figure 5]
FIGURE 5. Microbial functional differences after FMT assessed by metastats. (A) principal component analysis (PCA) showing the dynamic alterations in functional features. (B) A heatmap showing the significant differences in several Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.





DISCUSSION

Herein, we report the significant clinical efficacy and safety of FMT for treating patients with TS and assessed for changes in LPS, cytokine levels, and microbial composition following the modulation of gut microbiota through FMT.

FMT has been shown to have a certain therapeutic effect on several neuropsychiatric-related diseases, such as hepatic encephalopathy, ASD and epilepsy (19–21). Previously, we found that FMT dramatically ameliorated the tic severity in one case (26). In this study, five patients who inadequately responded to medication intervention received one single FMT treatment. As the FMT procedures were variable, we chose to combine gastroscopy and colonoscopy under intravenous anesthesia for FMT treatment. Four of these patients exhibited clinical responses, with the exception of patient 2, indicating the significant efficacy of FMT in TS patients. All five patients showed good tolerance to the FMT treatment, and no one experienced any obvious adverse effects.

In our study, no statistically significant changes of LPS or cytokines in the five patients were observed. However, previous studies have shown that the peripheral immune system in patients with TS might be skewed to a pro-inflammatory state. LPS has been reported to significantly aggravate stereotypical and autonomic activity in TS rat models with increased IL-1β, IL-6, and TNFα levels as well as high expression levels of TLR4 (31). Here, we found that the LPS level in feces in patients 2 and 4 at baseline was higher than that in the donor, whereas it persistently decreased after FMT (W1, W8) and was consistent with the changes in serum, indicating that FMT might have reduced the pro-inflammatory immune responses of the above two patients. Previous studies reported that the pro-inflammatory cytokines IL-1β, IL-6, IL-12, IL-17, and TNFα are significantly elevated in patients with TS (12). The levels of IL-2, IL-12, and TNFα are positively correlated with the severity of tic symptoms (32).

In our study, the levels of IL-6 in patients 4 and 5, and IL-17F and IL-22 in patient 2 were down-regulated, suggesting a potential decrease in inflammation in these three patients. The impact of FMT treatment on the immune system cannot be ignored, while further studies with a larger sample size are needed to confirm the relevant alterations of LPS and cytokines after FMT.

Former literature focused on the composition and effect of gut microbiota in TS patients is rare. In our study, reduced gene numbers and a PCoA cluster separated from the donor cluster were observed at baseline, which is consistent with a previous study focusing on PANS/PANDAS showing a reduced operational taxonomic unit (OTU) number in the α-diversity analysis and a clear cluster apart from the healthy control cluster in the β-diversity analysis (33). Then, an obvious shift in the gut microbiota composition close to that of the donor microbiota was observed in four patients by the first week after FMT, indicating that the gut microbiota of the FMT recipients highly resembled that of the donor. However, the shift was transient, and the gut microbiota of the four patients deviated by week 8 to a state distinct from the baseline state. Interestingly, the tic symptoms of patients 1, 4, and 5 steadily improved by week 8, which is not consistent with the alterations in the overall microbiota shift. This phenomenon has also been observed in patients with other diseases treated with FMT, such as hepatic enteropathy (19) and refractory immune checkpoint inhibitor (ICI)-associated colitis (34). In addition, there is currently no uniform FMT frequency for the treatment of different diseases. Li et al. suggested that the interval should be <4 months for maintaining clinical efficacy in Crohn's disease after comprehensively assessing the changes in clinical symptoms, gut microbiota and metabolites (35).

In our study, changes in the abundance of three species remained stable at week 1 and week 8 after FMT: the relative abundance of Bacteroides coprocola and Dialister succinatiphilus was continuously increased in some of the patients, and Bacteroides vulgatus was absent in all patients. Moreover, Bacteroides coprocola abundance was negatively correlated with the improvement in tic symptoms. All the above results indicate that the three species have a potential influence on FMT treatment of TS. Previous studies reported that a special set of B. coprocola strains with a characteristic single nucleotide polymorphism (SNP) distribution was correlated with type 2 diabetes (T2D) (36). D. succinatiphilus participated in short-chain fatty acid (SCFA) generation via decarboxylating succinate to propionate (37). B. vulgatus is an opportunistic pathogen related to the increased incidence of T2D with increased inflammatory cytokines, specifically IL-6, and polycystic ovary syndrome by decreasing IL-22 secretion (38, 39), but negatively associated with atherosclerosis and LPS production (28). These findings suggest B. vulgatus plays an important role in different diseases through influencing the immune system. However, no obvious correlation between B. vulgatus and LPS/cytokines was observed in our study, likely due to the limitation of trial design and the sample size enrolled.

It is critical to explore alterations in metabolites related to the intestinal microbial compositions in TS patients receiving FMT. We found that after FMT, a number of metabolic pathways showed fluctuations, such as significant changes in amino acid metabolism, including the biosynthesis of arginine, lysine, valine, leucine, and isoleucine. Previous studies have revealed that dopamine, GABA and glutamate, as neurotransmitters and the metabolites of amino acids, greatly influence tic pathophysiology (40); furthermore, GABA and glutamate antagonists have been suggested as treatment options for TS (41). However, the literature focusing on the microbiota and metabolites in the gut of patients with TS is scarce and more studies are urgently required.

This pilot study reported the efficacy and safety of FMT on five TS patients and the specific alterations of fecal microbial composition and serum cytokines following FMT. However, there are several limitations. Only a small number of patients was enrolled without a control group. The follow-up period is relatively short and long-term effect of FMT on TS cannot be estimated. Nevertheless, our study indicated the crucial role of gut microbiota in the pathogenesis of TS. Together, this study provides novel evidence that reconstitution of the gut microbiota through FMT might be a safe and effective alternative therapy for TS. A large-scale randomized, controlled clinical trial with a longer follow-up is needed to confirm the efficacy and safety.
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Gilles de la Tourette syndrome (GTS) is a neurodevelopmental disorder characterized by motor and vocal tics with an estimated prevalence of 1% in children and adolescents. GTS has high rates of inheritance with many rare mutations identified. Apart from the role of the neurexin trans-synaptic connexus (NTSC) little has been confirmed regarding the molecular basis of GTS. The NTSC pathway regulates neuronal circuitry development, synaptic connectivity and neurotransmission. In this study we integrate GTS mutations into mitochondrial pathways that also regulate neuronal circuitry development, synaptic connectivity and neurotransmission. Many deleterious mutations in GTS occur in genes with complementary and consecutive roles in mitochondrial dynamics, structure and function (MDSF) pathways. These genes include those involved in mitochondrial transport (NDE1, DISC1, OPA1), mitochondrial fusion (OPA1), fission (ADCY2, DGKB, AMPK/PKA, RCAN1, PKC), mitochondrial metabolic and bio-energetic optimization (IMMP2L, MPV17, MRPL3, MRPL44). This study is the first to develop and describe an integrated mitochondrial pathway in the pathogenesis of GTS. The evidence from this study and our earlier modeling of GTS molecular pathways provides compounding support for a GTS deficit in mitochondrial supply affecting neurotransmission.

Keywords: Tourette syndrome genes, Tourette syndrome cause, Tourette syndrome etiology, mitochondrial fission, mitochondrial supply


INTRODUCTION

Gilles de la Tourette Syndrome (GTS) is a neurodevelopmental disorder with an estimated prevalence of 1% in children and adolescents (1). Neuroanatomical evidence suggests that GTS pathology is related to abnormal brain development and the physiological involvement of the cortico–striato–thalamo– cortical (CSTC) circuitry connecting the cortex, basal ganglia and thalamus (1). Clinical evidence further suggests the involvement of neurotransmitters such as dopamine, glutamate and γ-aminobutyric acid (GABA) (1). Epidemiological, phenomenological and genetic evidence demonstrate broad overlap between GTS and autism spectrum disorder (ASD) (2, 3) with both exhibiting high incidence in first-degree relatives, high monozygotic to dizygotic concordance (4), and with both conditions beginning during childhood with a high male preponderance. Furthermore, GTS and ASD share associated clinical features of compulsive behaviors, obsessions, involuntary movements (tics in GTS and stereotypies in ASD), poor speech control and echolalia common in both conditions (5). Attention deficit hyperactivity disorder (ADHD) is also present in both ASD and GTS (5, 6). GTS is over represented in ASD, with 5% having GTS and up to 40% experiencing tics (5). Similarly, the rate of autism in GTS exceeds that expected by chance, with reports of ASD in around 22.8% of children and 8.7% in adults (7), subclinical autistic symptoms occurring in a third of GTS populations, and a further two-thirds showing social deficits relating to the autism spectrum (8). Pharmaco-therapeutic agents such as the α2-adrenergic agonists Clonidine and Guanfacine and the antipsychotics such as Risperidone and Aripiprazole are usually the first-line of therapy for moderate to severe GTS. However, side effects are particularly problematic during childhood years when the symptoms are most predominant and often affect compliance and hence there is a critical need for targeted therapeutic development based on a better understanding of the genetic etiology of the disorder.

GTS is one of the most heritable neuropsychiatric disorders of non-Mendelian inheritance, however, with the exception of the neurexin trans-synaptic connexus (NTSC) little is known regarding the molecular basis of GTS (9). One of the strongest mutation associations to date has been with neurexin 1 and the genes encoding the NTSC which regulate neuronal circuitry development, synaptic connectivity and neurotransmission (2, 3, 10, 11). Members of the NTSC family of synaptic proteins bind across the synapse in different combinations to facilitate trans-synaptic cell-adhesion that helps establish and maintain neural circuits and neurotransmission within the brain. All major gene families of the NTSC (Figure 1) have been repeatedly mutated or otherwise associated with GTS and ASD (2, 11). Moreover, the number of mutations identified in and associated with the NTSC has continued to grow to such an extent that the NTSC now represents a collective mutation hot spot for GTS and ASD (2, 11, 13–22). Moreover, the NTSC model for GTS (Figure 1) provides a reliable starting point for further mutation pathway analysis into the mitochondrial regulation of neuronal circuitry development, synaptic connectivity and neurotransmission as it relates to mutations in GTS.
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FIGURE 1. Model NTSC pathway to GTS (2)—implicates the full complement of known neurexins (NRXNs) and their trans-synaptic cell-adhesion ligand gene families through multiple means of enquiry: neuroligins (NLGNs); leucine-rich repeat transmembrane proteins (LRRTMs); cerebellin precursors (CBLNs), Glutamate ionotropic receptor delta type subunit (GRIDS) and the synapse associated proteins (SAPs/DLGs) (2, 11, 12) in addition to the ProSAP proteins that interact in the NTSC postsynaptic signaling pathway (2, 11, 13–24). Presynaptic NRXNs 1-3 form competitive trans-synaptic complexes with postsynaptic ligands NLGNs, LRRTMs and CBLN-GRID complexes in the formation and/or maintenance of neuronal circuitry within the brain. Vertical arrows indicate putative pathogenic dose effects. NRXN1 isoforms with (+) and without (–) the 30 amino-acid insert at splice site 4 (IS4) indicate competitive binding of NRXN1 between its ligands. NRXN4/CNTNAP2 binds across the synapse with SAP97/DLG1 (12, 25). Comorbidities listed are those associated with the gene mutations and copy number variations (CNVs) in ASD and GTS (2, 11, 12, 26–32). Zinc represents one environmental factor important for mitochondrial protein import/processing and function that is also known to affect SHANK3 function (23, 24). Moreover the Zinc transporter ZnT7 has been recurrently linked with GTS in GWAS (2).


Neuronal Mitochondria: Up to 20% of the total energy consumed by humans at rest is attributable to brain activity despite a brain-to-body mass ratio of only 2% (33, 34). This high energy consumption by the human brain is largely attributed to requirements for synaptic transmission (33, 34). Neurons require particularly large amounts of energy for synaptic vesicle release and to power the ion pumps that restore ion gradients in the synapse following the ion influx associated with neuronal firing (34). These high energy demands are largely met by neuronal mitochondria, which also power other important neurodevelopmental processes including neurite outgrowth (35–40) which ultimately provides for optimal synaptic connections and neurotransmission. Mitochondria have additional roles in the neuron including calcium buffering, which is of particular importance in mitochondrial dynamics and neurotransmission (40). Although mitochondria are essential in almost every cell type, the extended branching structure and specialized function of neurons comes with unique demands over extended distances that render neurons especially sensitive to deficits in mitochondrial dynamics, structure and function. The sensitivity of neuronal development and function to mitochondrial deficiencies is corroborated by the strong association between the mutation of mitochondrial component molecules and neurological disorders (41), and there is increasing evidence that mitochondrial dynamics and dysfunction contribute to neuropsychiatric disorders including Schizophrenia (SCZ) and Bipolar Disorder (42–44).

The higher brain functions affected in neurodevelopmental and psychiatric disorders are thought to require precise spatiotemporal regulation of neuronal circuitry development. In this developmental process the relationship between neuronal outgrowth, synaptogenesis and synaptic transmission is widely appreciated. However, the requirements that these neuro developmental processes have on mitochondria is still emerging. In our pathway analysis, we outline the importance of mitochondrial dynamics, structure and function to neuronal outgrowth and development, synaptogenesis and neurotransmission as the basis for understanding the genetic etiology of GTS.



METHODS

Data Mining and Mutation Pathway Analysis: In this study we integrated the findings from published and unpublished (database) sources including ASD brain gene expression profiling, GTS risk-gene mouse modeling of behavior, genome wide linkage studies, genome wide association studies, chromosomal translocations and copy number variations (CNVs), gene set analysis, haplotype sharing, cell modeling, whole exome sequencing (WES), and whole genome sequencing (WGS) of rare and common deleterious mutations in GTS and ASD (see sources in Table 1). In the case where a CNV spanned multiple genes only one gene was selected for inclusion in our pathway analysis (Table 2). In these cases, first priority was given to genes that directly regulate those pathways already implicated in GTS (9) including neuronal development (e.g., SLIT2), synaptic connectivity (e.g., NTSC pathway genes), synaptic function (e.g., SAP97) and neurotransmission (Figure 1) (9). Only then was the second priority exercised to assign a pathway to those genes that encode mitochondrial proteins. Following this selection process all mutations, deletions and duplications of mitochondrial protein genes in GTS were included within the mutation pathway analysis thereby eliminating any bias or cherry picking in our development of the first contiguous mitochondrial pathways to GTS (Figures 2–4).


Table 1. Data sources.
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Table 2. GTS risk genes in mitochondrial dynamics, structure, and function.
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FIGURE 2. Mitochondrial transport pathway to GTS. Red fill indicates CNV deletion (arrows down) or duplication (arrows up); Yellow fill indicates GTS associated gene; Red asterisk* indicates deleterious mutation; Black asterisk indicates another GTS genetic association; + indicates linkage; Red arrow indicates GTS affected pathway. Vertical arrows beside PKA and PKC indicate putative pathogenic dose effects.




RESULTS AND DISCUSSION


Mitochondrial Dynamics: Mitochondrial Transport

To optimize the development and function of neuronal circuitry, mitochondria need to be located at the right place at the right time in sufficient numbers and to be functioning at optimum efficiency. Given that neurons are often hyper-extended with a complex network of axonal and dendritic branches, such optimisation requires the active bidirectional transport of mitochondria to their required destinations along microtubule tracks (39, 86). This may involve long-distance transport of mitochondria from the soma, where the majority of mitochondrial biogenesis occurs, to the pre- and post-synaptic termini where demands for mitochondrial homeostasis is highest (39, 86). Mitochondrial transport is also thought to optimize mitochondrial fission, fusion and function (39, 86).



Dynein and Kinesin Motor Proteins

Transport of mitochondria is regulated by the dynein and kinesin motor proteins through their interaction with the microtubule cytoskeleton of the cell (Figure 2). The kinesins (KIFs) mediate anterograde mitochondrial transport away from the soma of the neuron while dynein complexes regulate retrograde transport (87). DNAH6, the dynein axonemal heavy chain 6 gene implicated in mitochondrial depletion syndrome is mutated in GTS as are DNAH5 and a number of kinesin genes including KIF6 and KIF7 (Figure 2) (58). Moreover, DYNC1H1 which encodes the dynein 1 heavy chain mitochondrial transporter is mutated in ASD and KIF1A which encodes the Kinesin 1A mitochondrial transporter is disrupted and duplicated in ASD (18, 20).

KIFs form homo and heteromeric complexes in the regulation of organelle transport including but not limited to mitochondria (88). The importance of the motor proteins, and the microtubule network they travel on, in nervous system development and function is evidenced from their strong association with neurological phenotypes. Mutations in KIF5-family members give rise to a range of dominant negative phenotypes including deficits in mitochondrial transport, structure and function and reduced activity of the electron transport chain (ETC) (89, 90), axonal degeneration and aberrant synaptic transmission (Figure 2) (58, 91). GTS mutations have also been identified in genes that regulate tubulin and microtubule dynamics including: duplication of the TUBB2A and TUBB2B tubulin genes and the mutation of TUBB3 (58); mutation of the TTLL1, TTLL2, and TTLL5 tubulin ligase genes (58); recurrent duplication of the microtubule polymerization gene KANK1 implicated in spastic paraplegia (58, 92); and mutation of the CAMSAP1 gene that regulates microtubule dynamics and neurite outgrowth (Table 2 and Figure 2) (58, 93).



Mitochondrial Transport Adaptor and Accessory Proteins

Mitochondrial transport provides for the site-specific requirements and function of the neuron (39, 86, 94–97) and it has been demonstrated that mitochondria directly regulate synaptic transmission (94). Furthermore, synapses with mitochondria can sustain repeated cycles of neurotransmitter release whereas the transport of mitochondria either in or out of the synapse dynamically modulates this synaptic strength (95–97). To halt the transport of mitochondria at a required destination such as the synapse requires a braking system. In this respect, synaptic firing renders synapses to be sites of high calcium influx. After synaptic firing the high (Ca2+) acts to halt mitochondrial transport through the action of the Ca2+ sensitive GTPase of MIRO which is embedded within the outer mitochondrial membrane which then inactivates the molecular motor kinesin (Figure 2). To summarize, the precise location and relocation of mitochondria closely matches the site-specific requirements of the neuron including a rich supply of energy, in the form of ATP, to power the synaptic calcium ion pumps that expel calcium from the cell and for direct mitochondrial buffering of Ca2+ (98–100). Furthermore, mitochondria directly regulate the strength of synaptic transmission (94).

Motor proteins interact with mitochondria through adaptor and accessory proteins (98, 101) that determine the direction of mitochondrial transport (Figure 2). The mitochondrial transport adaptor proteins TRAK1 and TRAK2 link mitochondria to the motor proteins kinesin and dynein (102). TRAK1 and TRAK2 interact with the mitochondria through the Ca2+ sensitive GTPases MIRO1 and MIRO2 embedded within the outer mitochondrial membrane (Figure 1) (102–106). MIRO and TRAK work in concert with the transport accessory proteins DISC1 and NDE1 that determine the direction of mitochondrial movement (Figure 2). While no mutations in MIRO or TRAK have been identified (107) both DISC1 and NDE1 display recurrent hemizygous deletion in GTS, ASD and SCZ (Table 2) (58–62). DISC1 is localized predominantly to mitochondria and in synapses, centrosomes, nuclei, endoplasmic reticulum and the Golgi (108, 109). DISC1 forms oligomers that interact with kinesin (110) and dynein (111), MIRO and TRAK, and the mitochondrial transport accessory proteins LIS1, GSK3β, NDE1 and its homolog NDEL1 (Figure 2) (112). DISC1 promotes anterograde and retrograde mitochondrial transport in a dose dependent manner in both axons and dendrites (112–114) possibly through blocking SNPH-mediated anchoring of mitochondria (115). DISC1 is also directly linked to anomalies in mitochondrial fission, fusion, structure and function (112–114).

NDE1 interacts with DISC1, TRAK1, NDEL1, LIS1, and with the dynein motor protein to promote retrograde axonal transport (Figure 2) (112). NDE1, and its close homolog NDEL1 form a complex with LIS1 that regulates neuronal proliferation, differentiation, and migration within the brain (116). NDE1 is a centrosomal protein with a crucial role in the growth of the cerebral cortex (116). Homozygous frame shift mutations in NDE1 are associated with extreme microlissencephaly (117, 118), whereas heterozygous deletions (LOH) in NDE1 are associated with GTS, ASD, and SCZ (62). Interestingly, the subcellular localization of NDE1, its protein-protein interactions and its regulation of retrograde mitochondrial transport, are all modulated through its phosphorylation by AMP-activated protein kinase A (AMPK/PKA) (Figure 2) (119). This regulatory association between NDE1 and PKA is note-worthy on many counts. Firstly, the gene encoding beta subunit 2 of PKA (PRKAB2) is recurrently deleted in GTS (Table 2) (58, 63, 120, 121) and PKA activity is greatly decreased in the frontal cortex of subjects with regressive autism (122). Secondly, cAMP mediated PKA phosphorylation of NDE1 at threonine residue 131 regulates NDE1's all-important interactions with NDEL1 and LIS1 that are thought to activate dynein and facilitate its ability to move high-load cargo like mitochondria (123, 124). Thirdly, PKA's activation by rising cAMP levels provides a mitochondrial transport switch that can be activated on depletion of cellular ATP. Finally, DISC1 modulates the phosphorylation of NDE1 by PKA through its regulation of PDE4, a cAMP-hydrolyzing enzyme which creates a co-complex with DISC1 and NDE1 (Figure 2) and LIS1 and NDEL1 (112, 119, 125).

Mitochondria also localize to sites of neuronal branching. During development of neuronal circuitry the axons are guided to their target sites by extracellular guidance molecules like DSCAM, ROBO1, SLIT2 and SLIT3. SLIT3 has been recurrently associated with GTS (2, 45, 46) as has SLIT2 with ASD (2, 68, 69). Moreover, DSCAM and ROBO1 have been recurrently mutated in ASD as have DSCAM's DNA regulatory elements (21, 22).

Neuronal growth cone navigation also relies on intracellular changes to microtubule and F-actin architecture downstream of these guidance cues (126), for example CAMSAP1 which was mentioned above in relation to its regulation of microtubule dynamics and neurite outgrowth (Table 2 and Figure 2) (58, 93). Furthermore, AMPK/PKA regulates F-actin cytoskeletal dynamics (127). After extension to their target sites axons undergo local branching to establish the appropriate functional connections between pre- and postsynaptic neuronal termini. The intracellular mechanism that regulates this axonal branching also involves PKA through its regulation of mitochondrial transport and recruitment to sites of future axon branching (128). Here, neuronal depolarization-induced rebalance of mitochondrial motility between anterograde and retrograde transport underlies the formation of axonal branches (128). Axon branching is formed in an ATP-depletion dependent manner through an increase in activated/phosphorylated PKA—a function which can be recapitulated by the pharmacological activation of PKA (128). Following neuronal depolarization there is an increase in anterograde transport of mitochondria into axons thus providing a mechanism for mitochondrial relocation and recruitment to sites of high energy demand that would appear to include sites of future branching. Moreover, the continued localization of mitochondria at branch points correlates with the longevity of axonal branches indicating a probable role for mitochondrial localization in the maintenance of axon branches (128). To summarize, a role for mitochondria in neuronal function and neurological disease has been established. Moreover, the role of mitochondrial transport in GTS is greatly strengthened by the interacting roles of the dynein motor protein, DISC1, NDE1, and PKA in mitochondrial transport and the complementary nature of their deleterious mutations in GTS and ASD (Table 2) (61–63, 112).

The master regulator glycogen synthase kinase 3β (GSK3β) is phospho-deactivated by another master regulator AMPK/PKA (129–131). This is important given that GSK3β associates with both DISC1 and TRAK1 in the regulation of mitochondrial transport (Figure 2) (112). In the synapse GSK3β is also deactivated by SAP97 downstream of DISC1 (132) (Figure 2). SAP97 is linked to GTS (12) and downregulated in GTS and ASD (11) and forms part of the high-risk NTSC pathway to GTS (Figure 1) (2, 12). As such, SAP97 functions at the intersection of the NTSC, DISC1 and mitochondrial transport pathways to GTS (Figures 1, 2) (2, 11, 12). GSK3β is also translocated into the mitochondria where it regulates mitochondrial homeostasis (112, 129, 133, 134). In the mitochondria GSK3β regulates the structure and function of the inner mitochondrial membrane (134). This is noteworthy given that the LOH and/or downregulation of SAP97, DISC1, and PRKAB2 in GTS (2, 11, 12, 58, 61–63) are all consistent with stronger activation of GSK3β which is in turn consistent with the success of lithium chloride in the treatment of psychosis through its highly selective phospho-deactivation of GSK3 in both the cytosol and mitochondria (12, 134).



Mitochondrial Fusion and Fission

The constant optimisation of mitochondrial function requires mitochondria to undergo fusion and fission. Fusion of suboptimal mitochondria with healthy mitochondria creates larger healthier mitochondria where the damage is diluted (98, 135). Fission of mitochondria can rapidly increase the number of healthy mitochondria to allow for their wider distribution in the extended network of neuronal branches and boutons (98, 135). Fission can also help separate out damaged mitochondrial components for clearance by mitophagy (98, 102, 135). Conversely, if transport of mitochondria is retarded or otherwise defective mitochondria are less likely to merge thereby decreasing the clearance of damaged mitochondria and the overall health of the mitochondrial pool (39, 86).



Mitochondrial Fusion

Fusion of the outer mitochondrial membrane is coordinated by Mitofusins 1 and 2 (Mfn1/2) whereas fusion of the inner mitochondrial membrane is regulated by Optic Atrophy 1 (OPA1) (136, 137). This is most relevant as OPA1 is recurrently mutated in GTS (Table 2 and Figure 3) (58) and the levels of MFN1, MFN2, and OPA1 are decreased in the temporal lobe of the autistic brain, and there are deficits in MFN1 and MFN2 in Fragile X syndrome (Figure 3) (58, 77, 83). Mfn1/2 and OPA1 act through the formation of complexes both within and across the membranes (136, 137). Mfn2 coding mutations appear to inhibit mitochondrial fusion by forming a complex, in a dominant-negative fashion, with wild-type Mfn1 and Mfn2 (138). Mutations in Mfn2 cause Charcot Marie Tooth Disease Type 2A, a severe and early onset motor and sensory peripheral neuropathy with autosomal dominant inheritance (111, 139). These Mfn2 mutations promote mitochondrial fragmentation in dorsal root ganglion neurons and impair axonal mitochondrial transport which is suggestive of a link between mitochondrial fission/fusion equilibrium and mitochondrial transport (140). This link is supported further by the physical interaction between Mfn2 and the MIRO complex (141) and the finding that Purkinje-neuron-specific deletion of Mfn2 in mice (total knockout of Mfn2 is embryonic lethal) impairs mitochondrial fusion and the dendritic localization of mitochondria, dendrite development, degeneration of Purkinje neurons (142, 143). Similar to the situation in mice, Mfn2 loss-of-function in zebrafish reduces mitochondrial transport and depletes mitochondria from distal axons (144). Acting in a similar dominant-negative fashion to Mfn2, hypomorphic mutations in OPA1 cause dominant optic atrophy (DOA), the most common cause of hereditary blindness. Dominant optic atrophy is characterized by the early loss of retinal ganglion cells and degeneration of the optic nerve (145). Moreover, DOA patients often present with neurological disorders, including ataxia, myopathy, deafness and peripheral neuropathy, indicating an essential neurological role for OPA1 (146, 147). Like Mfn2, knockout of Opa1 in mice is embryonic lethal (141) whereas Opa1 LOH in mice recapitulates the DOA seen in patients, including early-onset degeneration of the optic nerve and vision loss (148). In vitro experiments indicate that Opa1 has a critical role in dendritogenesis and synaptogenesis. Knock-down of Opa1 in cultured rat cortical neurons promotes mitochondrial fragmentation, decreases expression of ETC components, mitochondrial DNA content, dendritic outgrowth and synapse formation (149). As such, the characterization of mitochondrial phenotypes in those GTS patients identified with recurrent OPA1 mutations is eagerly anticipated (Figure 3) (58).
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FIGURE 3. Mitochondrial fission and fusion pathway to GTS. Red fill indicates CNV deletion (arrows down) or duplication (arrows up); All other vertical arrows within boxes indicate putative pathogenic dose effects.Yellow fill indicates GTS associated gene; Red asterisk* indicates deleterious mutation; Black asterisk indicates another GTS genetic association; # indicates adjacent to deletion or duplication; + indicates linkage; Red arrow indicates GTS affected pathway. Vertical arrows indicate putative pathogenic dose effects.




Mitochondrial Fission Regulatory Genes in GTS

The number and the complementary nature of the deleterious GTS mutations identified in mitochondrial fission pathways provide compelling evidence for mitochondrial fission deficiency in the etiology of GTS. The fission of the mitochondrial membranes is dependent on Dynamin-related protein1 (Drp1) (150–160) which is downregulated in the brain of patients with ASD (78–81). Drp1 also regulates peroxisomal fission and proliferation (161). Primarily a cytosolic enzyme, Drp1 translocates to the outer mitochondrial membrane when dephospho-activated by the Ca2+-activated phosphatase calcineurin/PPP3CA (Figure 3) (162, 163). Conversely, calcineurin is inhibited by RCAN1 which blocks Drp1 translocation to the mitochondria (164, 165) and hence it is of immense interest that RCAN1 has been duplicated in GTS and Calcineurin is downregulated in the cerebral cortex of patients with ASD (Figure 3) (47, 63, 80, 81, 166). Calcinueurin activated Drp1 is then recruited to the outer mitochondrial membrane by phospho-activated mitochondrial fission factor (MFF). MFF is phospho-activated in neurones by PKA in response to increasing levels of cAMP (Figure 3) (167, 168). Activated Drp1 then assembles into spirals around the mitochondrion, which constrict and ultimately divide the organelle in two while dynamin-2 catalyzes the final membrane scission event (169). As mentioned earlier, the gene for beta subunit 2 of cAMP activated PKA (PRKAB2) is recurrently deleted in GTS (58, 63). Furthermore, cAMP levels in the brain are largely regulated by ADCY2 (170), the adenylate cyclase gene recurrently mutated in GTS including the loss of an ADCY2 intron/exon splice site in GTS (58). ADCY2 is also mutated in bipolar disorder and a mutation in the ADCY2 binding site of the AKAP9 synaptic scaffolding protein has been found associated with SCZ (54, 170). This is fascinating since AKAP9 acts as a synaptic membrane anchor for ADCY2 and PKA which keeps this primary target of cAMP (PKA) in close proximity to the primary cAMP generator ADCY2 (170–173).

ADCY2 is activated by G-protein signaling through release of the alpha subunit of trimeric G protein (Gαs) (170, 174). Gαs is released when the G protein coupled receptor (GPCR) in the plasma membrane is bound by an extracellular regulatory molecule such as the neurotransmitter dopamine (Figure 3) (174, 175). When released, Gαs activates Phospholipase-C which in turn acts on phospholipid (phosphatidylinositol-triphosphate) within the plasma membrane cleaving off the inositol triphosphate (IP3) second messenger which frees yet another important second messenger diacylglycerol (DAG) (175). DAG activates Protein Kinase C (PKC), which in turn activates ADCY2 and other proteins (Figure 3) (175). Notably, the gene encoding PKC subunit B (PRKCB1) is mutated in GTS (Figure 3) (58) as well as being both linked and strongly associated with ASD, moreover, PKC activity is significantly reduced in the frontal cortex of subjects with regressive autism (55, 56, 82). PRKCB1 is also associated with nominal autistic-like traits in the general population (176). Another compelling finding that links the PKCB/ADCY2 pathway to GTS is the recurrent duplication of the DAG kinase gene in GTS (DGKB) (58). DGKB terminates DAG-based signals by reducing DAG levels by converting DAG to diacylglycerol-3-phosphate (DAG3P) (Figure 3). Moreover, the phosphatases PLPP2 and PLPP4 which convert DAG3P back to DAG are both mutated in GTS (Figure 3) (58). It is also worthy of mention here that PI4K2A, an enzyme in the synthesis pathway of phosphatidylinositol-triphosphate with the potential to limit the bioavailability of both the IP3 and DAG second messengers, is mutated in GTS. This together with a GTS mutation in the IP3 receptor ITPR3 (Figure 3 and Table 2) (58) suggests the potential for an IP3 signaling affect in GTS notwithstanding ambiguity with regards to the calcium sensitivity of ACDY2 (170, 174, 175). To summarize, there is an impressive number of GTS gene mutations with the potential to limit the activation of Drp1, or the MFF-mediated recruitment of Drp1, for mitochondrial fission (Figure 3).



Optimisation of Mitochondrial Supply

Many of the genes mutated in GTS regulate mitochondrial function. Most notable is the IMMP2L gene commonly disrupted/deleted in GTS (64, 72–75, 84). IMMP2L encodes a mitochondrial peptidase (inner mitochondrial membrane peptidase-2-like protein) which processes other mitochondrial proteins within the inner mitochondrial membrane (IMM) (Figure 4 and Table 2) (84). The IMMP2L association with GTS was first reported in a GTS family with a balanced t (7;18) (q22–q31; q22.3) translocation that disrupted the IMMP2L gene (72). More recently a Danish study reported 5′-end intragenic deletions in IMMP2L in seven out of a cohort of 188 GTS patients (3.7%) which was significantly higher than that of the control population (64). The IMMP2L gene has been repeatedly linked to ASD inheritance at the Autism 1 (AUTS1) locus (48–52). In addition, IMMP2L has demonstrated haplotype sharing in multiple ASD populations and deleterious exon deletions have been identified in ASD individuals and families (22, 52, 65, 66, 71, 74, 177) at significantly higher frequency than in control populations. Furthermore, reducing Immp2l dose in mice causes behavioral changes relevant to GTS behavioral deficits (85).


[image: Figure 4]
FIGURE 4. Mitochondrial supply pathway to GTS. Red fill indicates CNV deletion (arrows down) or duplication (arrows up); Yellow fill indicates GTS associated gene; Red asterisk* indicates deleterious mutation; Black asterisk indicates another GTS genetic association; + indicates linkage; Red arrow indicates GTS affected pathway.


IMMP2L cleaves IMM signature signal peptides from a number of IMM proteins including cytochrome C1 (CYC1) and mitochondrial glycerol-3-phosphate dehydrogenase (GPD2) (84). CYC1 (oxidative phosphorylation complex 111 subunit 4) is a heme-containing subunit of the cytochrome complex of the electron transport chain (ETC). CYC1 has an important role in accepting electrons from the Rieske protein and transferring them to Cytochrome C in the respiratory chain. On the other hand GPD2 functions as part of the glycerol phosphate shuttle (Figure 4). GPD2, which is activated by IMMP2L, is located on the outer surface of the inner mitochondrial membrane where it catalyzes the interconversion of glycerol-3-phosphate (G3P) to dihydroxyacetone phosphate. Interestingly, mitochondrial glycerol kinase (GK2) which generates G3P is also mutated in GTS (58). Together, GPD1 and GPD2 constitute the glycerol phosphate shuttle, which generates FADH2 for the mitochondrial ETC and NAD+ for glycolysis in the cytosol. The coordinated action of GPD1 and GPD2 results in the transfer of two reducing equivalents from G3P to the mobile electron carrier ubiquinone (Coenzyme Q10) which in turn passes these electrons to CYC1 located downstream in the ETC (80, 81, 178–180).

A recurrent functional variant in the glutamate aspartate transporter GLAST/SLC1A3 has been identified in GTS (181) (Table 2). SLC1A3 is also of interest as it imports glutamate from the cytosol into the mitochondrial matrix and exports aspartate from the matrix to the cytosol at varying levels in different cell types including astrocytes and neurons (178, 181). In addition to reducing glutamate signaling within the synapse the malate aspartate shuttle, like the glycerol phosphate shuttle, provides NADH to the ETC to generate ATP and NAD+ for another round of glycolysis (Figure 4) (178). In addition, the mitochondrial ADP/ATP exchange transporter SLC25A6 is mutated in GTS as is the mitochondrial ATPase ATP5B (Table 2) (58). SLC25A4 is a nuclear encoded protein located at the 4q35 GTS linkage locus (2, 46) (Table 1). SLC25A4 is transported into the mitochondria by the TIMM22 mitochondrial translocase complex inclusive of AGK, a vital component of TIMM22 involved in its assembly and function, and which is downregulated in the cerebral cortex of autism sufferers (80, 81). Importantly, AGK is mutated in GTS as is the TIMM13 (Table 2 and Figure 4) (58, 182, 183). TIMM13 facilitates translocation of the TIMM23 translocase into the IMM which in turn forms a translocase complex with TIMM17A/B, which itself is translocated into the IMM by TIMM22 (184). Importantly, TIMM17A/B facilitates the translocation of two additional glutamate/aspartate exchange transporters into the IMM, namely SLC25A12 and SLC25A13 (Figure 4) with the former being downregulated in the brain of patients with ASD (78, 79).



Mitochondrial Maintenance

The MPV17 channel protein (53, 58) that regulates the transmembrane potential of the IMM and mitochondrial DNA maintenance has been mutated in GTS (Table 2), moreover, the MPV17 gene is located at the 2p23.2 non-parametric linkage locus identified in GTS (53) (Table 2). MGME1 which also regulates mitochondrial DNA maintenance is located immediately adjacent to a genomic DNA duplication at 20p11 in GTS (Table 2) (58). RMRP, a gene which regulates mitochondrial RNA processing, is deleted in GTS as is the PTCD3 gene which regulates translation in the mitochondria (Table 2). In addition, a number of mitochondrial ribosomal protein genes are mutated in GTS: MRPL44 was found mutated in 3 unrelated GTS patients (Table 2) (58), a mutation in MRPL3 was found segregating with GTS in a large affected family (67) and MRPL48 was found mutated in another GTS patient (Table 2) (58). Together these findings are reminiscent of the MRPL19 gene association with ASD, Dyslexia and Reading Disorder (57).




CONCLUSION

The mitochondrial pathways involved in GTS overlap and interact making it possible to trace these pathways to common endpoints in mitochondrial dynamics and supply. While it is unlikely that all of the genes cited in this study are causative in GTS, or that they all act alone in GTS etiology, we present convincing weight of evidence that mitochondria are implicated in GTS. Notwithstanding, the deleterious mutation of genes directly involved in mitochondrial dynamics and supply (Figure 4) have the potential to limit neurodevelopment and neurotransmission during periods of peak demand. The exact mitochondrial mechanism implicated in GTS has not been identified as there is no evidence of mitochondrial mediated increases in ROS or ROS related neurodegeneration in GTS as is commonly the case in neurodegenerative disorders. A deficit in neuronal energy supply during development is one possible contributing factor in the etiology of GTS, however, the waning of tic severity in GTS over time appears more consistent with a deficit in neurotransmission possibly compensated for at later ages (185–189). We have no non-molecular evidence of a mitochondrial pathway to GTS at this time, notwithstanding, this is the 1st study to report a mitochondrial pathway to GTS and we are confident it will not be the last. The mitochondrial pathways identified in this study (Figures 2–4) have roles in neuronal circuitry development, synaptic connectivity and neurotransmission (Figure 1) (2, 11). The NTSC and DISC1 and mitochondrial pathways to GTS all intersect around the pivotal role of SAP97 in regulating synaptic signaling downstream of the NTSC and mitochondrial transport downstream of DISC1 thus providing compounding support for a GTS deficit in mitochondrial supply affecting neurotransmission.
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The symptoms oftic disorders in patients persisted for more than 1 year, and concomitant
medications were used during the treatment.

BMI, body mass index; ASOT, anti-streptolysin O fttres; M, male; ADHD, attention-
deficit/hyperactivity disorder; NR, no report.
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WO, Baseline; W8, Eight weeks after treatment.
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The body temperature of all five patients rose slightly 24 h after FMT treatment.
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at20pi2.4
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Ubiquitin ligase genes
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Ubiquitin modifying genes
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Cellular energy metabolism
HK2, MET (from GTS associated 33 metabolic enzyme gene set)
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twin brother twin brother

Transmission Paternal Paternal

Sex Male Male Male Male Female

Age 45Y 12Y3M 12YaMm 11Y4M 12y

DSM-IV-TR diagnosis GTS GTs GTs GTs aTs

Comorbidity (mental disorcier) No No No ADHD ocD

liness duration 26Y Y A4 ay 3y

YGTSS score

Motor tic severity 5 15 5 15 15

Vocal tic severity 6 19 15 11 5

Functional impairment 10 30 20 30 20

Total YGTSS scores 21 64 40 56 40

Past history Nasal sinusitis ~ Hernia No No Language and motor

retardation

Brain MRI/EEG Null Normal Normal Normal Normal

Laboratory tests

Rheumatoid factor (RF, IU/ml) Null Null Null <888 <101

Antistreptolysin O (anti-O, IU/mi) Null <131 Nul <182 2441

Erythrocyte sedimentation rate (ESR, mm/h)  Nul 7 Nul 271 7

Blood ceruloplasmin (g/L) Null 0223 Null 025 0.494

GTS, Gilles de la Tourette syndrome; ADHD, attention deficit/hyperactivity disorder; OCD, obsessive-compulsive disorders; YGTSS, Yale Global Tic Severity Scale; MRI, magnetic
resonance imaging; EEG, electroencephalogram; Null, no information or unfinished; Y, years; M, months.
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Characteristics TD(N=207) GTS(W=111) HC (N =489)

Age (years: mean £ D) 10.6(3.6) 11.4(32) 16.0(9.7)
Male gender (0, %) 170 (82.1) 91(819) 296 (60.5)
YGTSS score

Motor tic severity 142 (4.70 1.1 (7.5 7
Vocal tic severity 84708 10.2 6.7 /
Total tic severity score 22,6 Q.5 25.1(9.1P /
Functional impairment 241 (12.792 27.0 (13.5P /
Total YGTSS score 46.4 (19.3 51.8(19.1° /

7D, tic disorder; GTS, Gilles de la Tourette Syndrome; HC, healthy controls; YGTSS, Yale
Global Tic Severity Scale.

2Data available for 147 TD subjects.

bData available for 83 GTS subjects.





OPS/images/fpsyt-12-678089/crossmark.jpg
©

2

i

|





OPS/images/cover.jpg
GILLES DE LA TOURETTE SYNDROME:
CROSS-CULTURAL PERSPECTIVES
WITH A FOCUS ON THE ASIA-PACIFIC
REGION

EDITED BY: Valsamma Eapen and Yukiko Kano.
PUBLISHED IN: Frontiers in Psychiatry

ch Topics






OPS/images/fpsyt-11-543049/fpsyt-11-543049-t005.jpg
Brain area Frequency ReHo value YGTSS score R-value P-value

band (Mean + SD) (Mean  SD)
Right operculum 0-0.01Hz 0.60 £0.19 867 £594 -0.275 0.014"
(frontal and temporal (vocal score)
lobe)
22,00+ 7.58 -0.242 0.082"
(total score)
0.198-0.25Hz 055 £0.12 867 £594 -0328 0.003*
(vocal score)
22,00+ 7.58 -0.208 0.008"

(total score)

The total score s the sum of motor score and vocal score.
*p < 0.05; **Bonferroni correction, i.e., p < 0.05/15, 0.0033.
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Characteristics

Age (years)
Sex, male/female
Handedness, right/left
Duration (years)
YGTSS (total score)
YGTSS (motor score)
YGTSS (vocal score)
SNAP-IV

CY-BOCS

Drug information
Tiapride

Topamax

Haloperidol
Combination drugs

TS(n=19)

9.66 + 2.50
74/5
78/1

2284214

22,00 +7.58

1332 + 349

8.67 £5.94

12.86 £7.64

0.52 £2.39

1
5
2
2

HC (n = 63)

9.35+2.19
53/10
63/0

P-value

0.599
0.066
0.370

Date are expressed as mean + SD. YGTSS, Yale Global Tic Severity Scale; SNAP-IV,
Swanson, Nolan, and Pelham IV Scale; CY-BOCS, Children’s Yale-Brown Obsessive

Compulsive Scale.
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Brian regions Hemisphere  Brodmann’s area

Main effect of group

Operculum (frontaland R 48
temporal lobe)

Precentral gyrus L NA
Interaction effect of group x frequency
Superior temporal R 20
gyrus/putamen

Anterior cingulate R 24
gyrus/supplementary

motor cortex

Superior frontal gyrus R 32
Parietal lobe/precuneus R 7
Rolandic operoulum R 48
Superior temporal L 48
gyrus

White matter L NA

P-value, GRF correction, single voxel p < 0.001, cluster level p < 0.05.

18
15
63
—48

MNI coordinate (X, Y, 2)

54

45

36

48

27

Cluster size
(mm®)
621

621

4,833

756
702
2,511
702

999

F-value

15.95

14.96

25.40

14.98

16.78

17.81

21.58

15.10

17.89

P-value

<0.05

<0.05

<0.05

<0.05
<0.05
<0.05
<0.05

<0.05
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Frequency band

Right superior temporal gyrus/putamen

0-0.01Hz
0.01-0.027 Hz
0.027-0.073Hz.
0.073-0.198Hz
0.198-0.25Hz

Right ACC/SMA

0-001Hz

0.01-0.027 Hz
0.027-0.073Hz
0.073-0.198Hz
0.198-0.25Hz

Right superior frontal gyrus
0-0.01Hz

0.01-0.027 Hz
0.027-0.073Hz
0.073-0.198Hz
0.198-0.25Hz

Right parietal lobe/precuneus
0-001Hz

0.01-0.027 Hz
0.027-0.073Hz
0.073-0.198Hz
0.198-0.25Hz

Right Rolandic operculum
0-001Hz

0.01-0.027 Hz
0.027-0.073Hz
0.073-0.198Hz
0.198-0.25Hz

Left superior temporal gyrus
0-0.01Hz

0.01-0.027 Hz
0.027-0.073Hz
0.073-0.198Hz
0.198-0.25Hz

Left white matter
0-001Hz

0.01-0.027Hz
0.027-0.073Hz
0.073-0.198Hz
0.198-0.25Hz

ACC, anterior cingulate gyrus; SMA, supplementary motor cortex.
The peak regional homogeneity (ReHo) value is expressed as mean  SD.
< 0.05/35, 0.001 (Bonferroni correction).

*p < 0.0

TS (n = 79) mean + SD

0.98 +£0.24
0.97 £0.22
1.01£0.16
1.06 £0.15
1.10 £0.19

1.20+£0.28
1.30 £0.17
1.30 £0.15
1.26 £0.15
1.15 £0.20

1.03 027
1.00 £0.19
1.02£0.15
1.01£0.14
1.02 £0.17

0.94 £0.28
0.98 +0.24
0.95£0.26
0.92 +0.24
0.89 £0.24

0.81+0.26
0.81£0.18
0.80 £0.16
0.78 £0.16
0.73£0.16

0.89 £0.26
0.86 £ 0.20
0.86 +0.18
0.95 +£0.17
1.06 + 0.20

075 £0.19
0.69 £0.18
0.68 £+ 0.12
0.69 +0.10
0.75 £0.13

HC (n = 63) mean  SD

1.09 £ 0.26
1.08+0.19
1.02+0.15
1.03+0.14
1.02+0.47

1.45£0.26
137 £0.19
133+ 0.14
1.28 +£0.16
1.13£0.18

0.87 +0.26
0.88 +0.18
0.97 +0.17
0.96 4 0.15
1.02£0.19

0.80 +£0.27
0.84 £ 0.26
0.87 £ 0.24
0.88 +0.24
0.88 £0.24

0.99 + 0.21
0.95+0.16
0.90 +£0.15
0.85+0.15
0.76 £ 0.15

0.97 £0.27
0.90 +0.19
0.86 £ 0.14
0.91+0.15
0.98 +0.19

0.63+0.19
0.62 £ 0.14
0.65 £ 0.10
0.67 £ 0.08
0.76 £ 0.10

T-value

2659
1.728
0.472
1011
2681

3.547
2.294
1.030
0.645
0.583

3.601
3.595
2122
1.995
0.008

2999
3.504
1.996
0.936
0.072

4.498
4.475
3.607
2762
1.348

1.767
1.161
0.126
1.420
2.308

3.601
2413
1.549
1.345
0.474

P-value

0.0088*
0.0862
0.6377
0.3139
0.0082"

0.0005**
0.0233"
0.3049
0.5201
0.5609

0.0004**
0.0004**
0.0356*
0.0479"
0.9224

0.0032*

0.0006**
0.0479"
0.3510
0.9430

<0.0001**

< 0.0001*
0.0004**

0.0065*
0.1798

0.0794
0.2477
0.8997
0.1577
0.0224*

0.0004**
0.0171%
0.1238
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Frequency band TS(n=79)

Mean + SD
Left precentral gyrus
0-0.01Hz 0.86 £ 0.25
0.01-0.027 Hz 0.87 021
0.027-0.073Hz 087 +0.20
0.073-0.198Hz 0.95£0.19
0.198-0.25Hz 1.03 % 0.20
Right operculum (frontal and temporal lobe)
0-0.01Hz 0.60 £0.19
0.01-0.027 Hz 0.61£0.16
0.027-0.073Hz 0.59£0.15
0.073-0.198Hz 0.59 +0.14
0.198-0.25Hz 055 +0.12

*p < 0.05;

onferroni correction, i.e., p < 0.05/35, 0.001.

HC (1 = 63)

Mean + SD

0.74 £ 0.22
0.73+0.18
0.75+0.14
0.84 £0.16
0.94+0.17

0.78+0.22
0.71£0.18
0.68 +£0.16
0.66 + 0.16
0.61£0.14

T-value

3.521
4.292
4.187
3.590
2817

-3.632
—3.469
—3.469
—3.040
—2.469

P-value

0.0008™
0.0003*
0.00006"*
0.0005™
0.006"

0.0004™

0.0007**

0.0007**
0.003"
0.015*
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