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Abstract 

The social motivation hypothesis of autism proposes that social communication symptoms in 

autism spectrum disorder (ASD) stem from atypical social attention and reward networks, 

where dopamine acts as a crucial mediator. However, despite evidence indicating that 

individuals with ASD show atypical activation in extrastriatal regions while processing 

reward and social stimuli, no previous studies have measured extrastriatal dopamine D2/3 

receptor (D2/3R) availability in ASD. Here, we investigated extrastriatal D2/3R availability in 

individuals with ASD and its association with ASD social communication symptoms using 

positron emission tomography (PET). Moreover, we employed a whole-brain multivariate 

pattern analysis of resting-state functional magnetic resonance imaging (fMRI) to identify 

regions where functional connectivity atypically correlates with D2/3R availability depending 

on ASD diagnosis. Twenty-two psychotropic-free males with ASD and 24 age- and 

intelligence quotient-matched typically developing males underwent [11C]FLB457 PET, 

fMRI, and clinical symptom assessment. Participants with ASD showed lower D2/3R 

availability throughout the D2/3R-rich extrastriatal regions of the dopaminergic pathways. 

Among these, the posterior region of the thalamus, which primarily comprises the pulvinar, 

displayed the largest effect size for the lower D2/3R availability, which correlated with a 

higher score on the Social Affect domain of the Autism Diagnostic Observation Schedule-2 in 
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participants with ASD. Moreover, lower D2/3R availability was correlated with lower 

functional connectivity of the thalamus-superior temporal sulcus and cerebellum-medial 

occipital cortex, specifically in individuals with ASD. The current findings provide novel 

molecular evidence for the social motivation theory of autism and offer a novel therapeutic 

target. 
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Introduction 

Atypical social communication, as well as stereotyped behavior and restricted interests, 

constitute the core symptoms of autism spectrum disorder (ASD)(1). Although the 

neurobiological mechanisms of these core symptoms remain largely unknown, the social 

motivation hypothesis of autism proposes that the atypical development of social 

communication stems from atypical social attention and reward networks that support social 

motivation (2). Given that dopamine acts as a crucial mediator for both social attention and 

reward networks (3, 4), dysfunctional dopaminergic systems are likely implicated in the 

atypical social communication observed in individuals with ASD. Previous positron emission 

tomography (PET) studies in ASD have shown higher orbitofrontal dopamine transporter 

(DAT) binding (5) and correlations between striatal and extrastriatal dopamine D1 receptor 

binding and clinical characteristics of ASD (6). Although a PET study using [11C]raclopride 

revealed higher striatal dopamine D2/3 receptor (D2/3R) availability in an ASD group 

following a reward task (7), no previous studies have measured extrastriatal D2/3R 

availability in individuals with ASD despite evidence demonstrating atypical activation in 

extrastriatal regions (e.g., the anterior cingulate cortex [ACC], thalamus, and amygdala) 

during the processing of reward and social stimuli, (8-10). 



Lower extrastriatal D2/3R binding in autism 

 5 

As for D2/3R, several lines of evidence have supported an association with social 

interaction and communication: DRD2 polymorphisms, which are related to D2R expression 

(11) or ASD diagnosis (12), are associated with friendship formation (13, 14), initiating joint 

attention skills (15), and core socio-communicational symptoms of ASD (12). In primates, 

administration of a D2R antagonist decreases the duration of gazing toward social images (4), 

which suggests that D2R plays a role in the processing of visual social attention, whereas 

administration of D3R antagonists increases social interaction and reduces aggression in mice 

(16, 17). 

Atypical brain connectivity has been implicated in ASD socio-communicational 

symptoms (18, 19). Although its molecular mechanisms remain unclear, the alteration of 

D2/3R expression is a potential candidate because brain connectivity changes in proportion to 

changes in D2/3R expression. In mice, D2R overexpression decreases dendric spine numbers 

and entorhinal cortex-hippocampal connectivity (20). In humans, pharmacological functional 

magnetic resonance imaging (fMRI) studies have demonstrated that the administration of 

D2/3R antagonists modulates intrinsic functional connectivity in healthy adults (21-24). 

Moreover, multimodal PET and fMRI studies have revealed associations between D2/3R 

availability and widespread functional connectivity networks (25-29). 
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The purpose of the present PET and fMRI combination study using [11C]FLB457, a 

radioligand for extrastriatal D2/3R, was to investigate 1) whether extrastriatal D2/3R in adult 

males with ASD are different from those in typically developing (TD) individuals, 2) whether 

atypical extrastriatal D2/3R correlate with ASD socio-communicational symptoms, and 3) 

whether atypical extrastriatal D2/3R are associated with atypical brain functional connectivity. 

Considering the association between a genetically determined decrease in D2R expression 

and an increased probability of ASD diagnosis and symptoms (11, 12, 15, 30), we 

hypothesized that compared with TD individuals, adult males with ASD would have lower 

D2/3R, and that this would be correlated with more pronounced socio-communicational 

symptoms. Furthermore, we hypothesized that associations between D2/3R expression and 

atypical functional connectivity in ASD would be predicted by the influence of D2/3R 

expression on brain connectivity (20, 24). 

 

Materials and Methods 

Participants  

The study protocol was approved by the Ethics Committee of the Hamamatsu University 

School of Medicine. All participants provided written informed consent before joining the 
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study. Individuals with ASD were recruited from the Hamamatsu University School of 

Medicine Hospital. The inclusion criteria for the ASD group were as follows: 1) ≥ 18 years of 

age; 2) male; 3) diagnosed with ASD according to the Diagnostic and Statistical Manual-

Revision 5 (1); 4) diagnosis confirmed according to the Autism Diagnostic Interview-Revised 

(ADI-R) (31) and Autism Diagnostic Observation Schedule-2 (ADOS-2) (32) by a 

psychologist certified for research uses (T.H.); 5) full-scale intelligence quotient (IQ) > 70 on 

the Wechsler Adult Intelligence Scale-Third Edition (33). Furthermore, to minimize the 

potential confounding effects, we recruited individuals without any psychiatric comorbidities 

according to the Structured Clinical Interview for DSM-5 Research Version (34). Age- and 

IQ-matched TD males were recruited through public advertisements. All participants 

completed the Autism-Spectrum Quotient (35). Socioeconomic status (SES) was assessed in 

participants and their parents using the Hollingshead scale (36). The exclusion criteria for all 

participants were 1) the presence of gross abnormalities in T2 or FLAIR head MRI, 2) the 

presence of a major medical illness, and 3) a history of having taken psychotropic drugs 

within the past 4 weeks. TD participants with any current or previous neurological or 

psychiatric disorders were also excluded. 
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PET data acquisition 

A high-resolution brain PET scanner (SHR12000, Hamamatsu Photonics K.K., Hamamatsu, 

Japan) was used to acquire 47 tomographic images simultaneously (37, 38). All participants 

underwent a PET scan with [11C]FLB457 PET tracer to measure extrastriatal D2/3R. After 

back-projection and filtering (Hanning filter, cut-off frequency of 0.2 cycles per pixel), the 

image resolution was 2.9 × 2.9 × 3.4 mm full-width half-maximum. The voxel of each 

reconstructed image measured 1.3 × 1.3 × 3.4 mm. A thermoplastic face mask was used to 

prevent the participant’s head from moving during the scan. A bolus of [11C]FLB457 (2 

MBq/kg) was injected intravenously via a cannula for 10 seconds. The cannula was then 

immediately flushed with 20 ml of saline. After the intravenous injection of the tracer, 

dynamic PET scans with 33 frames (time frames: 6 × 10, 3 × 20, 6 × 60, 4 × 180, and 14 × 

300 s) were performed over 90 min. 

The binding potential (BPND) parametric images of [11C]FLB457 were estimated 

using a simplified reference tissue model by applying a normalized time activity curve based 

on the cerebellar cortex of each participant (39). All BPND parametric images were generated 

using PMOD 3.8 software (PMOD Technologies, Ltd., Switzerland). The affinity of [11C]FLB 

to the D2 receptor in the striatum is too high to calculate the binding potential quantitatively, 
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so this tracer does not allow evaluation of the D2 receptor in the striatum but in the thalamus 

instead (40). 

 

MRI data acquisition 

A 3-Tesla magnetic resonance scanner (Ingenia, Royal Philips, Eindhoven, Netherland) was 

used to acquire T1-weighted images to normalize the functional data and establish regions of 

interest (ROIs) and T2*-weighted gradient-echo echo-planar images for resting-state fMRI. 

The detailed acquisition parameters and procedures are described in the Supplementary 

Methods. 

 

ROI analysis 

ROIs were manually traced in individual MRI spaces, blinded to group status, in the 

following 10 extrastriatal brain regions that have relatively abundant distributions of D2/3R 

(41) and belong to the major components of the dopaminergic pathways (42): the ventral 

tegmental area, substantia nigra, amygdala, dorsal and rostral anterior cingulate cortices 

(dACC/rACC), and five thalamic subregions (Supplementary Figures 1−3). To enhance the 

local sensitivity of the ROI analysis, the ACC and thalamus were divided into subregions. 
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However, the amygdala was not subdivided because of the insufficient spatial resolution of 

PET images for segmenting amygdala subnuclei. Warping of the atlases in the process of 

transformation to the individual PET images via automated ROI creation may lead to mis-

delineation, although the reference region can be defined separately for each individual before 

spatial normalization (43). In contrast, hand-drawn ROI delineation is more exact but relies 

on subjective choices. To minimize between-study variance resulting from operator-

dependent choices, a single operator (C.M.) who was blind to group status delineated all the 

ROIs for all participants in this study. We performed subdivisions of the ACC and thalamus 

using anatomical landmarks or percentage-based parameters to reduce subjectivity. In the 

thalamus, [11C]FLB457 signals had a highly heterogeneous distribution (44), which is 

consistent with the distinct dopamine innervation patterns of the thalamic nuclei (45, 46). In 

fact, dividing the thalamus into five subregions increased the sensitivity for detecting 

differences between patients with specific psychiatric disorders and controls (47, 48). The 

detailed procedures for dividing the ACC into two subregions and the thalamus into five 

subregions are described elsewhere (48-51)(see also Supplementary Methods and 

Supplementary Figures 2 & 3). We transferred each ROI onto the corresponding BPND 

parametric image and obtained a BPND value for each ROI. The creation of the parametric 

BPND images and subsequent kinetic analysis was performed in individual PET spaces after 
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delineating the ROIs in individual MRI spaces and transferring them to the individual PET 

spaces. 

 

Statistical analyses for demographic, clinical, and PET data 

All statistical analyses for demographic, clinical, and PET data were performed using SPSS 

version 25 (IBM, Armonk, NY). Demographic and clinical variables were compared between 

the ASD and TD groups using independent-samples t-tests. The threshold for statistical 

significance was p < 0.05.  

 To compare BPND values between the ASD and TD groups, we used an analysis of 

variance (ANOVA), with diagnosis (i.e., ASD/TD) as a between-subjects factor and ROI as a 

within-subjects factor. The statistical threshold for the ANOVA was p < 0.05. For significant 

interactions between diagnosis and ROI, regional contrasts in the 10 ROIs were investigated 

using post hoc t-tests with Bonferroni correction for multiple comparisons. 

 To investigate the clinical correlates of differential BPND values, we correlated BPND 

values with ADOS-2 scores. In addition to the reciprocity, communication, and repetitive and 

restricted behavior scores of the ADOS-2, we calculated the total score for the Social Affect 

domain of the ADOS-2 algorithm (SA-revised)(52), which consists of communication and 

reciprocity scores, was calculated to examine the correlation between D2/3R availability and 
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socio-communication symptoms. According to the results from the group comparison of BPND 

values, Pearson’s correlation analyses were conducted between the BPND values of the 10 

ROIs and the four ADOS-2 scores using the Bonferroni correction for multiple comparisons 

at a statistical threshold of p < 0.00125 (= 0.05/40 correlations). 

 

Resting-state fMRI data preprocessing and analysis 

The CONN toolbox version 20.b (53) and SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) were 

used to analyze the resting-state fMRI data (see Supplementary Methods for detailed 

descriptions of the fMRI data preprocessing and denoising).  

 An important implication from previous studies is that altered D2/3R availability in a 

specific region influences widespread functional networks that are outside of that region (25, 

28, 29). Thus, we employed multivariate pattern analysis (MVPA) to explore regions where 

whole-brain functional connectivity patterns were differently modified between diagnostic 

groups based on D2/3R availability in a voxel-by-voxel manner (see Supplementary Methods 

for details).  

 MVPA was performed to identify regions where whole-brain functional connectivity 

showed an interaction between diagnosis and D2/3R availability. We used [11C]FLB457 BPND 
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values averaged across the 10 ROIs in the statistical model based on the result (i.e. a 

significant main effect of diagnosis on [11C]FLB457 BPND values without an interaction 

between diagnosis and ROI, see Results). After identifying significant clusters using MVPA, 

we performed a post hoc seed-to-voxel analysis using these clusters as seed regions. This 

analysis further tested the interaction between D2/3R availability and ASD diagnosis on the 

functional connectivity between these seed regions and the rest of the brain. For clusters 

identified by the post hoc analyses, we calculated Pearson’s correlation coefficients between 

functional connectivity and ADOS-2 scores with Bonferroni correction for multiple 

comparisons.  

 

Results 

Participant demographic information  

Participants were recruited from October 31, 2017, to April 1, 2020. Twenty-three 

psychotropic-free individuals with ASD and 24 age-, sex- and IQ-matched TD individuals 

were recruited (Table 1). No participants in this study were taking medication, and none had a 

current psychiatric comorbidity. The PET data from one participant with ASD were excluded. 

This participant reported neck pain during the PET scan and was not able to remain 
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motionless, so we stopped scanning in the middle of the PET scan. The individuals with ASD 

showed significantly higher Autism-Spectrum Quotient (p < 0.001) and self-SES (indicating 

lower status, p < 0.001) scores compared with the TD individuals (Table 1), whereas no 

significant group difference was found in age, height, body mass index, or parental SES, or 

full, verbal, or performance IQ.  

 

Group differences in [11C]FLB457 BPND values between the ASD and TD groups 

Representative [11C]FLB457 PET images are shown in Supplementary Figure 4. The 

ANOVA revealed significant main effects of diagnosis (F9,440 = 22.905, p < 0.001) and ROI 

(F9,440 = 117.964, p < 0.001). However, there was no significant interaction between diagnosis 

and ROI (F9,440 = 0.603, p = 0.794). The significant main effect of diagnosis and the mean 

values of each ROI in each diagnostic group (Table 2) indicated lower [11C]FLB457 BPND 

values, averaged across ROIs, in individuals with ASD compared with those in the TD group. 

Although the non-significant interaction between diagnosis and ROI indicated that there was 

no significant difference in the degree of atypicality between the ROIs, the effect sizes of the 

ROIs were estimated to evaluate the atypicality among the ROIs. Among the 10 ROIs, the 

effect size for the posterior region of the thalamus (Cohen’s d = 0.95) was large, and the 

central lateral (Cohen’s d = 0.61) and anterior medial regions (Cohen’s d = 0.59) of the 
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thalamus, amygdala (Cohen’s d = 0.65), and dACC (Cohen’s d = 0.53) had medium effect 

sizes (Table 2; Figure 1) 

 

Correlations between [11C]FLB457 BPND values and ADOS-2 scores 

Although we excluded one individual with ASD from the correlational analyses because they 

refused to take the ADOS-2, the main effect of diagnosis on BPND values of [11C]FLB45 

was preserved in the ASD (N = 21) and TD (N = 24) groups (F9,430 = 23.018, p < 0.001). In 

individuals with ASD, we found a significant negative correlation between the [11C]FLB457 

BPND value in the posterior region of the thalamus and the ADOS-2 SA-revised score (r = −

0.68; uncorrected p = 0.00074; Bonferroni-corrected p < 0.05; Figure 2). The [11C]FLB457 

BPND value in the posterior thalamus was not significantly correlated with the other ADOS 

scores. None of the other ROIs showed significant correlations between [11C]FLB45 BPND 

values and ADOS scores (Supplementary Figure 5). 

 

Results of the MVPA of resting-state fMRI data 

Because the main ANOVA revealed a significant effect of diagnosis on [11C]FLB457 BPND 

values without an interaction between diagnosis and ROI, we used [11C]FLB457 BPND values 

averaged across all 10 ROIs as an independent variable in the MVPA. Whole-brain MVPA 
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revealed significant clusters in the bilateral thalamus (Figure 3A, [−8, −18, 18], cluster size = 

104) and the right cerebellum (Figure 3A, [28, −60, −24], cluster size = 94). This suggests 

that whole-brain functional connectivity patterns from these two regions were differentially 

correlated with the D2/3R availability between the ASD and TD groups.  

 The post hoc analyses using the clusters of the thalamus and the right cerebellum as 

seeds showed that when the thalamus cluster was used as a seed, we found significant clusters 

lying along the bilateral superior temporal sulcus (STS). This suggests that D2/3R availability 

was associated with differential thalamus-STS functional connectivity between groups 

(Figure 3B and Table 3). The post hoc analysis of the right cerebellum seed revealed that the 

right postcentral gyrus and medial occipital cortex, which included the lingual gyrus and a 

large region of the cuneus, showed a significant diagnosis × D2/3R interaction (Figure 3B and 

Table 3). This suggested a significant group difference in the correlation between functional 

connectivity and the averaged [11C]FLB457 BPND values. Within the ASD group, lower 

D2/3R availability was significantly associated with lower functional connectivity, except for 

cerebellar-postcentral connectivity, as shown by the post hoc analyses (Supplementary Figure 

6). We also examined the correlations between ADOS-2 scores and functional connectivity; 

however, no significant correlations were found for either the thalamus or right cerebellum 

seed (Supplementary Table 1). 
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Discussion 

To the best of our knowledge, this is the first study to evaluate extrastriatal D2/3R availability 

in vivo in adult males with ASD. We found that D2/3R availability throughout the D2/3R-rich 

extrastriatal regions of the dopaminergic pathways was lower in adult males with ASD than in 

TD males. Among the extrastriatal regions, the posterior thalamus showed the largest effect 

size for lower D2/3R availability, and this was correlated with socio-communication 

difficulties in adult males with ASD. Moreover, the low D2/3R availability in the ASD group 

was correlated with low functional connectivity between the thalamus and STS and between 

the cerebellum and medial occipital cortex. 

 Consistent with our hypothesis, extrastriatal D2/3R availability was lower in adult 

males with ASD than in TD individuals. Unlike in the striatal regions, extrastriatal 

[11C]FLB457 was not sensitive to endogenous dopamine (54). Therefore, the lower D2/3R 

availability in adult males with ASD was attributed, not to the increase in endogenous 

dopamine, but rather, to the low receptor density. Our finding of low D2/3R density in adult 

males with ASD is in line with a previous genetic study, which revealed that a polymorphism 

in DRD2 associated with reduced D2 receptor expression increased the risk of developing 
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ASD (11, 30). This DRD2 polymorphism was also associated with lower initiation of joint 

attention in younger siblings of children with ASD (15), which suggests a link between low 

D2/3R density and social attention challenges in ASD. Furthermore, another polymorphism in 

DRD2, which also increased the likelihood of ASD diagnosis, was associated with social 

interaction and communication scores in the ADI-R (12). These studies support our finding of 

a correlation between low D2/3R density and socio-communicational challenges in ASD.  

 Although the interaction between ROI and ASD diagnosis was not statistically 

significant, the effect sizes for the thalamic subregions, amygdala, and dACC were relatively 

large among the D2/3R-rich extrastriatal regions. A previous meta-analysis showed that ASD 

individuals exhibit atypical fMRI activation in the thalamus, amygdala, and ACC during 

reward processing (8). Thus, our finding of low D2/3R density in these extrastriatal regions 

may be linked to dysfunctional reward circuitry in ASD, thus providing a molecular basis for 

the social motivation theory of autism. However, our finding is inconsistent with previous 

reports of increased D2/3R availability in ASD (7). Unlike in the present study, the increased 

D2/3R availability was detected in response to a reward task and only in striatal regions 

where D2/3R availability is sensitive to endogenous dopamine (54), suggesting that the 

striatal and extrastriatal regions influence D2/3R availability via distinct mechanisms. 

 Among the subregions of the thalamus, the posterior subregion, which primarily 
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comprises the pulvinar (Supplementary Figure 2), had the largest effect size for decreased 

D2/3R availability in ASD. This decrease was strongly correlated with the ADOS SA-revised 

score. The pulvinar, together with the superior colliculus and amygdala, is thought to form a 

subcortical pathway that mediates subconscious facial expression perception (55) and face-

related preferences (56), which are closely related to visual social attention. The notion that 

atypical functioning of these subcortical pathways leads to social communication difficulties 

in individuals with ASD was proposed as the fast-track modulator model of ASD (57). 

Although the precise function of these subcortical pathways has been debated, the critical role 

of the pulvinar and amygdala in coordinating socio-affective processing has also been 

highlighted by other competing theories on the subcortical processing of social information 

(58). The social motivation theory of autism also posits that early-onset symptoms of social 

attention cause socio-communication difficulties in ASD (2). Indeed, atypical functioning of 

these subcortical structures has been demonstrated in fMRI studies, whereby ASD individuals 

exhibited atypical activation of these subcortical pathway components during emotional face 

processing (9, 10). Our finding that the decreased D2/3R density in the pulvinar was 

correlated with socio-communicational difficulties in ASD not only supports but also provides 

a molecular basis for the social motivation theory and demonstrates the crucial role of these 

subcortical structures in social functioning and ASD.  
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 Adult males with ASD showed an atypical positive correlations between the 

averaged D2/3R availability in the extrastriatal regions and functional connectivity between 

the thalamus–STS, cerebellum–medial occipital cortex, and cerebellum–postcentral gyrus. 

Consistent with our findings, functional connectivity and diffusion tensor imaging 

tractography studies revealed atypical connectivity between several subregions of the 

thalamus, including the pulvinar, and the STS in individuals with ASD (59, 60). The STS is a 

key structures in the cortical social brain network and is involved in the visual analysis of 

social information conveyed by gaze direction, body movement, and other types of biological 

motions (61). Atypical activation of the STS during the processing of gaze shifts that convey 

intentions has been reported in individuals with ASD (62). Moreover, the fast-track modulator 

model of ASD proposes that the atypical activation and structural patterns of the cortical 

social brain network, including the STS, occur simultaneously with the atypical functioning of 

the subcortical pathways (56, 57).  

 The cuneus in the medial occipital cortex and postcentral gyrus are hub regions of the 

visual and somatosensory cortical networks, respectively, and are connected to the cerebellum 

in TD individuals (63). However, individuals with ASD display altered resting-state 

functional connectivity between the cerebellum and sensorimotor cortices, which included the 

cuneus and postcentral gyrus (64). In our study, TD individuals exhibited a negative 
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correlation between the averaged extrastriatal D2/3R availability and functional connectivity 

between the thalamus–STS, cerebellum–cuneus, and cerebellum–postcentral gyrus, which is 

consistent with an animal study showing that D2R overexpression reduces dendric spine 

numbers and entorhinal cortex–hippocampal connectivity (20). In contrast, the atypical 

positive correlations between the extrastriatal D2/3R availability and functional connectivity 

observed in adult males with ASD may reflect a disruption in the typical role of D2R in the 

development of brain connectivity networks. Taken together, our results illuminate the 

molecular mechanism underlying atypical functional connectivity in ASD. 

 Presynaptic D2/3 receptor and DAT directly interact, and this complex modulates 

synaptic dopamine levels (65). In the current study, we found lower D2/3 receptor binding in 

men with ASD throughout the extrastriatal regions, while a previous study found higher DAT 

binding in the orbitofrontal cortex of subjects with ASD (5). This relationship might be 

explained by reduced DAT expression in limbic forebrain synaptosomes induced by D3 

receptor stimulation (66), although the exact relationship between D2/3 receptor expression 

and DAT expression remains largely unknown in ASD. 

 Our study has several limitations. First, participants in this study were all adult 

Japanese males with high-functioning ASD without psychiatric comorbidities, and the 

homogeneity of participants may have contributed to the detection of robust group differences 
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and correlations. However, this limits the generalization of our findings to other demographic 

groups. In addition, since we did not evaluate the subthreshold ADHD symptoms in the 

participants, we were not able to rule out the potential confounding effects of subthreshold 

ADHD symptoms on the current findings. Second, our thalamic subdivision methodology has 

several limitations. Because there was no intrathalamic marker that could be used as a 

consistent landmark to delineate the thalamic subregions, we applied approximate percentage-

based divisions. Although this automated method is effective for reducing subjectivity and 

systematic bias when defining thalamic subregions in imaging data with a limited resolution, 

some participants may have thalamic nuclei that are not in proportion to the percentage-based 

parameters defined in this study. Although atlases that divide the thalamus on the basis of 

histological stains (e.g., Nissl, myelin, calcium-binding proteins, thenon-phosphorylated 

neurofilament protein and acetylcholinesterase) have been proposed (67), these staining 

patterns do not match the dopamine innervation pattern (46). Moreover, fine subdivisions in 

such atlases are beyond the limits of the spatial resolution of our PET scanner (i.e. 6.8 mm). 

Higher-resolution imaging will be required to delineate using an intrathalamic marker, which 

would improve the reliability of our approach. Finally, two participants in the TD group were 

habitual cigarette smokers. Considering that nicotine induces dopamine release and decreases 

D2/3R availability in extrastriatal regions (68), these two TD participants may have reduced 
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group differences. However, this influence is likely to be small, and the conclusions of this 

study did not change when analyses were performed without these habitual cigarette smokers. 

 In the current study, we found significantly lower extrastriatal D2/3R density in vivo 

in adult males with ASD. The effect size of the reduction was largest in the pulvinar, where 

D2/3R availability was correlated with socio-communicational difficulties in ASD. Moreover, 

D2/3R density in adult males with ASD was associated with atypical connectivity between the 

thalamus–STS, cerebellum–cuneus, and cerebellum–postcentral gyrus. These results not only 

support but also provide a molecular basis for the social motivation theory and the fast-track 

modulator model of ASD. 
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Figure legends 

Figure 1. [11C]FLB-457 binding potential (BPND) values of all 10 regions of interest in 

autism spectrum disorder (ASD) and typically developing (TD) individuals 

Plots represent regional [11C]FLB-457 values of the five thalamic subregions, dorsal anterior 

cingulate cortex (dACC), rostral anterior cingulate cortex (rACC), amygdala, ventral 

tegmental area, and substantia nigra. The closed and open circles represent individuals with 

ASD and TD individuals, respectively. Error bars represent standard errors. 
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Figure 2. Correlations between [11C]FLB-457 binding potential (BPND) values in the 

posterior subregion of the thalamus and social affect (SA)-revised scores of the Autism 

Diagnostic Observation Schedule Second Edition (ADOS-2) in individuals with autism 

spectrum disorder (ASD)  

Scatterplots show correlations between [11C]FLB-457 BPND values in the posterior subregion 

of the thalamus and SA-revised scores in individuals with ASD. 
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Figure 3. Results of the multivariate pattern analysis (MVPA) of resting-state functional 

MRI data 

(A) Thalamic (top) and right cerebellar (bottom) seeds identified by MVPA. These two 

clusters showed significant group differences in the association between whole-brain 

functional connectivity patterns and dopamine D2/3 receptor (D2/3R) availability averaged 

across regions of interest. Numbers in parentheses indicate peak coordinates. (B) Results of 

the post hoc seed-to-voxel analysis. The thalamus seed analysis revealed the bilateral superior 

temporal sulcus (upper two rows; peak coordinate = [−56, −48, 10], cluster size = 1283, t = 

5.83 for the left temporal cluster; peak coordinate = [50, 10, −34], cluster size = 1417, t = 5.53 

for the right temporal cluster), whereas the right cerebellar seed revealed the right postcentral 

gyrus and the medial occipital cortex, including the lingual gyrus and cuneus (lower two 

rows; peak coordinate = [18, −52, −6], cluster size = 9495, t = 8.20 for the medial occipital 

cluster; peak coordinate = [44, −18, 50], cluster size = 219, t = 4.23 for the right postcentral 

cluster). 
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Table 1. Demographic characteristics of participants 

 Individuals with 

ASD 
TD individuals  

 (N = 22) (N = 24)   

Characteristics Mean SD Mean SD t value p value 

Age, years old  24.8 5.9 24.3 6.1 0.23 0.82 

Height, cm 168.7 5.6 170.6 5.3 -1.15 0.26 

Body mass index, kg/m2 23.6 4.9 21.5 2.1 1.93 0.064 

SES* 3.6 1.1 2.4 0.6 4.67 < 0.001 

Parental SES* 2.5 1.0 2.5 0.8 0.01 0.99 

Intelligence Quotient       

Full scale IQ 105.2 16.5 106.6 14.8 -0.30 0.76 

Verbal IQ 108.9 16.3 108.0 14.6 0.19 0.85 

Performance IQ 99.5 17.3 103.3 14.9 -0.81 0.42 

Autism Spectrum Quotient  30.4 7.2 17.2 7.2 6.33 < 0.001 

ADOS-2       

Reciprocity  7.0 1.6 NA    

Communication  3.1 1.4 NA    

RRB 1.5 1.4 NA    

Social Affect-revised 9.8 2.3 NA    

ADI-R       

Reciprocity 17.6 8.1 NA    

Communication 12.8 5.5 NA    

RRB 4.4 2.9 NA    

Abbreviations: ASD, autism spectrum disorder; TD, typically developing; IQ, intelligence 

quotient; ADOS-2, Autism Diagnostic Observation Schedule Second Edition; RRB, restricted 

and repetitive behaviors; ADI-R, Autism Diagnostic Interview-Revised; NA, not applied; SD, 

standard deviation; SES, socioeconomic status 

*Assessed by the Hollingshead index; higher scores indicate lower status. 
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Table 2. [11C]FLB457 binding potential (BPND) values in extrastriatal regions in 

ASD and TD individuals 

 Individuals 

with ASD 

TD 

individuals t value p value Cohen’s d 

Brain region Mean SD Mean SD 

Substantia nigra 1.60 0.41 1.77 0.47 -1.30 0.20 0.38 

VTA 1.46 0.53 1.51 0.41 -0.37 0.71 0.11 

Amygdala 1.87 0.40 2.11 0.34 -2.19 0.034 0.65 

Dorsal ACC 0.53 0.14 0.60 0.14 -1.78 0.082 0.53 

Rostral ACC 0.40 0.16 0.43 0.12 -0.81 0.38 0.26 

Thalamic subregion        

Anterior medial 1.77 0.41 2.01 0.42 -2.01 0.050 0.59 

Anterior lateral 1.02 0.38 1.17 0.43 -1.26 0.21 0.37 

Central medial 2.00 0.53 2.20 0.35 -1.55 0.13 0.46 

Central lateral 1.09 0.24 1.26 0.30 -2.05 0.046 0.61 

Posterior 1.17 0.26 1.43 0.29 -3.23 0.0023 0.95 

Abbreviations: ASD, autism spectrum disorder; TD, typically developing; VTA, 

ventral tegmental area; ACC, anterior cingulate cortex; SD, standard deviation 
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Supplementary Methods 

Division of the anterior cingulate cortices (ACC) and thalamus for ROI analysis 

The anatomical border between the dACC and rACC was defined on the coronal plane 

that was one slice anterior to the disappearance of the juncture of the anterior corpus 

callosum of both hemispheres (1, 2). The posterior border of the dACC was the first 

vertical slice posterior to the anterior commissure (1). 

 The thalamus was first divided into medial and lateral parts. The vertical 

bisection (coronal view of Supplementary Figure 2) was accomplished by a bisector 

drawn parallel to the lateral border of the midbrain, the interhemispheric fissure, and the 

cerebral aqueduct. This bisector continued through all thalamic slices to create a plane of 

bisection parallel to the interhemispheric fissure. We then measured contiguous coronal 

slices of the thalamus and divided the thalamus into anterior, central, and posterior 

divisions. The anterior and central divisions each contained 40% of the total number of 

slices; the posterior division contained 20% of the total number of slices (axial and sagittal 

views of Supplementary Figure 2). Using this approach, the thalamus was divided into 

six subregions. The medial and lateral portions of the posterior thalamus were combined 

because they both corresponded to the pulvinar. This resulted in five thalamic subregions: 
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the anterior medial, anterior lateral, central medial, central lateral, and posterior 

subregions (axial view of Supplementary Figure 2).  

 

MRI data acquisition and resting-state fMRI data preprocessing 

To normalize functional data and establish ROIs, T1-weighted images were collected with 

the following parameters: repetition time (TR) = 6.8 ms, echo time (TE) = 3.1 ms, flip 

angle = 9°, voxel size = 1.0 × 1.0 × 1.2 mm3 with slice thickness of 1.2 mm, matrix = 256 

× 256, and 170 sagittal slices. A mobile PET gantry allowed us to reconstruct the PET 

images parallel to the AC-PC line without reslicing. For resting state functional imaging, 

T2*-weighted gradient-echo echo-planner images were also acquired with the following 

parameters: TR = 3000 ms, TE = 30 ms, flip angle = 90°, slice thickness = 3.4 mm, voxel 

size = 3.4 × 3.4 × 3.4 mm3, matrix = 64 × 64, 48 transversal slices with an interleaved 

slice order (the default of the Philips scanner), and 197 volumes with four dummy scans. 

Participants were instructed to gaze at a black fixation cross on a light gray background 

through an MRI-compatible head-mounted display (Visual Stim Digital; Resonance 

Technology Company, Inc., Los Angeles, USA) during a 10-min resting-state fMRI run. 

After the first four volumes were discarded to avoid T1 equilibrium effects, remaining 

functional data (i.e., 193 volumes) were realigned, corrected for slice timing, spatially 
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normalized to Montreal Neurological Institute space, and smoothed with an 8-mm full-

width half-maximum kernel. Using the denoising pipeline implemented in the CONN 

toolbox, we conducted temporal band-pass filtering (0.008–0.09 Hz). To remove 

physiological and motion-related artifacts, we regressed out signals from white matter 

and cerebrospinal fluid as well as motion outliers (with a volume-to-volume threshold of 

0.9 mm and a global mean intensity threshold of 5 standard deviations) and Friston 24 

head-motion parameters (3). Three ASD participants with fewer than 155 eligible 

volumes (i.e., < 80% of the total volumes) were excluded from subsequent analyses 

because of excessive motion-related outliers. For the remaining participants (19 ASD and 

24 TD), we found no significant differences in mean frame-wise motion (t = 0.8, p = 0.5) 

or number of ineligible volumes (t = 0.5, p = 0.6) between groups. 

 

Statistical analysis for resting-state fMRI data: Multivariate pattern analysis 

(MVPA) 

MVPA, which is implemented in the CONN toolbox, is a well-validated data-driven 

method that was developed to unbiasedly identify seed regions for seed-to-voxel 

functional connectivity analysis (4, 5). Our MVPA aimed to explore regions where 

whole-brain functional connectivity showed a significant interaction between D2/3R 






















