S1P–S1PR1 Dysregulation Is Associated With Brain-Wide S1PR1 Molecular Covariance Reorganization and Compulsive-Like Behaviors in Sapap3-Deficient Mice Supplement 1

Supplement Figures
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Figure S1. Experimental cohort allocation and workflow for multimodal analyses in WT and Sapap3 KO mice. 
A total of 30 mice were included in the study. Animals were allocated into independent experimental cohorts according to downstream analyses.
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Figure S2. Radiosynthesis workflows of [18F]TZ4877 and experimental design.
(A) Radiosynthesis of [18F]TZ4877. (B) Semi preparation results of [18F]TZ4877. The [18F]TZ4877 fraction was eluted and collected between 7 and 11.5 minutes. (C) Quality control results of [18F]TZ4877. (D) Co-injection results of [18F]TZ4877. 
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Figure S3. Sapap3 KO mice exhibit anxiety-like behavioral abnormalities. 
(A) Quantification of the open field test. (B) Quantification of elevated plus-maze behavior. Open field test, elevated plus-maze test, n = 8. Unpaired t tests were performed. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

[image: ]
Figure S4. Classification pie chart of differential metabolites in the striatum.
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Figure S5. Brain region segmentation in PCT-MRI imaging.
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Figure S6. Brain region segmentation in autoradiography.
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Figure S7. Correlations between regional S1PR1 availability and anxiety-like behaviors.
Spearman correlation analysis was performed to evaluate associations between regional S1PR1 VT values and anxiety-related behavioral measures. Bubble size represents statistical significance (−log10PFDR), and color indicates correlation coefficients. Behavioral measures included anxiety-related parameters from the OFT and EPM. Correlations were adjusted for multiple comparisons using FDR correction.
Abbreviations: OB, olfactory bulb; CTX, cortex; BFS, basal forebrain septum; STR, striatum; THA, thalamus; HYP, hypothalamus; AMY, amygdala; HIP, hippocampus; SC, superior colliculus; IC, inferior colliculus; MB, midbrain; BS, brainstem; PAG, periaqueductal gray; CB, cerebellum.
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[bookmark: OLE_LINK3]Figure S8. Robustness analyses of S1PR1 molecular covariance network construction. 
(A) Distribution of pairwise Pearson correlation coefficients of regional S1PR1 VT values in WT and Sapap3 KO mice. The KO distribution showed increased correlation values compared with WT mice. A high-confidence threshold (|r| > 0.85) was selected for covariance network construction. (B) Sensitivity analysis of network topology across correlation thresholds ranging from |r| = 0.60–0.90, demonstrating consistent genotype-associated differences in network organization. (C) Permutation validation of covariance network density differences. Genotype labels were randomly permuted, and network density differences were recalculated to generate a null distribution. The observed increase in KO network density exceeded the permutation-derived null distribution.


Supplemental Tables 
Table S1. Number of mice involved in each experiment. 
	Experiment
	Number of WT group
	Number of KO group

	Metabolomics
	5
	5

	Grooming testing
	10
	10

	Open field test
	8
	8

	Elevated plus maze test
	8
	8

	[18F]TZ4877 PET-MRI
	6
	6

	Autoradiography
	2
	2

	Immunofluorescence
	3
	3

	ELISA
	8
	8



Table S2. Quantification data and p value of behavioral assays. All data are presented as mean ± SD. Unpaired t-test were performed. *p < 0.05, **p < 0.01, ****p < 0.00011 were considered significantly different.
	Behavioral Assays
	WT group
	KO group
	p value

	Grooming- Bouts
	4.10 ± 3.21
	61.80 ± 24.38
	< 0.0001****

	Grooming- Duration
	9.48 ± 89.11
	136.20 ± 55.10
	< 0.0001****

	Tic- Bouts
	2.80 ± 2.57
	54.20 ± 17.88
	< 0.0001****

	Digging- Bouts
	61.20 ± 29.00
	9.80 ± 9.08
	< 0.0001****

	Digging- Duration
	101.00 ± 57.45
	13.68 ± 16.56
	< 0.0001****

	Rearing- Bouts
	96.82 ± 33.09
	54.30 ± 46.39
	< 0.05*

	Rearing- Duration
	218.5 ± 140.00
	99.09 ± 96.29
	< 0.05*

	OFT- Entries into the center
	24.38 ± 5.18
	10.75 ± 4.62
	< 0.0001****

	OFT- Time in the center
	125.40 ± 40.75
	80.66 ± 40.74
	< 0.05*

	OFT- Total Distance
	21.68 ± 4.89
	14.52 ± 4.83
	< 0.01**

	EPM- Entries into open arm
	12.20 ± 3.12
	5.20 ± 2.70
	< 0.0001****

	EPM- Time in open arm
	112.50 ± 89.93
	384.60 ± 109.50
	< 0.0001****

	EPM- % entries into open arm
	0.55 ± 0.04
	0.37 ± 0.11
	< 0.0001****

	EPM- % time in open arm
	0.72 ± 0.19
	0.20 ± 0.17
	< 0.0001****



Table S3. Quantification data and p value of ELISA. All data are presented as mean ± SD. Unpaired t-test were performed. *p < 0.05, **p < 0.01 were considered significantly different.
	Sample
	WT group
	 Sapap3-/- group
	p value

	Serum
	90.79 ± 20.90
	111.00 ± 16.33
	< 0.05*

	Prefrontal cortex
	123.40 ± 12.39
	142.40 ± 13.03
	< 0.01**

	Striatum
	116.60 ± 17.87
	139.70 ± 13.63
	< 0.01**



Table S4. [18F]TZ4877 VT and p value in the brain regions. Data are presented as mean ± SEM. Statistical comparisons were performed using unpaired two-tailed t tests, with false discovery rate correction applied for multiple regional comparisons. *q < 0.05.

	Brain region
	WT group
	KO group
	q value

	Olfactory bulb
	1.308±0.164
	1.008±0.254
	>0.05

	Cortex
	1.381 ± 0.172
	1.042 ± 0.215
	< 0.05*

	Basal forebrain septum
	1.482 ± 0.174
	1.030 ± 0.192
	< 0.05*

	Striatum
	1.614 ± 0.169
	1.166 ± 0.234
	< 0.05*

	Hippocampus
	1.576 ± 0.190
	1.164 ± 0.225
	< 0.05*

	Amygdala
	1.422 ± 0.215
	0.996 ± 0.187
	< 0.05*

	Hypothalamus
	1.419 ± 0.207
	1.028 ± 0.212
	< 0.05*

	Thalamus
	1.652 ± 0.166
	1.242 ± 0.275
	< 0.05*

	Superior colliculi
	1.663 ± 0.183
	1.240 ± 0.226
	< 0.05*

	Periaqueductal gray 
	1.746 ± 0.175
	1.253 ± 0.206
	< 0.05*

	Midbrain
	1.700 ± 0.173
	1.253 ± 0.244
	< 0.05*

	Inferior colliculi
	1.628 ± 0.175
	1.194 ± 0.230
	< 0.05*

	Brainstem
	1.597 ± 0.203
	1.119 ± 0.246
	< 0.05*

	Cerebellum
	1.569 ± 0.144
	1.109 ± 0.220
	< 0.05*



Table S5. Quantification and p value of [18F]TZ4877 autoradiography. Data are presented as mean ± SEM. Statistical comparisons were performed using unpaired two-tailed t tests, with false discovery rate correction applied for multiple regional comparisons. *q < 0.05, **q < 0.01, ***q < 0.001.
	Brain region
	WT group
	KO group
	p value

	Cortex
	13.36 ± 0.811
	10.87 ± 0.429
	< 0.001***

	Basal forebrain septum
	12.01 ± 0.828
	10.34 ± 0.285
	< 0.001***

	Striatum
	15.23 ± 0.862
	12.24 ± 0.663
	< 0.001***

	Amygdala
	13.57 ± 0.721
	10.19 ± 0.550
	< 0.001***

	Hippocampus
	16.62 ± 0.860
	12.43 ± 0.639
	< 0.001***

	Hypothalamus
	13.26 ± 0.497
	10.95 ± 0.552
	< 0.001***

	Thalamus
	15.41 ± 0.373
	12.50 ± 0.363
	< 0.001***

	Midbrain
	15.57 ± 0.814
	11.77 ± 0.761
	< 0.001***



Table S6. Quantification and p value of immunofluorescence. All data are presented as mean ± SD. Unpaired t-test were performed. ****p < 0.0001 were considered significantly different.
	Brain region
	WT group
	 Sapap3-/- group
	p value

	Cortex-Density
	242.3 ± 11.72
	210.8 ± 23.28
	< 0.05*

	Cortex-Average area
	7.570 ± 0.6867
	6.293 ± 0.8234
	< 0.05*

	Cortex-Integreted Density
	11.29 ± 0.5449
	8.931 ± 1.2320
	< 0.01**

	Striatum-Density
	329.8 ± 27.63
	291.0 ± 17.01
	< 0.05*

	Striatum-Average area
	6.900 ± 0.4733
	5.793 ± 0.5138
	< 0.01**

	Striatum-Integreted Density
	12.39 ± 1.907
	10.29 ± 0.9585
	< 0.05*




Supplemental method
S1. Animals, Housing, and Experimental Cohorts
Sapap3 KO mice were generated by breeding Sapap3 heterozygous mice, and WT littermates were used as controls. Only male mice were included in this study. Animals were housed under controlled environmental conditions with a 12-hour light/dark cycle, stable temperature and humidity, and ad libitum access to food and water.
All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) and conducted in accordance with relevant animal welfare guidelines.
A total of 30 mice were included in the study and allocated into independent experimental cohorts according to downstream analyses (Supplementary Figure S1). Behavioral characterization was performed before subsequent molecular, imaging, or histological analyses. Separate cohorts were used for metabolomic profiling, S1PR1 PET imaging, autoradiography, and immunofluorescence validation. Investigators responsible for behavioral scoring, PET quantification, and statistical analyses were blinded to genotype information.
S2. Behavioral Assays
Behavioral experiments were performed during the dark phase. One hour before testing, mice were transferred to the behavioral testing room and allowed to acclimate to the experimental environment (illumination intensity: 250 lx; background noise: 50–60 dB). Environmental conditions were maintained consistently throughout all behavioral assessments.
S2.1 Open Field Test 
Mice were gently placed in the center of an open field apparatus (opaque plastic box, 35 × 35 cm) facing away from the experimenter, and locomotor activity was recorded for 10 minutes. Videos were analyzed using Visutrack software (version 3.0, Xinruan Information Technology Co., Ltd.) to quantify total distance traveled, time spent in the center zone, and number of center entries1.
S2.2 Elevated Plus Maze 
Mice were placed in the center of an elevated plus maze (40 cm above the floor; arm length 30 cm, width 5 cm; closed-arm wall height 15 cm) facing an open arm. Behavior was recorded for 10 minutes and analyzed using Visutrack software. Anxiety-like behavior was evaluated using the EPM, as indexed by both the percentage of time spent in the open arms and the percentage of entries into the open arms2.
S2.3 Spontaneous Grooming and Repetitive Behavior Assessment
Spontaneous grooming behavior was assessed in transparent acrylic chambers (20 × 20 × 30 cm) cleaned with 75% ethanol before each trial. Corncob bedding was placed on the chamber floor, and white barriers were positioned around the chambers to minimize visual interference between animals. Mice were video-recorded for 20 minutes for offline behavioral analysis.
Videos were analyzed by two trained observers blinded to genotype using BORIS software (Behavioral Observation Research Interactive Software3, 4. Grooming behavior was quantified based on grooming frequency and duration, defined as repetitive cleaning or stroking of fur and skin using the mouth, forepaws, or hindpaws5.
Additional repetitive behaviors were quantified from the same recordings, including:
1. Tic-like events: spontaneous abnormal repetitive movements occurring independently of grooming episodes6.
2. Digging behavior: frequency and duration of bedding-directed digging activity7.
3. Rearing behavior: frequency and duration of vertical exploratory posture.
Each video was independently scored by both observers, and the averaged values were used for statistical analysis unless otherwise specified.
S3. Untargeted Metabolomic Profiling
S3.1 Tissue Collection and Sample Preparation
Following behavioral tests, mice (n = 16) were euthanized, and striata were bilaterally dissected, snap-frozen in liquid nitrogen, and stored at –80°C. For extraction, ~20 mg tissue was homogenized in 400 µL pre-cooled methanol/water (4:1, v/v) containing 4 µg/mL L-2-chlorophenylalanine (internal standard). After sonication (10 min, ice bath) and incubation (–40°C, 2 h), samples were centrifuged (13,000 rpm, 20 min, 4°C). Supernatants (150 µL) were collected for LC-MS analysis. Quality control (QC) samples were prepared by pooling equal aliquots of all supernatants and injected periodically to monitor signal drift.
S3.2 LC-MS/MS Acquisition
Analysis was performed on a Waters ACQUITY UPLC I-Class Plus coupled to a Thermo Q Exactive HF mass spectrometer with HESI source. Separation used an HSS T3 column (1.8 µm, 2.1 × 100 mm) at 45°C, with mobile phases A (water/0.1% formic acid) and B (acetonitrile/0.1% formic acid) at 0.35 mL/min. The gradient was: 1% B (0–1 min), 1–40% B (1–8 min), 40–98% B (8–12 min), hold at 98% B (12–14 min), and re-equilibrate at 1% B (14.1–16 min). Full MS scans (*m/z* 100–1200) at 70,000 resolution were acquired in ±ESI modes. Key source settings: sheath gas 40/35 arb, spray voltage ±3.5/–2.8 kV, capillary temperature 320°C. Data-dependent MS/MS at 17,500 resolution used stepped collision energies (20/40/60 eV).
S3.3 Metabolomic Data Processing
Raw data were processed using Progenesis QI (or equivalent). Metabolites were annotated against HMDB and METLIN databases based on accurate mass, retention time, and MS/MS spectra. Differential metabolites were identified using OPLS-DA multivariate analysis combined with univariate testing. Metabolites with VIP > 1.0 and adjusted p < 0.05 (FDR correction) were considered significantly altered.
S4. S1P Quantification by ELISA
Following completion of all experiments, mice were anesthetized, and blood was collected from the orbital sinus. Blood samples were allowed to clot at room temperature for 30 min and centrifuged (2,000 × g, 10 min) to obtain serum. Mice were then transcardially perfused, brains were removed, and the prefrontal cortex and striatum were dissected. Brain tissues were homogenized and centrifuged to collect supernatants. Serum and tissue S1P levels were quantified using a mouse-specific ELISA kit (JYM1064Mo, JiyinBIO, Wuhan, China) following the double-antibody sandwich protocol. Briefly, samples and standards were added to microplates and incubated at 37°C for 30 min, followed by washing and incubation with HRP-conjugated working solution at 37°C for 10 min. The reaction was terminated by adding stop solution, and absorbance was read using a microplate reader. S1P concentrations in both serum and tissue samples were calculated by interpolation from a standard curve generated using known S1P standards.
S5. [18F]TZ4877 Radiotracer Preparation and PET Imaging
S5.1 Radiotracer Preparation
[¹⁸F]TZ4877 was synthesized via nucleophilic substitution of the tosylate precursor with [¹⁸F]KF/Kryptofix 222 in acetonitrile, followed by deprotection of the methoxy group with 6 M hydrochloric acid8. The crude product was purified by semi-preparative high-performance liquid chromatography (HPLC) combined with solid-phase extraction and formulated in 10% ethanol-saline. The final product exhibited high radiochemical purity (>95%), a radiochemical yield of 58.5 ± 12.7%, and a molar activity of 17.6 ± 5.3 GBq/μmol (n = 18, decay-corrected to end of synthesis; Figure S2). Only tracer preparations meeting these quality control criteria were used for subsequent imaging.
S5.2 PET/MRI Acquisition
Mice were anesthetized with 1.5–2% isoflurane and maintained under controlled anesthesia throughout scanning. Dynamic PET scans were acquired immediately after intravenous injection of [¹⁸F]TZ4877 (288.5–608.2 MBq/kg) using a Mediso nanoScan PET/CT imaging system over a 0–30 min dynamic protocol. Emission data were reconstructed into 27 frames (10 × 3 s, 3 × 10 s, 4 × 60 s, 10 × 150 s) with a voxel size of 0.4 mm, using the ordered-subset expectation maximization (OSEM) algorithm incorporating CT-based attenuation correction and isotope decay correction.
For anatomical reference, T2-weighted brain MRI scans were acquired on a 9.4 Tesla microMRI scanner (BioSpec 94/30 USR, Bruker BioSpin MRI GmbH, Germany) with the following parameters: repetition time (TR) = 6200 ms, echo time (TE) = 22.5 ms, slice thickness = 0.3 mm, averages = 5, scan time = 9 min 18 s, number of slices = 55, field of view = 15 × 15 mm, and image size = 150 × 150 pixels.
S6. PET Image Processing and VT Quantification
PET and CT images were co-registered using PMOD software (PMOD Technologies LLC, Switzerland), and standardized uptake values (SUVs) for brain regions were obtained using the Ma-Benveniste-Mirrione mouse brain atlas template within PMOD. SUV was calculated as: activity concentration (Bq/mL) within the volume of interest (VOI) divided by injected activity (Bq) multiplied by body weight (g). To ensure precise anatomical alignment, fused PET/CT images were further co-registered with MRI scans using Carimas 2.10 software (Turku PET Centre, Finland) to generate PET-MRI fusion images.
For kinetic quantification, the left ventricle was delineated to obtain the arterial blood input function. VOIs (comprising at least three regions of interest, ROIs) were defined for target brain regions based on the Ma-Benveniste-Mirrione atlas. Static PET/CT at 30 min post-injection was used to derive SUV values, while the dynamic 0–30 min PET data were used to generate time-activity curves (TACs) for each region. The total distribution volume of [¹⁸F]TZ4877 was calculated using Logan graphical analysis with arterial input function (LoganAIF) derived from 27 TACs of the left ventricle. Goodness of fit was assessed by the coefficient of determination (r²). Regional VT values from 14 brain regions (Table S4) were used for subsequent network and PDS analyses 9.
S7. Ex Vivo Autoradiography
To validate regional [¹⁸F]TZ4877 distribution, mice were euthanized at 10 min post-injection (1057 MBq/kg). Brains were rapidly removed, frozen, and sectioned coronally at 30 μm thickness using a cryostat (–20°C). Brain sections were exposed to a Beaver micro-gas detector system (Ai4R, France) for 3 h, and autoradiography images were quantified using BeaQuant software (version 3.3, Ai4R, France). For each animal, at least ten serial sections spanning the rostro-caudal extent of the brain were collected, and a representative region of interest (ROI) was delineated per section, yielding ≥10 ROI measurements per brain region per group. Radioactivity was quantified in the following regions: cortex, basal forebrain septum, striatum, thalamus, hypothalamus, amygdala, hippocampus, midbrain, brainstem, and cerebellum. Data are presented as mean counts/min/mm² from all measured sections to provide a semi-quantitative topographic assessment of tracer binding, complementing the quantitative VT values derived from PET imaging (Section S6).
S8. Immunofluorescence Validation
Mice were perfused intracardially, and brains were removed, fixed, dehydrated, embedded, and sectioned at 10 μm thickness. Fluorescence staining was performed using a primary antibody against S1PR1 (mouse, 1:3000, M035818, ABMART). Sections were incubated with primary antibody overnight at 4°C. After incubation, sections were labeled with species-specific secondary antibody for 1 hour at room temperature under light-protected conditions: Alexa Fluor 488-conjugated goat anti-mouse IgG (1:500, Bs-0296G-AF488, BIOSS, China). Subsequently, slides were incubated with DAPI (1:1000, D1306, Thermo Fisher, USA). Images were captured using an Axio Observer 7 microscope (Zeiss, Germany). Immunofluorescence intensity was quantified using ImageJ (version 1.53k, National Institutes of Health, USA).

S9. Whole-Brain S1PR1 Molecular Covariance Network Construction and Analysis
S9.1 Construction of S1PR1 covariance networks
Regional VT values derived from [¹⁸F]TZ4877 PET imaging were extracted from 14 predefined brain regions based on anatomical definitions described previously10, 11. Separate whole-brain S1PR1 molecular covariance networks were constructed for WT and Sapap3 KO mice 12.
Pairwise Pearson correlation coefficients were calculated between regional VT values across animals within each genotype to generate group-level S1PR1 molecular covariance matrices11, 12. Each brain region was represented as a network node, and covariance relationships between regions were represented as network edges13.
S9.2 Threshold Selection and Robustness Analysis
A high-confidence correlation threshold of |r| > 0.85 was selected for primary network construction. This threshold was selected to retain strong interregional covariance relationships while reducing inclusion of weak covariance relationships that may be sensitive to sampling variability. To evaluate the robustness of network topology, sensitivity analyses were performed across correlation thresholds ranging from |r| = 0.60 to 0.90. Genotype-dependent differences in network density, modularity, and edge organization remained consistent across thresholds (Supplementary Figure S7).
S9.3 Binary network analysis
Binary molecular covariance networks were generated by applying the predefined correlation threshold to group-level covariance matrices (14, 15). Global network properties, including network density and modularity, and regional node degree were calculated using established graph-theoretical methods13, 14. Network modularity was evaluated to quantify the segregation of network communities14.
S9.4 Weighted network analysis
Weighted molecular covariance networks were generated using Pearson correlation coefficients as edge weights without binarization13, 15. Regional node strength was calculated as the sum of weighted edges connected to each node:

where represents the Pearson correlation coefficient between regions i and j14.
Differences in regional node strength between WT and Sapap3 KO mice were calculated to identify brain regions exhibiting the greatest alterations in molecular covariance organization16.
This analysis was performed following established metabolic covariance network approaches in which interregional correlations of molecular imaging-derived measurements are used to characterize large-scale brain organization.
S9.5 Permutation testing of network topology
Permutation testing was performed to determine whether genotype-associated differences in network density exceeded random expectations. Genotype labels were randomly permuted while preserving group sizes, and covariance matrices and binary networks were reconstructed for each randomized dataset. Network density differences between groups were recalculated across 1,000 permutations to generate a null distribution. The observed density difference was compared with the permutation-derived null distribution to estimate empirical two-sided significance (Supplementary Figure S7).
S10. Hypothalamus-Centered Network Analysis
Because weighted network analysis demonstrated that the hypothalamus exhibited the greatest alteration in node strength, hypothalamus-centered network analysis was subsequently performed13. Edges connecting the hypothalamus with all remaining brain regions were extracted from weighted covariance matrices13, 14. Connectivity alterations were ranked according to changes in correlation strength between WT and KO mice14. Brain regions were categorized according to established anatomical classifications to facilitate interpretation of hypothalamic network remodeling.
S11. Individualized S1PR1 Profile Deviation Score Analysis
To quantify individual-level variation in S1PR1 spatial organization, an individualized S1PR1 PDS was calculated The WT reference profile was generated using regional VT values from WT animals across the 14 analyzed brain regions17, 18.
For each animal, PDS was calculated as:

where represents the number of analyzed regions, represents the VT value of region m in individual i, and  represents the mean VT value of region m in WT reference animals.
Higher PDS values indicate greater deviation from the WT S1PR1 molecular organization17, 18. To avoid circularity in reference profile generation, a leave-one-out procedure was applied for WT animals19. Sapap3 KO mice were compared against the reference profile generated from all WT animals18. Regional deviation scores were calculated to identify brain regions contributing most strongly to whole-brain S1PR1 alterations18.
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