1. Materials and methods
1.1. Collection and Analysis of Thyroid Hormones and Trace Elements
On the day of MRI examination, 5 mL of fasting venous blood was collected from the antecubital vein. Samples were centrifuged at 2,400 rpm for 11 minutes, and an appropriate volume of supernatant was obtained.
(1) Thyroid hormone assay: Electrochemiluminescence immunoassay was used to measure free triiodothyronine (FT3), total thyroxine (TT4), and thyroid-stimulating hormone (TSH) using a Roche ECL2010 Electrochemiluminescence Analyzer (Germany) with the corresponding reagent kit.
(2) Serum Iron, Serum Magnesium, and Blood Lead Assays: Serum iron was measured using the ferrozine colorimetric method. Samples were treated with a trichloroacetic acid-hydrochloric acid mixture to release serum iron and precipitate proteins. Ferrous sulfate reduced ferric iron to ferrous iron, which then specifically bound to ferrozine. The resulting complex was detected at an absorption peak of 562 nm for quantitative analysis of serum iron. Serum magnesium was measured using an OLYMPUS AU2700 fully automated biochemical analyzer (Japan). Whole-blood lead was determined by graphite furnace atomic absorption spectrophotometry (GFAAS), stored at -80°C, and thawed on ice, diluted 1:4 with deionized water to 1 mL, mixed with 200 μL of ultra-pure nitric acid, and 20 μL of each sample was injected for analysis. Blood lead concentration was quantified using the standard curve method according to the instrument manual.
Serum iron and FT4 values in the ASD-ANX group were log-transformed before correlation analyses because of distributional skewness identified during exploratory data assessment.

1.2. Animal Pathology
I. Research Overview
Autism Spectrum Disorder (ASD) is defined by two core behavioral domains: persistent repetitive behaviors and marked deficits in social communication. The BTBR T+ltpr3tf/J (BTBR) mouse strain is a widely used ASD model that exhibits behavioral phenotypes closely resembling these core clinical features. In this study, BTBR mice were evaluated using two established paradigms, the Open Field Test (OFT) and the Elevated Plus Maze (EPM). Parameters, including zone-specific dwell frequency and duration, locomotor speed, and total travel distance, were quantified to characterize anxiety-like behavior. On this basis, we hypothesized that a subset of BTBR mice would display prominent anxiety-like phenotypes and that these traits might be associated with specific neuropathological changes. By stratifying BTBR mice according to anxiety phenotype, this study aimed to provide an experimental foundation for targeted investigation of neural potential biological interpretations underlying the ASD-ANX subtype.
II. Experimental Protocol
(I) Animal Housing and Ethics
[bookmark: OLE_LINK3]Animal subjects: Eight-week-old male BTBR T+Itpr3tf/J mice (n = 9) and age- and sex-matched C57BL/6J controls (n = 4) were used. BTBR mice weighed 27–32 g and C57 mice weighed 22–28 g. No formal a priori sample-size calculation was performed; the available cohort defined this preliminary experiment. The allocation of mice was predetermined and was therefore not randomized.
Ethical compliance and blinding: Procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of The Third Affiliated Hospital of Sun Yat-Sen University
(Approval No. IACUC-2023-A072) and followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Two investigators observing and recording behavior were blinded to mice allocation. Blinding of histological image acquisition and quantification was not documented in the archived records and is reported as a design limitation.
(II) Open Field Test (OFT)
Apparatus: The test apparatus was an opaque acrylic chamber (50 cm × 50 cm × 40 cm height) equipped with infrared beam sensors on the inner walls for real-time detection of horizontal and vertical movements. Testing was conducted under natural daylight to avoid light-induced stress[1].
Procedure: Mice were acclimated to the testing room for 30 minutes before assessment. Each mouse was gently placed in the center of the chamber, and behavior was recorded for 10 minutes using a computerized tracking system (TSE-System®, Berlin, Germany). Data acquisition was divided into two 5-minute phases to assess temporal behavioral dynamics. The chamber was thoroughly cleaned with 70% ethanol between trials, and the next trial began only after complete evaporation to eliminate olfactory interference.
Measured Parameters (Automated analysis via ActiMot software, TSE-System®):
· Active Time: Cumulative duration (s) of movement exceeding 5 cm/s, reflecting general locomotor activity.
· Hyperactivity Time: Cumulative duration (s) of movement exceeding 15 cm/s, indicating hyperactivity.
· Total Distance Traveled: Total ambulatory distance (cm) during the session.
· Thigmotaxis (Wall-approaching tendency): Ratio of time spent in the peripheral zone (within 5 cm of walls) relative to the central zone (20 cm × 20 cm). Greater peripheral preference indicates stronger anxiety-like behavior.
· Rearing Behavior: Total number of rearings and mean duration per rear (s). Rearing is an exploratory behavior typically reduced under anxious conditions.
(III) Elevated Plus Maze Test (EPM)
Apparatus: The maze consisted of a central platform (5 cm × 5 cm), two open arms (25 cm × 5 cm, without walls), and two enclosed arms (25 cm × 5 cm × 16 cm, black acrylic walls), elevated 50 cm above the floor. Testing was performed under red light to minimize stress [2].
Procedure: The maze was placed in a quiet room 30 minutes before testing. Mice were positioned in the central area facing an open arm, and behavior was recorded for 5 minutes using Noldus EthoVision XT8.5 video-tracking software (Wageningen, Netherlands). The maze was cleaned with 70% ethanol between trials, as in the OFT.
Measured Parameters:
· Time in Zones: Cumulative duration (s) spent in the open arms, closed arms, and central area.
· Entry Frequency: Number of entries into each zone, with entry defined as >50% of the body entering the arm or area.
(IV) Anxiety Phenotype Assessment
To classify anxiety phenotypes in BTBR mice, a weighted scoring approach combined with standardized analysis was applied using the following criteria:
Phenotype Classification:
BTBR mice meeting both criteria below were classified as "anxiety-positive" (BTBR-ANX); those failing both or meeting only one criterion were classified as "anxiety-negative" (BTBR-nANX):
1. OFT: Percentage of time in the central area < 15%.
1. EPM: Percentage of time in open arms < 20%.
Anxiety Severity Quantification:
The two core indicators, proportion of time in the central zone (OFT) and proportion of time in open arms (EPM), were standardized as Z scores to calculate a Composite Anxiety Behavior Score. Higher scores indicated greater anxiety severity. BTBR mice (n = 9) were ultimately divided into BTBR ANX-like mice (n = 4) and BTBR nANX-like mice (n = 5). 
(V) Brain Tissue Sampling
Euthanasia and Perfusion: After behavioral testing, mice were deeply anesthetized with isoflurane (2–3%). After the disappearance of the corneal reflex and stabilization of respiration, transcardial perfusion was performed with pre-warmed (37 °C) phosphate-buffered saline (PBS) for 5–8 minutes until tissue clearing was achieved.
Brain Tissue Processing: Brains were removed, post-fixed in 4% PFA at 4°C for 24 hours, and cryoprotected in 30% sucrose (in PBS) at 4°C for 2–3 days, with daily solution changes. Tissues were then embedded in optimal cutting temperature (OCT) compound and stored at -80°C[3].
Amygdala Sectioning: Coronal sections of 40 μm thickness were prepared at -20°C using a Leica CM1860 cryostat. Amygdala regions were identified according to the Mouse Brain Atlas (Paxinos & Franklin). Sections containing intact amygdala were mounted on poly-L-lysine-coated slides and air-dried.
(VI) Glycine Silver Staining
1. Coronal amygdala cryosections (40 μm) were rinsed in PBS. Because the sections were cryosections embedded in OCT rather than paraffin sections, no dewaxing step was performed.
1. Staining: Sections were treated with Glycine Silver Solution C (5 min), washed with PBS (3×), and then treated with Glycine Silver Solution B (5 min). Excess Solution B was removed before sections were transferred to pre-warmed (45°C) Glycine Silver Solution AⅠ (30 s), followed immediately by pre-warmed Glycine Silver Solution AⅡ (30 s), and then rinsed with PBS. Brief treatment with Glycine Silver Solution D (1 s) was followed by PBS washing (3×). If background staining was excessive, the Glycine Silver Solution D step and PBS washes were repeated.
1. Dehydration and Mounting: Sections were dehydrated in anhydrous ethanol (3 × 5 min), cleared in xylene (2 × 5 min), and mounted with neutral resin under a coverslip.
Observation and analysis: Sections were examined with an Olympus BX53 microscope. Amygdala fibre morphology was evaluated for arrangement, density, integrity, and abnormal tangles. Relative fibre area (stained fibre area/total field area × 100%) was quantified with Image-Pro Plus 6.0 in three randomly selected non-overlapping 400× fields per mouse. The three fields were averaged to yield one value per mouse; each mouse, not each field, was the statistical unit.

III. Experimental Results
(I) Open Field Test: Anxiety-Related Parameters
Thigmotaxis and Central Zone Dwell Time: BTBR ANX-like mice showed significantly increased thigmotaxis and significantly reduced central zone dwell time compared with C57 controls (PFDR = 0.001, one-way ANOVA). In contrast, BTBR nANX-like mice did not differ significantly from C57 mice in these measures (PFDR > 0.05), supporting the specificity of anxiety-like behavior in the BTBR-ANX subgroup.
Rearing Behavior: Both the frequency and mean duration of rearing were significantly lower in BTBR ANX-like mice than in C57 controls (PFDR ≤ 0.001), consistent with anxiety-related suppression of exploratory behavior. BTBR nANX-like mice showed no significant differences from C57 mice (PFDR > 0.05).
Locomotor Activity: No significant differences were observed among the three groups in active time, hyperactivity time, or total distance traveled (PFDR > 0.05), indicating that the anxiety-like phenotype was not attributable to impaired general locomotion.
(II) Elevated Plus Maze: Anxiety-Related Parameters
Zone Entry Frequency: BTBR ANX-like mice did not differ significantly from C57 mice in open-arm entries (PFDR > 0.05), but showed significantly increased frequencies of closed-arm entries (PFDR = 0.004) and central-area entries (PFDR = 0.006). BTBR nANX-like mice showed no significant differences from C57 controls in entry frequency across any zone (PFDR > 0.05). This pattern suggests that BTBR ANX-like mice preferentially sought the security of closed arms and displayed greater indecision in the central area.
Time in Zones: BTBR ANX-like mice spent a significantly lower proportion of time in the open arms and a higher proportion in the closed arms than C57 mice (PFDR < 0.01). BTBR nANX-like mice showed no significant differences from C57 controls in time allocation (PFDR > 0.05), further supporting a distinct anxiety phenotype in the BTBR-ANX subgroup.
(III) Amygdala Glycine Silver Staining
Morphological Observations: In C57 mice, amygdala nerve fibers were orderly, dense, and continuous. BTBR mice, including both BTBR ANX-like and BTBR nANX-like subgroups, exhibited pathological changes characterized by disorganized arrangement, reduced density, focal disruption, and abnormal dark brown nerve fiber tangles.
Quantitative Analysis: The relative area of amygdala nerve fibers was significantly reduced in BTBR ANX-like mice compared with C57 controls (PFDR < 0.05), accompanied by visible tangles. BTBR nANX-like mice also showed significant disorganization, mild fragmentation, and tangles relative to C57 mice (PFDR < 0.05). Moreover, the relative nerve fiber area was significantly lower in the BTBR-ANX group than in the BTBR-nANX group (PFDR < 0.05), indicating more severe amygdala nerve fiber pathology in BTBR ANX-like mice.

 
1.3.  Relevant Code
1.3.1. Code for analyzing differences among MAP-MRI parameter groups and their correlations with thyroid hormones, serum iron, and serum lead: One-way ANOVA and Pearson.py
1.3.2. Heatmap and bar chart combination for inter-group differences in MAP-MRI parameters: Heatmap and bar chart combination.R
1.3.3. Heatmap for correlations between MAP-MRI parameters and thyroid hormones, serum iron, serum lead: Heatmap.R
1.3.4. Cross-sectional association-decomposition code for FT3, serum iron, serum lead, and amygdala/hippocampal NG and NGAx: total-association, direct-association, indirect-association, a-coefficient, and b-coefficient scripts.
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Supplementary Figure 1. Additional between-group comparisons of regional MAP-MRI metrics. (A–F) Heatmaps and accompanying regional plots showing additional between-group comparisons of MAP-MRI metrics across 68 brain regions in TD, ASD-nANX, and ASD-ANX. Panels include the supplementary MAP-MRI parameters not shown in the main figure, including NGRad, RTOP, RTPP, QIV, and the additional parameters displayed in the corresponding panels. Multiple comparisons were controlled using FDR correction. Regions with significant post hoc group differences are detailed in Supplementary Table S1; parameters without significant group differences are summarized in Supplementary Table S3.
Supplementary Figure 2. Correlations between biochemical metrics in ASD-ANX. (A–D) Scatter plots showing the associations of serum iron (Fe) and blood lead with thyroid-related measures in the ASD-ANX group: Fe versus free triiodothyronine (FT3) and free thyroxine (TT4) (A), Fe versus thyroid-stimulating hormone (TSH) (B), blood lead versus FT3 (C), and blood lead versus TT4 (D). 
Supplementary Figure 3. Additional correlations between biochemical measures and regional MAP-MRI metrics in ASD-ANX. (A–E) Heatmaps of age- and sex-adjusted partial correlations between biochemical measures and supplementary MAP-MRI metrics in the ASD-ANX group. Panels show the correlations of Fe, Pb, FT3, FT4, and TSH with the MAP-MRI parameters not displayed in Figure 2G and 2H, in brain regions showing significant group effects. P values were corrected for multiple testing using FDR correction. Corresponding correlation coefficients and adjusted P values are provided in Supplementary Tables S6 and S7.
Supplementary Figure 4. Cross-sectional statistical mediation models linking blood lead, FT3, and amygdala MAP-MRI metrics in ASD-ANX. Panels A and B show the left- and right-amygdala NGAx models, respectively. Standardized estimates are shown for the indirect effect (a*b), the direct effect (c′), and the total effect (c), together with 95% confidence intervals for the indirect effect. These models are presented as cross-sectional statistical mediation analyses and do not imply causality.
Supplementary Figure 5. Independent exploratory glycine silver staining of amygdala nerve fibres in BTBR mice. Representative glycine silver staining images and quantitative analysis of the relative nerve fiber area in the amygdala of C57BL/6J control mice (C57), BTBR nANX-like mice, and BTBR ANX-like mice. Dark brown to black fibers indicate stained nerve fibers. Quantification was performed as stained fiber area divided by total field area in three non-overlapping high-power fields per animal. Data are presented as mean ± SEM. Statistical analyses were performed using one-way ANOVA with FDR correction.
Abbreviations: BTBR ANX-like, BTBR mice classified as anxiety-positive; BTBR nANX-like, BTBR mice classified as anxiety-negative.
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