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Figure S5. Normalized c-Fos+ cell density across brain region clusters, related to Figure 4

(A) UMAP display overlayed with z-scored c-Fos density. (B) Scatter plot showing c-Fos+ cell density
normalized to saline in acute, chronic, early withdrawal, re-exposure and late withdrawal among the
89 brain regions identified by BRANCH in Figure 2. Student’s t-test with Benjamini/Hochberg
correction over brain regions (alpha = 0.05). Additional statistics are shown in Table 3.
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1452 Figure S6. Voxel-wise factorization analysis to spatially classify distinct morphine responsive
1453 ensembles, related to Figure 5

1454  (A) Heatmap showing loading weights for each drug condition in every subject. (B) Confusion matrix
1455  of drug condition classification based on loading weights. (C) Heatmap showing average loading
1456  weights for each drug condition in every factor. Factor 0, 1, 2, 16 had significant changes in loadings
1457  weights compared to the saline group. One-way ANOVA with post-hoc student's t-test with
1458  Benjamini/Hochberg correction over conditions (alpha = 0.05). Additional statistics are shown in Table
1459 5. (D-Il) Scatterplot showing loading weights for factor 0 (D), factor 3 (F) and factor 16 (H) and
1460 representative 50-um coronal planes showing factor weights for factor 0 (E), factor 3 (G) and factor 16
1461 (.

1462
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1463
1464  Figure S7. Distribution of morphine responsive factors, related to Figure 5

1465  (A-J). Representative 50-um coronal planes showing factor weights for factor 1 and factor 2 in the
1466  ventral pallidum (A), insular cortex (C), orbitofrontal cortex (E), claustrum (G) and paraventricular
1467  thalamic nucleus () along the anterior-posterior axis. Heatmap showing average factor probability in
1468  the ventral pallidum (VeP) (B), insular cortex (D), orbitofrontal cortex (F), claustrum (H) and
1469  paraventricular thalamic nucleus (J) along the anterior-posterior axis. Insular cortex Gl: granular layer,
1470  DI: dysgranular layer, Al: agranular layer. Orbitofrontal cortex MO: medial region, VO: ventral region,
1471 LO: lateral region. Claustrum DCI: dorsal region, VCI: ventral region. Paraventricular thalamic nucleus
1472 PVA: anterior part, PV: intermediate part, PVP: posterior part.
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Figure S8. Analysis of acute morphine specific neural ensemble, related to Figure 6

Scatter plot showing TRAP fidelity score in 89 brain regions identified by BRANCH in Figure 2.
Student’s t-test was conducted between Acute™AP and every other condition with post-hoc
Benjamini/Hochberg correction. Additional statistics are shown in Table 6.
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1483  Figure S9. Identification of key molecular markers using c-Fos+ predictive activity map, related
1484  to Figure 7

1485  (A-C) Bar plot showing the top 30 genes that were significantly correlated with the highest Pearsons
1486  coefficient values for each drug condition in the (A) Acb, (B) Ce and (C) VTA (alpha = 0.05 after
1487  Benjamini/Hochberg correction). Genes that are shown in Figure 7 are highlighted in magenta.
1488  Additional statistics are shown in Table 7.
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1491 Figure $10. Identification of key cell types using c-Fos+ predictive activity map in the nucleus
1492 accumbens, related to Figure 7
1493  (A) Schematic overview of the regression framework. Cell-type cell count maps derived from the ABI
1494  MERFISH dataset (5,322 clusters) were used as predictors to explain voxelwise predictive activity
1495 maps across five morphine-related conditions in the nucleus accumbens. Linear regression
1496  coefficients were estimated for each cluster and condition. (B) Empirical cumulative distribution
1497  functions (ECDFs) of standardized regression coefficients () for acute, chronic, earlyWD, re-exposure,
1498  and lateWD conditions. Individual clusters are labeled by their four-digit IDs; clusters with permutation
1499  p-values after FDR correction (Benjamini—-Hochberg, alpha = 0.05) are shown in magenta. Additional
1500 statistics are shown in Table 8. (C) Representative coronal planes showing observed predictive activity
1501 maps (top row, “activity”) and regression-modeled predictions (bottom row, “model”) for acute, chronic,
1502 and withdrawal conditions. (D) Spatial distributions of representative clusters with high-magnitude
1503 coefficients across conditions.
1504
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1506  Figure S11. Identification of key cell types using c-Fos+ predictive activity map in the central
1507 amygdala, related to Figure 7

1508  (A) Empirical cumulative distribution functions (ECDFs) of standardized regression coefficients () for
1509  acute, chronic, earlyWD, re-exposure, and lateWD conditions. Individual clusters are labeled by their
1510  four-digit IDs; clusters with permutation p-values after FDR correction (Benjamini—-Hochberg, a = 0.05)
1511 are shown in magenta. Additional statistics are shown in Table 8. (B) Representative coronal planes
1512  showing observed predictive activity maps (top row, “activity”) and regression-modeled predictions
1513  (bottom row, “model”) for acute, chronic, and withdrawal conditions. (C) Spatial distributions of
1514  representative clusters with high-magnitude coefficients across conditions.
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1517  Figure S$12. Identification of key cell types using c-Fos+ predictive activity map in the ventral
1518 tegmental area, related to Figure 7

1519  (A) Empirical cumulative distribution functions (ECDFs) of standardized regression coefficients () for
1520 acute, chronic, earlyWD, re-exposure, and lateWD conditions. Individual clusters are labeled by their
1521  four-digit IDs; clusters with permutation p-values after FDR correction (Benjamini—-Hochberg, a = 0.05)
1522  are shown in magenta. Additional statistics are shown in Table 8. (B) Representative coronal planes
1523  showing observed predictive activity maps (top row, “activity”) and regression-modeled predictions
1524  (bottom row, “model”) for acute, chronic, and withdrawal conditions. (C) Spatial distributions of
1525  representative clusters with high-magnitude coefficients across conditions.
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