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Materials and Methods
Mice
All animal procedures followed animal care guidelines approved by Stanford University’s Administrative
Panel on Laboratory Animal Care (APLAC) and guidelines of the National Institutes of Health. Male
C57/BL6 mice (6-10 weeks) were used for experiments. For dark/light experiments, mice were housed on
a standard light cycle followed by placement in constant darkness for 5 days. After dark housing, mice
were either sacrificed or light-exposed for 1 hour before sacrifice. For cocaine experiments, mice were
injected with either saline or 15 mg/kg cocaine 1 hour before sacrifice. For thin sections, animals were
anesthetized with isofluorane and rapidly decapitated. Brain tissue was removed, placed in O.C.T, frozen
in liquid nitrogen, and sliced using a cryostat (Leica CM1900; detailed information below in the thintissue slice section). For large volume samples, animals were anesthetized with Buprenex (100 mg/ml,
i.p.), transcardially perfused with cold PBS, then perfused with 4% PFA (detailed information below in
the large-volume sample section). Thy1-YFP mice were B6.Cg-Tg(Thy1-YFP)HJrs/J. Transgenic
parvalbumin mice were generated by crossing Parv-IRES-Cre (JAX#8069) and Ai14 (JAX # 7908) mice.
Chemicals and enzymes
Chemicals and enzymes listed as name (supplier, catalog number): Gel Slick Solution (Lonza, 50640).
PlusOne Bind-Silane (GE Healthcare, 17-1330-01). Poly-L-lysine solution, 0.1% w/v (Sigma, P8920).
Ultrapure distilled water (Invitrogen, 10977-015). Glass bottom 12-well and 24-well plates (MatTek,
P12G-1.5-14-F and P24G-1.5-13-F). #2 Micro coverglass, 12 mm diameter (Electron Microscope
Sciences, 72226-01). O.C.T. Compound (Fisher, 23-730-571). 16% PFA, EM grade (Electron Microscope
Sciences, 15710-S). Methanol for HPLC (Sigma-Aldrich, 34860-1L-R). PBS, 7.4 (Gibco, 10010-023 for
1× and 70011-044 for 10×). Tween-20, 10% solution (Calbiochem, 655206). Triton-X-100, 10% solution
(Sigma-Aldrich, 93443). OminiPur Formamide (Calbiochem, 75-12-7). 20×SSC buffer (Sigma-Aldrich,
S6639). Ribonucleoside vanadyl complex (New England Biolabs, S1402S). Sheared salmon sperm DNA
(Invitrogen, AM9680). SUPERase·In (Invitrogen, AM2696). T4 DNA ligase, 5 Weiss U/µL (Thermo
Scientific, EL0011). Phi29 DNA polymerase (Thermo Scientific, EP0094). 10 mM dNTP mix (Invitrogen,
100004893). BSA, molecular biology grade (New England Biolabs, B9000S). 5-(3-aminoallyl)-dUTP
(Invitrogen, AM8439). BSPEG9 (Thermo Scientific, 21582). Acrylic acid NHS ester, 90% (SigmaAldrich, A8060). Methacrylic acid NHS ester, 98% (Sigma-Aldrich, 730300). DMSO, anhydrous
(Molecular Probes, D12345). Acrylamide solution, 40% (Bio-Rad, 161-0140). Bis Solution, 2% (BioRad, 161-0142). Ammonium persulfate (Sigma-Aldrich, A3678). N,N,N′,N′-Tetramethylethylenediamine
(Sigma-Aldrich, T9281). OminiPur SDS, 20% (Calbiochem, 7991). Protease K, RNA grade (Invitrogen,
25530049). Shrimp Alkaline Phosphatase (New England Biolabs, M0371L). DAPI (Molecular Probes,
D1306). NeuroTrace Fluorescent Nissl Stains, yellow (Molecular Probes, N-21480). PMSF (Sigma,
93482). Papain (Worthington, LS003127). Matrigel (Corning Life Sciences, 356234). Neurobasal-A
medium (Invitrogen, 21103-049). FBS (HyClone, SH3007103). B-27 supplement (Gibco, 17504044). 2
mM Glutamax (Gibco, 35050-061). Fluorodeoxyuridine (Sigma, F-0503). Anti-NeuN antibody (Abcam,
190565).
Primary mouse cortical neuron culture
Neoortices or hippocampi from mouse pups were removed at postnatal day 0 (P0), digested with 0.4
mg/mL papain and plated onto 24-well glass-bottomed plates pre-coated with 1:30 Matrigel at a density
of 65,000 cells per well. Cultured neurons were maintained in Neurobasal-A medium containing 1.25%
FBS, 4% B-27 supplement, 2 mM Glutamax and 2 mg/ml fluorodeoxyuridine, and kept in a humid culture
incubator with 5% CO2 at 37°C.
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smFISH
Stellaris ShipReady smFISH probes of mouse Gapdh with Quasar 570 were purchased from LGC
Bioresearch Technologies (SMF-3002-1). smFISH experiments were performed according to the
manufacturer’s protocols for adhesive cell and frozen mouse brain tissue.
STARmap probe design
SNAIL probes were designed as follows: (1) For genes with multiple transcript isoforms, only the shortest
isoforms were considered and the coding regions were used except for non-coding RNAs; (2) Picky 2.2
was used to design the hybridization sequence of each probe pair with length restriction of 40-46
nucleotide; 4 sequences for each gene were designed; (3) the resulting complementary DNA (cDNA)
sequences (40-46 nt) were split into halves of 20-25 nt, with an 0-2 nt gap in between, and with the best
match of melting temperature (Tm) between the two halves. All the probes were under 60 nt and
manufactured as by Integrated DNA Technologies (IDT). For the 160- and 1020-transcript experiments,
the homemade sequencing reagents included six reading probes (R1 to R6) and sixteen 2-base encoding
fluorescent probes (2base_F1 to 2base_F16) labeled with Alexa 488, 546, 594 and 647. YFP probes were
ordered with Acrydite modification, the SNAIL primer probes for the 28-transcript large-volume
experiment were ordered with 5’amino modification and further modified by AA-NHS; and the
sequencing was carried out using 11-nt orthogonal reading probes (OR1 to OR7) and four 1-base
fluorescent probes (1base_F1 to 1base_F4). All sequences were included in Table S1 (SNAIL probes) and
Table S2 (SEDAL probes).
STARmap procedure for cell culture and thin tissue sections
Sample
preparation:
Glass-bottom
12or
24-well
plates
were
treated
by
methacryloxypropyltrimethoxysilane (Bind-Silane). For brain-tissue slices, 12-well plates were further
treated with poly-L-lysine solution. #2 Micro coverglasses (12 mm) were pretreated with Gel Slick for
later polymerization following manufacturer’s instructions. Primary neuron cell cultures were fixed with
1.6% PFA in PBS for 10 min then transferred to pre-chilled (-20oC) methanol and kept at -80oC for at
least 15 min (and up to 1 wk). For brain-tissues, freshly harvested mouse brains were immediately
embedded in O.C.T. and snap-frozen. Tissues were either stored at -80oC or transferred to the cryostat and
cut as 16-µm slices. Slices containing primary visual cortex were mounted in the pretreated glass-bottom
plates. Brain slices were fixed with 4% PFA in PBS at r.t. for 10 min, permeabilized with -20oC methanol
and then placed at -80oC for 15 min before hybridization.
Library construction: SNAIL probes were dissolved at 100 or 200 µM in ultrapure RNase-free water and
pooled. The probe mixture was heated at 90oC for 2 to 5 min and then cooled down at r.t. The samples
were taken from -80oC and equilibrated to r.t. for 5 min, washed by PBSTR (0.1% Tween-20, 0.1 U/µL
SUPERase·In in PBS) for 2-5 min and incubated in 1× hybridization buffer (2X SSC, 10% formamide,
1% Tween-20, 20 mM RVC, 0.1 mg/ml salmon sperm DNA and pooled SNAIL probes at 100 nM per
oligo) in 40oC humidified oven with gentle shaking overnight. The samples were then washed for 20 min,
twice, with PBSTR, followed by one 20 min wash in 4X SSC dissolved in PBSTR at 37oC. Finally, the
sample was briefly rinsed with PBSTR once at r.t. The samples were then incubated for two hours with
T4 DNA ligation mixture (1: 50 dilution of T4 DNA ligase supplemented with 1X BSA and 0.2 U/µL of
SUPERase-In) at room temperature with gentle agitation. Then samples were washed twice with PBSTR,
incubated with RCA mixture (1: 50 dilution of Phi29 DNA polymerase, 250 µM dNTP, 1X BSA and 0.2
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U/µL of SUPERase-In and 20 µM 5-(3-aminoallyl)-dUTP) at 30 °C for two hours under agitation. The
samples were next washed twice in PBST (PBSTR omitting SUPERase·In) and treated with 20 mM
Acrylic acid NHS ester in PBST for two hours at r.t. The samples were briefly washed with PBST once,
then incubated with monomer buffer (4% acrylamide, 0.2% bis-acrylamide, 2X SSC) for 30 min at RT.
The buffer was aspirated and 10 µL of polymerization mixture (0.2% ammonium persulfate, 0.2%
tetramethylethylenediamine dissolved in monomer buffer) was added to the center of the sample, which
were immediately covered by Gel Slick coated coverslip and incubated for 1 hour at r.t., then washed by
PBST twice for 5 min each. The tissue-gel hybrids were digested with Proteinase K (0.2 mg/ml) at 37oC
for one hour, then washed with PBST three times (5 min each).
Imaging and sequencing: For single-gene detection, the 19-nt fluorescent oligo complementary to DNA
amplicon was diluted at 500 nM in 1X SSC dissolved in PBST and samples incubated at r.t. for 30 min,
then washed by PBST three times for 5 min each before imaging. For sequencing, each sequencing cycle
began with treating the sample with stripping buffer (60% formamide,0.1% Triton-X-100) at r.t. for 10
min twice, followed by three PBST washes, 5 min each. The sample was incubated with the sequencing
mixture (1XT4 DNA ligase buffer, 1: 25 dilution of T4 DNA ligase, 1XBSA, 10 µM reading probe and 5
µM fluorescent oligos) at r.t. for 3 hours. Then the sample was rinsed with washing and imaging buffer
(2XSSC and 10% formamide) for three times (10 min) each before proceeding to imaging. DAPI staining
was performed following manufacturer’s instruction before Cycle 1 and after Cycle 6 for the purpose of
registering sequencing images with Nissl staining. Nissl staining was performed after Cycle 6 following
manufacturer’s instruction for the purpose of cell segmentation. Images were acquired using Leica TCS
SP8 confocal microscopy with a 405 diode, white light laser, 40´ oil-immersed objective (NA 1.3), with
voxel size of 78 nm ´ 78 nm ´ 315 nm.
Thin-section STARmap Data Processing
All image processing steps were implemented using MATLAB R2017A. For the full list of software
packages used, see “Software References Note” below. The STARmap pipeline and analysis tools can
be found at: https://github.com/weallen/STARmap
Image Registration: Image registration was accomplished using a three-dimensional fast Fourier
transform (FFT) to compute the cross-correlation between two image volumes at all translational offsets.
The position of the maximal correlation coefficient was identified and used to translate image volumes
to compensate for the offset. All images were registered to the first round of sequencing, first through a
global transform across the entire field of view, and then separately for each tile (corresponding to the
individual tiled fields of view used by the microscope during image acquisition).
Spot Calling: After registration, individual dots were identified separately in each color channel on the
first round of sequencing. For the 160 gene experiment, dots of approximately 7 pixels in diameter were
identified by first filtering the volume with a three-dimensional Laplacian of Gaussian filter, and then
finding local maxima in 3D. For the 1020 gene experiment, dots were found using a similar approach
but in which the Laplacian of Gaussian was computed at multiple scales and the maxima was found
across these scales. After identifying each dot, the dominant color for that dot across all four channels
was determined on each round in a 3x3x1 voxel volume surrounding the dot location.
Barcode Filtering: Dots were first filtered based on quality score. The quality score quantified the extent
to which each dot on each sequencing round came from one color rather than a mixture of color. The
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barcode codebook was converted into colorspace, based on the expected color sequence following 2base encoding of the barcode DNA sequence. Dot color sequences that passed the quality threshold and
matched sequences in the codebook were kept and identified with the specific gene that that barcode
represented; all other dots were rejected. The high-quality dots and associated gene identities in the
codebook were then saved out for downstream analysis.
2D Cell Segmentation: Nuclei were manually identified from a maximum intensity projection of the
DAPI channel following the final round of sequencing. Cell bodies were first identified using a Random
Forests classifier implemented in Ilastik, based on Nissl staining. The classifier was trained on a
randomly selected subset of cropped regions from all samples, and then applied to the full image. The
thresholded probability map was then pixel-dilated to fill in remaining holes. Finally, a marker-based
watershed transform was then applied to segment the thresholded cell bodies based on the combined
thresholded cell body map and identified locations of nuclei. A convex hull was computed around each
cell body. Points overlapping each convex hull in 2D were then assigned to that cell, to compute a percell gene expression matrix.
Single-cell data preprocessing: All single-cell analyses were implemented using a custom software
package in Python for the analysis of STARmap experiments. The per-cell expression matrix was first
normalized for the expression value Eij across all genes j for each cell i with the formula:
Nij = ln(1+median(Ei:)*(Eij/Σ Ei:))
For clustering, effects relating to the number of transcripts per cell, the identity of the sample, and the
experimental condition (light vs dark) were regressed out using the linear model:
Eij = nSpotsi+exptIDi+exptCondi
with the assumption that Eij is Poisson distributed.
Top-level single-cell clustering: After normalization and scaling, principal-components analysis was
applied to reduce dimensionality of the cellular expression matrix. Based on the explained variance ratio,
the top PCs were then used for top-level clustering, based on manual analysis of the explained variance
ratio per PC. The top PCs were then clustered using the shared nearest neighbor (SNN) algorithm with
Louvain distances (23). Clusters enriched for the excitatory neuron marker Slc17a7 (vesicular glutatamate
transporter), inhibitory neuron marker Gad1, and non-neuronal marker Mqp were manually merged to
form three major clusters representing these cell types. The cells were displayed using the Uniform
Manifold Approximation and Projection (UMAP) (https://github.com/lmcinnes/umap). The cells for each
cluster were then subclustered using PCA decomposition followed by Louvain SNN (25) clustering to
determine specific cell types.
Single-cell subclustering: The inhibitory, excitatory, and non-neuronal clusters were then subclustered
using the same approach as applied to the major clusters.
Differential expression analysis: Genes specifically variable in this subcluster were selected by computing
the P value of differential expression of each gene between each cluster and all other clusters, using a
bimod test (likelihood-ratio test, 45). The P values were FDR corrected based on the number of clusters.
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STARmap procedure for thick tissue sections
Sample preparation: Glass-bottom 12- well plates and micro coverglass (12 mm) were pretreated the same
as for thin tissue sections. The mice were perfused with PFA, post-fixed on ice for 2-3 hours, transferred
to PBS on ice for 30 min, and cut as 150-µm slices. The slices containing primary visual cortex were
transferred into the pretreated glass-bottom plates and washed once with ice-cold PBS.
Library construction: The samples were precleared with -20oC-chilled methanol at 4oC for 1 hour, then
incubated in 1× permeabilization and hybridization buffer (2X SSC, 10% formamide, 1% Triton-X-100,
20 mM RVC, 0.1 mg/ml salmon sperm DNA and pooled SNAIL probes at 100 nM per oligo, and 0.2%
SDS) in 40oC humidified oven with gentle shaking for two days. The methanol treatment protects samples
from expansion and deformation; for co-detection of protein and RNA (Thy1-YFP), methanol
preclearance was skipped. The samples were then washed with PBSTV (0.1% Triton and 2 mM RVC) at
37oC twice for 1 hour each, then PBS once for another hour. The samples were next incubated with
polymerization mixture I (4% Acrylamide, 0.2% bis-acrylamide, 2X SSC, 0.1% VA-044) for 1 hour at
4oC. The buffer was aspirated and 40 µL of polymerization mixture II (0.1% ammonium persulfate, 0.1
% tetramethylethylenediamine dissolved in polymerization mixture I) was added to the center of the
samples, which were immediately covered by Gel Slick coated coverslip and incubated for 1 hour at 40oC.
The samples were then washed by PBSTV twice for 20 min each. The tissue-gel hybrids were digested
with Proteinase K (0.2 mg/ml in 2XSSC, 1% SDS) at 37oC overnight, then washed with PBSF (2 mM
PMSF in PBS) and PBSTR twice times (30 min each). The samples were next incubated for 12 hours with
T4 DNA ligation mixture (1: 50 dilution of T4 DNA ligase supplemented with 1X BSA and 0.2 U/µL of
SUPERase-In) at room temperature with gentle agitation. Then the samples were washed twice with
PBSTR (1 hour each), then incubated with RCA mixture (1: 50 dilution of Phi29 DNA polymerase, 250
µM dNTP, 1X BSA and 0.2 U/µL of SUPERase-In and 20 µM 5-(3-aminoallyl)-dUTP) at 30 °C for 12 to
24 hours. Finally, the samples were crosslinked by BSPEG9 (16).
Imaging and sequencing: The samples were first stained with DAPI overnight then rinsed by PBS for 1
hour. Each cycle began with treating the sample with stripping buffer (60% formamide,0.1% Triton-X100) at r.t. for 20 min twice, followed by three PBST washes, 20 min each. The sample was incubated
with large volume sequencing mixture (1XT4 DNA ligase buffer, 1: 50 dilution of T4 DNA ligase, 1XBSA,
5 µM orthogonal reading probe and 400 nM 1-base fluorescent oligos) at r.t. for 4 hours. Then the sample
was rinsed with PBS twice (20 min each) before proceeding to imaging. Images were acquired using Leica
TCS SP8 confocal microscopy with a 405 nm diode, white light laser, and 25´ water-immersion objective
(NA 0.95), with voxel size of 0.9 µm ´ 0.9 µm ´ 1 µm.
Large-volume STARmap Data Processing
Image Registration 3D FFT registration was again applied, except using the DAPI channel for
registration. Specifically, the DAPI channel on each round was registered to the first round globally, and
then piece-wise in a 4x5 grid corresponding to the field-of-view tiles used to acquire the image.
Cell Finding and Quantification: After registration, cells were identified using minima of a Laplacianof-Gaussian filter applied to the DAPI channel. To quantify the expression of each gene, the average
intensity in each color channel was averaged in a 10´10´3 voxel volume around each nucleus.
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3D Cellular Analysis: Cells were first clustered into inhibitory, excitatory, and non-neuronal using Gad1,
Slc17a7, and several non-neuronal genes using K-means clustering. Each cluster was then subclustered
using K-means clustering. The initial values of the K-means clustering were set to the average expression
of each marker genes. To compute distances between cell types, the nearest-neighbor distance was
computed between cells in all excitatory neurons and each inhibitory neuron subtype, using a kD-tree (46)
for fast nearest neighbor computations with Euclidean distance.
Actb spike-in to evaluate the physical limits of STARmap
The 100 and 1000 genes all shared a common 18 nt sequence (sequence A) in the padlock which would
be amplified in the final nanoballs. We then designed another set of SNAIL probes for Actb with a different
18 nt sequence (sequence B). The SNAIL probes of Actb and those of 0, 100, or 1000 genes were mixed
together and used in the hybridization. Both the Actb spike-in and 100 & 1,000 genes had gone through
the same ligation and amplification step to ensure equal efficiency. For readout, two fluorescent detection
oligos (Alexa488-probes complementary to sequence B and Alexa 647-probes targeting sequence A) were
added to the samples; the amplicons of Actb and amplicons of the rest of the genes were be imaged in two
separate channels. We then tested if the number of amplicons of Actb RNA would be diluted by increased
numbers of other genes, as an indication of molecular crowding (fig. S15).
Immunostaining of CLARITY tissue
PFA fixed tissue was processed as described previously (15). Briefly, 200 µm thick PFA fixed brain
sections were placed in a 1% acrylamide embedding solution at 4oC for 23 hours, embedded at 37oC for
4 hours, and then passively cleared for 5 days. Cleared sections were washed in PBST for 2 days, stained
with anti-NeuN (1:100) for 24 hours at RT, and then washed for 24 hours in PBST. Sectioned were imaged
using confocal microscopy.
Open-source Software References Note
The following open-source software was used in the STARmap image processing and analysis pipeline:
•

SciPy: Jones E., Oliphant E., Peterson P., et al. SciPy: Open Source Scientific Tools for Python,
(2001-). http://www.scipy.org

•

Numpy: Oliphant E. A., Guide to NumPy, Trelgol Publishing (2006). http://www.numpy.org

•

Matplotlib: Hunter J. D. Matplotlib: A 2D graphics environment, Computing In Science &
Engineering (2007). http://www.matplotlib.org

•

Scikit-learn: Pedregosa et al., Scikit-learn: Machine learning in Python, Journal of Machine
Learning Research 12, 2825-2830 (2011). http://scikit-learn.org/stable/index.html

•

Ilastik: Sommer C., Strähle C., Köthe U., Hamprecht F. A. ilastik: Interactive Learning and
Segmentation Toolkit, Eighth IEEE International Symposium on Biomedical Imaging
(ISBI) Proceedings (2011). http://www.ilastik.org

•

UMAP: McInnes L. and Healy J.. UMAP: Uniform Manifold Approximation and Projection for
Dimension Reduction https://arxiv.org/abs/1802.03426 (2018).
https://github.com/lmcinnes/umap
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•

Pandas: McKinney W. Data Structures for Statistical Computing in Python. Proceedings of the
9th Python in Science Conference, 51-56 (2010). https://pandas.pydata.org/

•

Scikit-image: van der Walt S. et al., scikit-image: Image processing in Python. PeerJ 2:e453
(2014). http://scikit-image.org/

•

IPython: Perez F., Granger B.E. IPython: A System for Interactive Scientific Computing.
Computing in Science & Engineering, 9, 21-29 (2007). https://ipython.org/

•

Seaborn: http://seaborn.pydata.org

•

Statsmodels: Skipper S., and Perktold J. Statsmodels: Econometric and statistical modeling with
Python. Proceedings of the 9th Python in Science Conference (2010).
https://www.statsmodels.org/stable/index.html

•

OpenCV: Bradski G., The OpenCV Library. Dr. Dobb's Journal of Software Tools (2000).
https://opencv.org/

•

ImageJ: Ruden C.T., et al. ImageJ2: ImageJ for the next generation of scientific image data.
BMC Bioinformatics 18:529 (2017). https://imagej.nih.gov/ij/
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Fig. S1. SNAIL probes for high-quality RNA imaging: mouse brain instantiation. (A) Design of
SNAIL probes (one component of STARmap): each primer or padlock probe has 19-25 nt (labeled by
blue double-headed arrows) to hybridize with target RNA with a designed Tm of 60oC, while the
complementary sequence between the primer and padlock is only 6 nt on each arm (labeled by red doubleheaded arrow) with Tm below room temperature, so that primer-padlock DNA-DNA hybridization is
negligible during DNA-RNA hybridization at 40oC, but allows DNA ligation by T4 DNA ligase in the
following step. Tm, melting temperature of nucleic acids. (B) Comparison of signal-to-noise ratios (SNR;
mean intensity of signal spots/mean intensity of background) of commercial smFISH probes and SNAIL
probes targeting Gapdh mRNAs in mouse cortical cell cultures and mouse visual cortex sections. Error
bars: standard deviation (s.d.) of spot intensity. Error bars are s.d. of 39,398 pixels; 30,297 pixels; 97,555
pixels; and 19,392 pixels corresponding to RNA signals out of 640,000 pixels in acquired images; ***
P<0.0001, Student’s t-test. (C-F) Fluorescence images of Gapdh smFISH (C and E) and SNAIL probes
(D and F) in cortical cell cultures (C and D) and visual cortex sections (E and F); scale bars, 10 µm. (G)
Comparison of multiplexed RNA imaging methods using rolling circle amplification (RCA): in
comparison with FISSEQ and padlock probes, SNAIL probes have overcome the efficiency-limiting step
of reverse transcription and greatly simplified the experimental procedure; while PLAYR requires four
probes, one additional step and two ligation sites, SNAIL only requires a pair of probes and one ligation
site. (H) Boxplots of RNAs per cell of 151 cell type gene markers measured by single-cell RNA
sequencing (scRNA-seq; 25) and STARmap (extracting from 160-gene mapping of visual cortex). Box:
the first and third quartiles; middle line: median; whisker: 5% and 95% data points. P value, rank-sum
test. (I) Summary of single-cell RNA sequencing and RCA-based multiplexed RNA detection methods,
numbers were extracted from references (2, 6, 21, 47).
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Fig. S2. Distinct hydrogel-tissue chemistry (HTC) for background reduction and amplicon
immobilization in STARmap. (A) Schematic of hydrogel-tissue chemistry for STARmap in thin tissue
slices. DNA amplicons are synthesized in the presence of minor levels of 5-(3-aminoallyl)-dUTP, which
replaces T at a low rate and allows further functionalization with the polymerizable acrylamide moiety
using acrylic acid N-hydroxysuccinimide ester (AA-NHS), so that the DNA amplicons are covalently
anchored within the polyacrylamide network at multiple sites. (B-D) Fluorescence images (summed
intensity from all four fluorescent channels) showing 160-gene detection in mouse visual cortex (B and
C) and 16-gene detection in mouse medial habenula (D and E). Compared to untreated samples (B and
D), samples treated with 5-(3-aminoallyl)-dUTP HTC and clearing of lipids and proteins (C and E)
showed reduced opacity and autofluorescence. Scale bars: 50 µm. (F-G) DNA-gel crosslinking is
indispensable to maintain DNA amplicons in the gel. 160-gene samples were prepared with or without
AA-NHS and imaged within medial prefrontal cortex. Fresh samples prepared without AA-NHS had 36%
signal loss compared to AA-NHS treated samples and had suffered from further 40% signal loss after
stored at room temperature for 24 hours, while AA-NHS treated sample only had 9 % signal change (F).
(F) Fluorescence intensities are the mean of four technical replicates with the imaging dimension of 120
µm ´120 µm ´ 3µm. Error bar, mean ± s.d.; *** p < 0.001, two-sided t-test. (G) Fluorescence images.
Scale bars, 3.5 µm. (H) Zoomed-in fluorescence images of one neuron in visual cortex detecting Gapdh
RNA by STARmap for Cycle 1, stripping, Cycle 2 and merged images of Cycle 1 and Cycle 2,
demonstrating stable spatial position of DNA amplicons over sequencing cycles. Scale bars, 2 µm.
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Fig. S3. The low-background error-correcting in situ sequencing component of STARmap:
sequencing by dynamic annealing and ligation (SEDAL). (A) Schematic of SEDAL. SEDAL involves
a T4 DNA ligase with activity strongly hindered by base mismatches, and two kinds of sequencing probes:
reading probes that set the base position to be interrogated, and fluorescent decoding probes that transduce
base information into colors for imaging. Unlike other sequencing-by-ligation methods which use preannealed reading probes (or equivalent), the reading probe in SEDAL is short (11 nt, with Tm near room
temperature), partially degenerate (as shown here, for cycle 4, the first two base at 5’ end are N, equal
amount mixture of A, T, C and G), and mixed with decoding probes and T4 DNA ligase for a one-step
reaction. At room temperature, the reading probe remains in a dynamic state of annealing with and
detaching from the DNA template. Only when the reading probe perfectly matches the DNA template, T4
DNA ligase (blue) ligates it to the fluorescent 8-nt decoding probe. The short reading and decoding probes
are then washed away, leaving fluorescent 19-nt products stably hybridized to the DNA amplicon for
imaging. For the next cycle, previous fluorescent products are stripped and the reading probe includes one
more degenerate base to shift the reading frame by one base (Fig. 1E). 5’P: 5’ phosphate. 3’InvT: 3’
inverted dT base that prevents self-ligation of the reading probe. 3’OH: 3’ hydroxyl group. (B)
Comparison of key properties of all sequencing-by-ligation methods. (C-F). Background problem
associated with the commercial SOLiD sequencing kit when applied to mouse brain tissue (C and D)
while custom SEDAL reagents exhibit minimal background (E and F). Signal images (C and E) represent
the first cycle of sequencing for the Malat1, Actb, Calm1 and Snap25 genes. Background images (D and
F) were acquired after cleavage/stripping of the first cycle. Scale bars, 50 µm. (G and H) Schematic of
the 1-base and 2-base encoding paradigms, along with example results with or without a single sequencing
error (wrong color) during cycle 3. For 1-base encoding, a single sequencing error leads to one base
mutation and thus the wrong 5-base code (G). For 2-base encoding, the six-cycle paradigm plays an errorreduction role: since a single error during any sequencing cycle will propagate and cause the flanking
known base G to mutate into other bases; thus erroneous reads can be rejected (H). (I-L) Actual data from
cPAL (representing a 1-base encoding scheme) and SEDAL (representing a 2-base encoding scheme)
applied to 4-gene detection in mouse visual cortex. The SNAIL probes for Malat1, Actb, Calm1 and
Snap25 were identical for the two conditions and the Hamming distance for each pair of the four 5-base
codes was 5 (i.e. complete non-homology); with such sparse coding, the sequencing error rate was
estimated by the percentage of wrong spots (not the four 5-base codes used) out of all detected spots. (IJ) Spatial map of the four genes detected by cPAL (I) and SEDAL (J). (K-L) The error rate of cPAL in
the 4-gene experiment was 29.4% (K) while the error rate of SEDAL was 1.8% after the built-in error
reduction (L), related to I and J, respectively.
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Fig. S4. Data processing pipeline for STARmap. (A) Diagram showing processing pipeline to extract
decoded reads from raw imaging data (see also Methods for detail corresponding to each step). (1)
Samples are imaged over multiple rounds. (2) Samples are registered across rounds, showing two rounds
(green and purple) with a misalignment that must be corrected by registration. (3) Spots are automatically
identified in each color channel (independently in the first round) as putative amplicons that will be
decoded based on the color values at the point in each round. (4) Reads are called based on comparing the
maximum intensity of each spot in each round across channels with the predicted color sequences for each
barcoded DNA sequence (colorspace-encoded barcodes). (5) Cells are detected using machine learningbased segmentation that takes into account various intensity and texture features in order to segment Nissl
containing cells from background (described in (B)). (6) Reads are assigned to cells by computing the
overlap between each valid read’s position and a convex hull of the segmented area for each cell. The
gene encoded by a read that overlap with a cell’s convex hull are assigned to that cell. (B) Method for
determining cell extents. (1) A random forest classifier (a non-parametric machine learning algorithm for
label prediction) is trained on a subsampled set of Nissl-stained data to discriminate cell-containing areas
vs. background. (2) Cell locations are manually selected using the DAPI (cell nucleus) channel. (3) The
classifier is applied to the whole image to predict the location of cells. (4) Cells are segmented from this
15

prediction using marker-based watershed, which segments the cell-labeled areas of the image into discrete
cell bodies based on the known locations of nuclei. (C) Method for clustering and subclustering per-cell
expression data. (1) Data are represented in a matrix of cells-by-genes, as z-scored log-transformed counts.
(2) Principal components analysis (PCA) is applied to the matrix to reduce to a cells-by-factors matrix.
(3) The location of cells is plotted using uniform manifold approximation for visualization (UMAP) (a
nonlinear dimensionality reduction technique for the 2D visualization of high-dimensional data). (4) Cells
are clustered by PCA values using shared-nearest-neighbor-based graph clustering. (5) The expression
values of cells corresponding to individual clusters are then taken and used again for sub-clustering.
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Fig. S5. Additional gene expression information for STARmapping of inhibitory and excitatory
subclusters. (A) Z-scored expression matrix of excitatory cell types, showing clustering of multiple
17

differentially-expressed genes per cell type. Genes shown are selected based on a false discovery rate
(FDR)-adjusted P value threshold of 10-10 and a minimum log10 fold change of 0.1, using a likelihoodratio test, for genes that are expressed in cells within each cluster versus cells in any other cluster. (B)
UMAP visualization of relative expression (normalized to min and max across all excitatory cells) of
multiple known layer-specific genes enriched in each cluster across cells, showing that most are enriched
in a specific excitatory subtype. (C) Expression matrix of inhibitory cell types, selected as in (A). (D)
UMAP visualization showing relative expression of known interneuron marker genes, showing each is
enriched specifically in an inhibitory neuronal subtype.
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Fig. S6. Subclustering of non-neuronal cell types. (A) UMAP visualization of 4 non-neuronal cell types.
(B) Z-scored expression matrix of non-neuronal cell types. Genes shown are selected based on a false
discovery rate (FDR)-adjusted P value threshold of 10-10 and a minimum log10 fold change of 0.1, using
a likelihood-ratio test, for genes that are expressed in cells within each cluster versus cells in any other
cluster. (C) UMAP visualization of per-cell expression of marker genes (top differentially expressed genes
per cluster) for non-neuronal cell types, showing specificity for that cluster. Color indicates relative
expression (normalized to min and max) of each gene across all non-neuronal cells.
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Fig. S7. Lack of batch effects with reproducibility of cell clustering in STARmap. (A-C) UMAP
visualization of cells color coded by sample replicates, and then grouped by major clusters (A), excitatory
subclusters (B), and inhibitory subclusters (C) (D-G) Spatial maps of light and dark replicate pairs (top
and bottom) of all cell types (D), excitatory cell types (E), inhibitory cell types (F), and non-neuronal cell
types (G).
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Fig. S8. Correlation of neuron types identified in STARmap 160-gene experiments and published
single-cell RNA sequencing results. Pearson correlation of average gene expression across all genes
within identified STARmap excitatory and inhibitory clusters, and corresponding clusters identified by
single-cell RNA-seq from the Allen Brain Institute (24). For the single-cell RNA-seq data, the expression
was averaged across all subtypes within a major type (e.g. L2/3), and only genes that were common
between the single-cell RNA-seq and the 160-gene V1 experiment were used to compute the correlation.
Scale, 0-0.6, Pearson correlation coefficients.
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Fig. S9. Additional STARmap expression information of dark/light samples and activity-regulated
genes. (A) Correlation of 160 genes of dark/light biological replicates showing that samples of the same
condition are highly correlated than samples under different conditions; scale, Spearman R-value. (B)
Log-scaled expression data (counts per cell) of ARGs in inhibitory and excitatory neuron subtypes. Genes
with significantly increased expression in any cell type are highlighted in red. (C) Heatmap of the
correlation of neuronal subtypes based on the correlation of mean expression of all ARGs in that cluster
in response to light, showing that cells from inhibitory cell types are more correlated with other inhibitory
cell types than with excitatory cell types, and vice versa. Note that scale ranges from R=0.8 to R=1.
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Fig. S10. Additional gene expression information for STARmapping of cell-type subclusters of
medial prefrontal cortex (mPFC). (A) UMAP visualization of excitatory subclusters. (B) Differentially
expressed genes per excitatory subcluster. (C) UMAP visualization of inhibitory subclusters. (D)
Differentially expressed genes per inhibitory subcluster. (E) UMAP visualization of non-neuronal
subclusters. (F) Differentially expressed genes per non-neuronal subcluster.
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Fig. S11. Reproducibility of cell clusters and spatial organization of mPFC by STARmap. (A-C)
Spatial maps across four biological replicates of excitatory subclusters (A), inhibitory subclusters (B), and
non-neuronal subclusters (C).
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Fig. S12. STARmapping 1,020 genes in mouse hippocampal cell culture in 6-round sequencing. (A)
Raw fluorescence image merging four fluorescent channels of the first round. (B) Examples of cell type
markers. Neuronal gene marker (Scna) is well separated from non-neuronal gene marker (Mt1) and the
distribution of neuronal subtype markers (Reln, Sst) are distinct. (C) Statistics of amplicons and genes per
cell. Imaging area: 270 ´ 270 µm.
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Fig. S13. Additional gene expression information for STARmapping of 1020 genes in mouse
primary visual cortex. (A) Left: UMAP visualization of excitatory subclusters. Right: Differentially
26

expressed genes per excitatory subcluster. (B) Left: UMAP visualization of inhibitory subclusters.
Right: Differentially expressed genes per inhibitory subcluster. (C) Left: UMAP visualization of nonneuronal subclusters. Right: Differentially expressed genes per non-neuronal subcluster.
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Fig. S14. Reproducibility and cross-method comparison of 1,020 genes measurements in mouse
primary visual cortex by STARmap. (A) Correlation of reads per gene between two 1,020 gene
replicates in visual cortex. (B) Histogram of detected reads per cell (left) and detected genes per cell
(right). (C) Spatial map of cell types in other replicate of 1,020 gene visual cortex experiment. (D)
Pearson correlation of average gene expression across all genes within identified STARmap 1,020 gene
clusters, and corresponding clusters identified by single-cell RNA-seq from Allen Brain Institute (24).
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Fig. S15. Scalability of STARmap. (A-C) Detection of Actb mRNA when increasing amounts of other
RNAs are co-detected, to test for potential dilution effect of probe mixing along with the physical capacity
of cells for SNAIL DNA amplicons. The SNAIL probe of Actb was designed with an orthogonal DNA
sequence for detection and was spiked into the mix with probes of 0 (A), 100 (B) or 1,000 (C) other genes.
If the SNAIL probe were less efficient when working in a mixture than working as a single probe, or if
there were not enough space for rolling circle amplification, the Actb spike-in would have resulted in
fewer amplicons, and/or the intensity of each amplicon would be reduced. Fluorescence images were
acquired in mouse visual cortex; green: Alexa546 channel of Actb amplicons; red: Alexa 647 channel of
all other genes; blue: DAPI staining of cell nuclei. (D) Quantification of panel A-C. Box plots show that
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any effects of dilution and cell space limitation is insignificant at least up to the scale of 1,000 genes. Box:
first and third quartiles; middle line: median; whisker: 5% and 95% data points; n: number of Actb
amplicons across the 228✕228✕2 µm imaging volume; y axis: absolute fluorescence intensity. (E)
Experimental and theoretical estimation of STARmap scalability. Coding: The 5-nt code can encode 1,024
genes; the SNAIL probe has 35-nt coding space in addition to the RNA-complementary sequence; SEDAL
requires 17-nt as a sequencing unit (11-nt docking region for reading probe plus 5-nt code and 1-nt
flanking base) and thus the SNAIL probe can hold two such units and allow 410 (106) codes; with other
sequencing methods for longer reads (e.g. SOLiD, 18-nt for primer binding and 17-nt for coding), the
upper limit will approach 1011. Physical capacity has been verified here in mammalian neurons for up to
1,000 genes; since the physical size of the DNA amplicon is around 100-200 nm as determined by AFM
and TEM (7), given that the diameter of a cell is around 15 µm and using a close-packed model (space
efficiency 74%), estimated maximum capacity is 106 amplicons per cell. Optical volume has been
validated with the 1,020-gene experiments in mouse hippocampal cell culture and visual cortex
experiments; amplicons/cell refers to those that had been successfully registered through all 6 sequencing
rounds. As imaged by confocal microscopy, the mean diameter of the DNA amplicons is 400-600 nm;
applying the same model as used in physical limits, the maximum capacity is 2✕104 amplicons per cell.
The experimental data for 1,020 genes approaches this bound. Any numerical differences between cell
culture and tissue slices may be attributed to the following considerations: (1) whole cells were imaged in
cell culture while cell fractions were imaged in tissue slices (8 µm, < 1 cell thickness); (2) the hippocampal
cell culture was less-differentiated compared to adult mouse brain, thus exhibiting a larger diversity of
RNAs (more genes) per cell; (3) in contrast to the dense 3D packing of cells in brain tissue, cells cultured
in vitro spread out considerably in the xy plane and become thinner in the z direction, while images in the
xy plane exhibit higher optical resolution compared with in the z direction (voxel size 78´78´250 µm).
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Fig. S16. Experimental flowcharts and cost estimates of STARmap for thin and thick tissue sections.
(A) Experimental flowcharts of STARmap for thin and thick tissues. (B) Preparation of modified primer
probes for large volume experiments: DNA probes were ordered with 5’amine modification, pooled, and
converted to a polymerizable moiety by AA-NHS. (C) Experimental duration of different experimental
design with various numbers of genes. (D) Comparison of RNA species, spatial resolution and throughput
of STARmap with other single-cell approaches (48). Single-cell RNA sequencing may be combined with
recently developed spatial transcriptomics methods (49) to gain regional spatial resolution (100 µm).
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Fig. S17. Expression of multiple marker genes: sequential SEDAL readout. (A) Expression of each
gene in 3D max projected in XY plane, showing spatial distributions of per-cell extracted gene expression
values used for later clustering. Each gene z-scored per cell across all genes. (B) Voxel-wise correlation
coefficient between distributions of each cell type, binned on 25 µm grid.
32
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Fig. S18. 2D nearest neighbor analysis of short-range inhibitory clusters in mouse primary visual
cortex and cross-method validation. (A) Average nearest neighbor distances between excitatory and
different inhibitory cell types computed in the 2D projection of 8 µm (thinner than one cell) slices along
z direction taken within the same 3D volume shown in Fig 6. The 2D nearest-neighbor distances cannot
accurately estimate (overestimate) the 3D distances for the same cell types shown in Fig. 6G. (B)
Examples of 3D short-range clusters of inhibitory neurons, zoomed view from Fig. 6C. (C) Short-range
inhibitory neuron clusters were observed in the primary visual cortex of transgenic mice (generated by
crossing Parv-IRES-Cre and Ai14): Pvalb-positive cells was by labeled tdtomato (green) and all neuronal
nuclei were immunostained with Alexa 647-conjugated anti-NeuN (red).
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