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Capture array-based spatial transcriptomics methods have been widely

used toresolve gene expression in tissues; however, their spatial resolution
islimited by the density of the array. Here we present expansion spatial
transcriptomics to overcome this limitation by clearing and expanding
tissue prior to capturing the entire polyadenylated transcriptome with
anenhanced protocol. This approach enables us to achieve higher spatial
resolution while retaining high library quality, which we demonstrate using
mouse brain samples.

The spatial distribution of transcriptsis essential for understanding cell
states and cellular organizationin tissues. Inrecent years, many meth-
ods for spatial profiling of gene expression have been developed' . The
first technique that can target the entire transcriptome, introduced by
Stahl et al. in 2016 and now commercialized by 10x Genomics as the
Visium platform, relies on capturing polyadenylated RNA released from
tissue sections onto a barcoded array surface®. Its broad applicability
hasbeen demonstratedinvarious systems to describe developmental
processes’ and profile complex diseases®’. However, its spatial resolu-
tionis limited by the density of spatially barcoded arrays. Currently, the
spotsizeis 55 umwith a center-to-center distance of 100 pum, resulting
in each spot being occupied by multiple cells.

Here we present expansion spatial transcriptomics (Ex-ST), an
approach that enables us to overcome the resolution limit by first
expanding samples embeddedina polyelectrolyte matrix before cap-
turing RNA on Visium slides. We applied this method on two mouse
brain regions, olfactory bulb and hippocampus, chosen for their
well-described anatomically distinct patterns with clear molecular
signatures. Our Ex-ST protocol significantly improves the resolution
and RNA capture efficiency of the Visium array, enabling us to better
resolve cell types and detect rare transcripts.

Wetookinspiration from expansion microscopy, inwhichbiomole-
culesareanchoredto polyelectrolyte gel matrices that canbe expanded
to increase imaging resolution®. In our Ex-ST protocol (Fig. 1a),
atissuesectionisembeddedinapolyacrylate gel to anchor RNA. After
allof the proteins are digested, the gel undergoes ~2.5-fold linear expan-
sion in 0.1x SSC (saline-sodium citrate) buffer. The expanded gel is
stained with 4,6-diamidino-2-phenylindole (DAPI) and placed on the
Visium capture array, where fluorescent images are taken to register

nuclei for aligning anatomy and gene expression in later steps. A key
design of Ex-ST is the use of two poly-deoxythymidine probes of differ-
ent lengths and melting temperatures, with the shorter one (melting
temperature - 39 °C) anchored in the gel and the longer one (melting
temperature > 55 °C) spatially barcoded on the Visium slides. This
enables us to use heat (45 °C for 30 min) to release RNA molecules
from the gel and recapture them on the array surface (Extended Data
Fig. 1la-d). Reverse transcription and library preparation were then
performed using a modified version of the standard Visium proto-
col, which enhances RNA capture efficiency with longer capture
probes and, thereby, the final library quality (Methods and Extended
DataFig.le-g).

We first performed Ex-ST on the mouse olfactory bulb (MOB), in
which neurons are organized in spatially distinct laminated zones with
well-defined molecular signatures®'°. With matched sequencing satura-
tion (Extended Data Table 1), Ex-ST captured more unique molecular
identifiers (UMIs) per gene from the same tissue area than the standard
Visium protocol (median: Ex-ST,29.5 + 2.5; Visium, 14 + 2; n=2; Fig. 1b),
and showed excellent reproducibility between replicates (Extended
DataFig.2a). As expected, the number of unique molecules and genes
detected per spot was lower using Ex-ST, but after normalizing for the
tissue area covering each spot, Ex-ST captured more UMIs (median:
Ex-ST, 682.5 +16; Visium, 503 + 29; n =2, in areas of 20 pmin diameter;
Extended Data Fig. 1g) and unique genes (median: Ex-ST, 430.5 + 8.5;
Visium, 230 + 21; n = 2; Fig. 1c). These observations suggest that Ex-ST
achieves higher coverage of transcripts.

To examine any potential bias that may be introduced by the Ex-ST
protocol, we first compared gene expression measured by Ex-ST, stand-
ard Visium, bulk RNA sequencing (RNA-seq)" and Slide-seq'?, and noted
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Fig.1| Ex-ST resolves MOB layers with high resolution. a, Overview of the Ex-ST
workflow. b, Comparison of the number of UMIs for all genes present in the Ex-ST
and standard Visium datasets, each containing two MOB sections. ¢, Violin plot
showing the number of genes per spot measured by Ex-ST, standard Visium, and
standard Visium after normalizing for the tissue area covering each spot. P value:
two-sided, two-sample Mann-Whitney-Wilcoxon test. d, Spatially resolved
expression of region-specific marker genes processed using the Ex-ST protocol.
e, DAPlimage of an expanded MOB section (top) and annotated clusters on tissue
coordinates (bottom): EPL, external plexiform layer; GCL, granular layer; GL,
glomerular layer; M/T, mitral and tufted cell layer; ONL, olfactory nerve layer.

f, Magnified views of the SEZ and M/T regions processed using Ex-ST. Top: DAPI
images of the SEZ and M/T regions highlighted with dashed outlines. Middle:

expression of region-specific marker genes (Sox11 for SEZ and Cdhr1 for M/T
region). Bottom: cluster labels mapped on tissue coordinates. g, Comparison of
cell type occupancy of each spot in the Ex-ST and standard Visium data for two
cell types, olfactory bulb (OB) neuroblasts and M/T cells. h, Expression of Olfrs
inboth Ex-ST and standard Visium datasets. DAPI (Ex-ST) and H&E (standard
Visium) images showing the locations of glomeruli with boundaries indicated
by dashed lines. The localization of Olfr, detected by Ex-ST, in specific glomeruli
isinagreement with the coordinates provided by a previous study using serial
sectioning?. Given that Ex-ST and standard Visium datasets were produced
using different MOB specimens, different Olfrs are captured. Scale bars, 500 pm
(d,e,g),100 pm (f) and 50 pm (h) (scale bars for expanded samplesin all panels
have been rescaled by the expansion ratio).

broad agreement between methods (Extended DataFig.2b-d). Further-
more, thisissupported by the similar RNA biotype composition, 3’ bias
ingene body coverage, and the size distribution of captured transcripts
between Ex-ST and standard Visium (Extended Data Fig. 2e-g). We also
noted that Ex-ST captured more intronic reads, potentially due to the
protocol modifications and protein digestion step that better exposed
the nuclear RNA (Extended Data Fig. 2h).

The spatial distribution of region-specific marker genes, including
Sox11 for the subependymal zone (SEZ), Nrgn for the granular layer,
Cdhrl for the mitral and tufted cell layers, Nrsnl for the glomerular
layer and Ptn for the olfactory nerve layer’, showed expected layered
patterns (Fig. 1d and Extended Data Fig. 3a)'°, and indeed had higher
UMI counts than in the standard Visium protocol (Extended Data
Fig. 3b). By clustering the Ex-ST data, we identified six clusters,
each corresponding to amorphological layer of MOB, and annotated
them based on their marker genes and spatial locations (Fig. 1e and
Extended Data Fig. 3c-e). In particular, the SEZ and the mitral and

tufted clusters covered only 1-2 lines of spots, consistent with the width
(<50 um) of these layers (Fig. 1f).

We next determined whether tissue expansion reduced the num-
ber of cells occupying each spot. We applied stereoscope, a decon-
volution algorithm to infer cell type composition of each spot using
single-cell transcriptomes®. We observed that Ex-ST data contained
more spots with a single dominant cell type than both the standard
and modified Visium protocols (Extended Data Fig. 4). For example,
the SEZ and the mitral-tufted regions had 16 and 96 spots, respectively,
inwhich the occupancy of asingle cell type was >50%, with the highest
values reaching ~-80%. In contrast, standard Visium data had no spotsin
SEZ and only two in the mitral-tufted region, with dominating cell type
occupancy barely over 50%, suggesting that Ex-ST can better separate
celltypesinspace (Fig. 1g).

Encouraged by the enhanced resolution of Ex-ST, we examined
the glomeruli in olfactory bulbs, the size of which ranges between
50 um and 120 pm in diameter. Consequently, the resolution of gene
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Fig. 2| Ex-ST dissects fine structures in the mouse hippocampus. a, DAPI
image of an expanded mouse hippocampus section (left) and annotated clusters
ontissue coordinates (right): CA (cornu ammonis) 1-3, hippocampal subfields;
cc, corpus callosum; DG, dentate gyrus; EPI, epithalamus; fxs, fornix system;
HIP, hippocampal region; RT, reticular nucleus of the thalamus; TH, thalamus;
VL, lateral ventricle. b, Comparison of cell type composition of individual
spotsinthe Ex-ST and standard Visium data for three cell types. ¢, Occupancy
ofthe dominant cell type in each spot for both the Ex-ST and standard Visium
data, presented as a density plot. d, Top left: magnified DAPlimage showing
the sporadic distribution of cell bodies in the alveus (alv, dashed outlines).
Bottom left: insitu hybridization (ISH) of Tspan2 showing oligodendrocyte cell
bodies, obtained from the Allen brain atlas'™. Right: comparison of normalized
Tspan2expression in the Ex-ST and standard Visium data. e, Comparison of cell
type composition of individual spots in the Ex-ST and standard Visium data for

oligodendrocyte subclasses (MFOL, myelin-forming oligodendrocyte; MOLG,
mature oligodendrocyte). f, Top: magnified DAPlimage showing the high nuclear
density in the CAlregion. Bottom: spatial distribution of UMI counts in the CA1
region. g, Expression profiles of soma-dendrite differentially expressed genes
along the axis indicated by the arrow in f. h, Normalized spatial expression of
soma-enriched (left column) and dendrite-enriched (right column) genes.

i, Volcano plot showing differential gene expression between soma and dendritic
regions. P values: two-sided, two-sample Mann-Whitney-Wilcoxon tests.

Genes with log, (fold change) > 0.8 and P < 0.001 (dashed lines) are considered
differentially expressed. Several previously known soma- and dendrite-enriched
genes are specified. Scale bars, 500 pm (a,b), 100 pm (d) and 200 pum (f,h) (scale
bars for expanded samples in all panels have been rescaled by the expansion
ratio).

expressioninindividual glomeruli using standard Visium s challeng-
ing. In contrast, Ex-ST enabled us to map olfactory receptors (Olfrs)
directly onto single glomeruli (Fig. 1h), consistent with previous
findings that olfactory sensory neurons projecting their axons into
a common glomerulus should express the same type of Olfr'*">. This
demonstrates the potential of Ex-ST to elucidate tissue organization
atafinerscale.

Applying Ex-ST to mouse hippocampus, we identified 11 clusters
corresponding to different anatomical regions, expressing known
marker genes (Fig. 2a and Extended Data Fig. 5a-c), while the expres-
sionlevels, 3’ bias and RNA biotype composition are largely consistent
between Ex-ST and standard Visium (Extended DataFig. 5d-h). Stereo-
scope analysis showed that most spotsin the cornuammonis and den-
tategyrusregions had occupancy by asingle cell type of >80%, whereas
the standard Visium data rarely had spots with cell type occupancy
over 50% (Fig. 2b and Extended Data Fig. 6a). Overall, Ex-ST shifted
the celltype composition per spot towards single cell type occupancy
throughout the hippocampus (Fig. 2c).

Notably, by expanding the tissue, we resolved subclasses of oli-
godendrocytes in the alveus, a dense layer of myelinated axonal fib-
ers covering the ventricular parts of the hippocampus. Consistent
with in situ hybridization, oligodendrocyte markers, such as Tspan2,

were distributed sporadically in this layer in our Ex-ST data, whereas
their expression in the standard Visium data was more continuous
and diffusive (Fig. 2d and Extended Data Fig. 6b). Deconvolving the
expression of individual spots using stereoscope showed the distinct
patterns of several oligodendrocyte subtypesinthe Ex-ST data, includ-
ing myelin-forming oligodendrocyte and mature oligodendrocyte’,
which were mixed in the standard Visium data (Fig. 2e and Extended
DataFig. 6¢). This suggests that Ex-STimproves the capacity for distin-
guishing spatially mixed sub-cell types that are only subtly different.
Last, we showed that Ex-ST could measure the subcellular distri-
bution of transcripts. Although most neurons have more transcripts
insomata, cornu ammonis-1 neurons actively transport specific tran-
scripts to dendrites”. Indeed, the total number of UMIs decreased
fromthe somatainto the stratumradiatumin a distance matchingthe
expected size of somata (-125 pm) (Fig. 2f), suggesting that the lateral
diffusion of transcripts during RNA capture is negligible. With higher
spatial resolution, Ex-ST was able to resolve differentially located tran-
scripts in somata and dendrites, including dendrite-enriched genes
such as Psd and Git1 (Fig. 2g,h). Through differential gene expression
analysis and after the removal of glial transcripts, Ex-ST identified ~500
dendrite-enriched genes that were unresolvable with the standard
Visium protocol, all of which overlapped with at least one of the three
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previous studies using orthogonal methods toidentify dendritic tran-
scripts in cornu ammonis neurons (Fig. 2i, Extended Data Fig. 6d and
Extended Data Table 2)'8%°,

In summary, Ex-ST overcomes the density limitation of spatially
barcoded capture arrays by expanding the polyelectrolyte gels to
which RNA molecules are anchored. The advances made in this study
areintwo major areas. First, enlarged biological structures cover more
capture spots, which extends the spatial resolution of the Visium array
from 55 pum to 20 pm. Second, optimization of RNA capture is cru-
cial for Ex-ST because it enables the detection of more transcripts
from fewer cells per spot. Although the gel embedding and expan-
sion steps take additional processing time (-3 days) compared with
the standard Visium protocol, Ex-ST does not require the specialized
equipment needed inimaging-based in situ sequencing methods (see
Supplementary Discussion for further comparisons between Ex-ST
and other high-resolution spatial transcriptomics techniques). Finally,
our approach is orthogonal to other method development efforts in
the field that have primarily focused on shrinking the capture spot
size>*'®? and therefore it has the potential to be integrated with other
techniques to enhance their performance as well.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Animals

Adult male CD1mice (3-6 months old, Charles River) were used for the
Ex-ST experiments. Animal procedures were approved by the Stanford
University Animal Care and Use Committee and were in accordance
with National Institutes of Health guidelines. Animals were maintained
inal2 hlight-dark cycle, withambient temperature between 71 °F and
74 °F (21-23 °C), humidity between 20% and 45%, and food and water
provided ad libitum. MOB samples for the standard Visium experiment
were commercially purchased from Adlego Biomedical, which operates
under ethics permission no.17114-2020.

Tissue preparation

Animals were euthanized with CO, followed by cervical dislocation.
Brain tissue was quickly dissected and embedded in OCT (Tissue tek,
cat.no. 981385). The tissue block was snap-frozen using liquid nitrogen
vapor until the OCT block was hardened, and then stored at —80 °C
until use. Tissues were cryosectioned to athickness of 15 umonaLeica
cryostat and placed onto charged glass slides (VWR, cat. no. 75799).

Visiumslides for Ex-ST

Ex-ST used multimodal spatial arrays. Each capture area has dimensions
of 6.5 x 6.5 mmand contains 5,000 spots of 55 pmin diameter. Surface
capture probesinclude spatial barcodes, UMIsand a50 TVN sequence
to enable polyadenosine-mediated capture of RNA molecules.

Expansion
Allsteps priortoreverse transcription were performed on charged glass
slides (VWR). This eliminates the difficult task of placing tissue sections
into the Visium capture area, which can result in failed positioning or
tissue folding requiring aslide reset. Sections were fixed with acetone
for1hat-20 °C, followed by incubation in the hybridization buffer,
containing1 uM anchor probe? (a15-nucleotide sequence of alternat-
ing dT and thymidine-locked nucleicacid (dT+) with a 5’-acrydite modi-
fication, Integrated DNA Technologies), 2x SSC, 30% [v/v] formamide
(Millipore Sigma, cat.no.11814320001), 0.1% [w/v] yeast transfer RNA
(Calbiochem, cat.no. 55714),1% [v/v]RNase inhibitor (Promega, cat. no.
N2615),and 10% [w/v] dextran sulfate (Sigma, cat. no. D8906), at 37 °C
under saturation humidity for 40 h. After anchor probe hybridization,
sections were washed three times with 1x SSC.

The expansion protocol followed asequence of gelation, proteinase
K digestion, and expansion, as previously described®. In brief, sam-
ples were washed three times in PBS, then incubated in the monomer
solution (1x PBS, 2 M NaCl, 8.625% [w/w] sodium acrylate, 2.5% [w/w]
acrylamide, 0.15% [w/w] N,N’-methylenebisacrylamide) for 45 min at
4 °C.Gelationwasinitiated by adding 0.2% [w/v]ammonium persulfate
(ThermoFisher Scientific, cat.no.17874), 0.01% [w/w]4-hydroxy-2,2,6,6
-tetramethylpiperidin-1-oxyl (4-hydroxy-TEMPO, Sigma-Aldrich, cat. no.
176141) and 0.2% [w/w] tetramethylethylenediamine (ThermoFisher Sci-
entific, cat.no.17919). The gelation step was performed at 37 °C for1-2 h.

After gelation, samples were gently removed from the chamber
and digested overnight at 37 °C in 8 U ml™ proteinase K (NEB, cat. no.
P8107) in digestion buffer (1x TAE buffer, 0.5% Triton X-100, 0.8 M
guanidine HCI). Gels were then removed from the digestion buffer and
placedin 0.1xSSC to expand. The 0.1x SSC was exchanged every 15 min
for 3-5 times until the gel size plateaued. To stain nuclei, expanded
samples wereincubated with100 ptM DAPIin 0.1x SSC for 30 min. Both
bright field and DAPlimages of expanded samples were taken after the
gelwasplaced ontop of the Visiumarray and prior to RNA release and
reverse transcription.

Ex-ST library preparation

First, to determine the optimal temperature for RNArelease from the gel,
several temperatures were tested. We analyzed the released RNAs using
abioanalyzer (Agilent 2100) to measure the concentration and length

distribution (Extended Data Fig. 1a). We observed that RNA molecules
werereleased from the gel with high integrity as long as the temperature
exceeded 41 °C (Extended Data Fig. 1b-d). No significant differences
were noted in the released RNA concentration between 41 °C and 45 °C
(Extended Data Fig. 1d) and therefore we chose to perform the experi-
mentat45 °Cfor30 mintoensure that RNA molecules are fully released
fromthe gel and to prevent re-hybridization with anchor probes.

Reverse transcription was modified from the standard protocol
and conducted at 42 °C for 60 min followed by 53 °C for 45 min using
the Visium Spatial Gene Expression reagents (10x Genomics). This
extended time of reverse transcription was chosen to enhance the
reaction efficiency. After reverse transcription, the second strand
synthesis was performed according to the 10x Genomics Visium Spa-
tial Gene Expression protocol, followed by quantitative polymerase
chain reaction to determine the number of amplification cycles. An
extra polymerase chain reaction cycle was added in the amplification
step, in addition to the recommended number of cycles in the Visium
Gene Expression protocol. A higher concentration of SPRIselect beads
(0.8-fold, instead of 0.6-fold in the standard Visium protocol) was
used in the post-amplification clean-up step to retain more fragments.
The rest of the library preparation was carried out according to the
10x Genomics Visium Spatial Gene Expression protocol (User Guide
CG000239 _RevF). Finished libraries were sequenced on a NextSeq
2000 platform (Illumina).

To quantify how these protocol modifications and longer surface
probes may affect RNA capture efficiency, we applied the modified
protocols (without expansion) on MOB sections of 15 uminthickness,
matching the tissue sections used for the EX-ST experiments. This
experiment generated libraries with high complexity, leading to low
sequencing saturation (-60%) even with high numbers of sequencing
reads per spot (Extended Data Table1). For fair comparison, we down-
sampled the Ex-ST and standard Visium datasets using Seqtk v1.3 to
match the sequencing saturation across experiments. We found that,
compared with the standard Visium protocol, the modified protocol
detected a higher number of UMIs per gene (mean: standard Visium,
38.5+5.5; modified Visium, 538 +13; n = 2) and number of genes per
tissue area (mean: standard Visium, 163.5 + 14.5; modified Visium,
1,270.5 £ 5.5; n=2) (Extended Data Fig. 1e-g). Given that incomplete
poly-deoxythymidine probe hybridization, tissue digestion and gel
expansion may resultin transcriptloss, these modifications are crucial
fortheimplementation of Ex-ST because they enable the detection of
more transcripts from fewer cells compared with the standard Visium
protocol (Extended DataFig. le-g).

Image acquisition and processing

Bright field and DAPI images of expanded samples were taken on a
Zeiss Axio Observer Z1inverted microscope equipped with an Axiocam
503M cameraand a x5/0.25 objective using Zen Pro 2012 software. The
imaging time was minimized to prevent gel from drying and shrink-
ing. The bright field image of the array frame and gel positionin each
capture areawas aligned with the corresponding DAPlimage. Manual
selection of spots under the tissue was done using Loupe Browser
(v4.0.0,10x Genomics).

Standard Visium library preparation of mouse olfactory bulb
The fresh-frozen MOB sample was cryosectioned at a thickness of
10 um, placed onto Visium glass slides and stored at -80 °C prior to
processing. The spatial gene expression libraries were prepared accord-
ing to the manufacturer’s protocol (Visium Spatial Gene Expression,
User Guide CG000239_RevC). Finished libraries were sequencedona
NextSeq 2000 platform (Illumina).

Data processing
The MOB data generated by the standard Visium protocol were
processed using space ranger software (v1.0.0, 10x Genomics).
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All Ex-ST data were processed using space ranger software (v1.3.0,
adapted to work with custom barcode list, 10x Genomics). Reads were
aligned tothe pre-built mouse reference genome (mm10,10x Genom-
ics). Processed output files for the standard Visium data of the coronal
mouse brain section containing the hippocampus region were down-
loaded from the 10x Genomics website.

Data analysis
Analysis of data generated by both Ex-ST and standard Visium was
performed in Python v3.7.12 and R v4.0.5. Spots with fewer than 100
genes detected (UMI > 1) were excluded from the analysis. For plotting
of spatial gene expression and analysis of differential gene expression,
expression at eachspot was normalized using Scanpy v1.8.2to the same
total count. Dimensional reduction and clustering were performed
using the self-assembling manifolds algorithm (v0.8.9) (ref. 25) with
default parameters. Spot deconvolution analysis was performed using
stereoscope”. The mouse brain single-cell RNA-seq data used for decon-
volution was the ‘Adolescent mouse brain’ dataset obtained from http://
mousebrain.org/. Spatial plots for cell type mapping were produced
in Rv4.0.5 using the Seurat (v4.1.1) and STUTtility (vO.1.0) R packages.
Cornuammonis-1somaand dendrite regions used for differential gene
expression analysis were selected manually based on the DAPlimages.
Toexamine whether sequencingsaturation affects spot devolution
analysis and dendritic gene discovery, we downsampled the Ex-ST data
using Seqtk v1.3 to match the lower sequencing saturation of the 10x
Genomics mouse hippocampus dataset. After downsampling, spots
inthe major hippocampal regions, including the cornu ammonis and
dentate gyrus, still had single cell type occupancy greater than 80%
(Extended DataFig. 6a). We were still able to resolve distinct patterns
of oligodendrocyte subtypes (Extended DataFig. 6¢) and identify more
than 90% of dendrite-enriched genes, which were undetected using the
standard Visium protocol (Extended Data Table 2).

Statistics and reproducibility

Pvalues were calculated using the Mann-Whitney-Wilcoxon test or
Welch’s t-test asindicated using the sciPy library (v1.9.1) with the default
parameters. Gene expression profiles along the soma-dendrite axis
were generated by averaging the expression of spots at the same dis-
tance from the soma region. All spatial profiles of gene expression,
cluster annotation and cell type occupancy shown in this study are
representative images from two independent replicates.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Mouse brain section containing the hippocampus region is
a publicly available dataset that can be found (along with the
mouse reference genome mml0) on the 10x Genomics web-
site (https://www.10xgenomics.com/resources/datasets/
mouse-brain-section-coronal-1-standard-1-0-0). The single-cell RNA-seq
dataset of mouse brain can be downloaded online (http://mousebrain.
org/adolescent/downloads.html). Mouse olfactory bulb (MOB) bulk
RNA-seq and Slide-seq datasets used for comparison were obtained
from refs. 11,12. All data generated in this study (standard Visium data
on MOB, all Ex-ST data and Visium data generated using the modified
protocol) including space ranger output files, stereoscope outputfiles,
DAPIland bright field images are available at the Mendeley repository?.
Raw sequence data can be found at the NCBI BioProject with the acces-
sion number PRJNA957091. Source data are provided with this paper.

Code availability
The code used for data analysis and generating figures is available
at https://github.com/fyh1221/Expansion_Spatial_Transcriptomics.
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Extended Data Fig.1| RNA release and capture. a, The workflow to identify concentrations, whereas no significant difference was observed above 41 °C.
the optimal release temperature. Gel with anchored transcripts was heated for Pvalues: two-sided Welch’s t-test. e, Violin plot showing the number of UMIs
30 minat different temperatures to release RNA molecules, which were collected per gene detected by Ex-ST and Visium using standard and modified protocols.
and quantified on a Bioanalyzer. b, Representative bioanalyzer gel image from f-g, Comparisons of number of genes (f) and UMIs (g) per tissue area (20
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from three biological replicates. Error bars: mean + standard derivation two-sided, two-sample Mann-Whitney-Wilcoxon tests.

(SD). Increasing temperature from 39 °C to 41 °C significantly increased RNA
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Extended Data Table 1| Sample information obtained from space ranger software (10x Genomics) output

Sample name

Ex-ST_MOB_replicate_1

Ex-ST_MOB_replicate_2

Standard_Visium_MOB
Ex-ST_MOB_replicate_1_downsampled
Ex-ST_MOB_replicate_2_downsampled
Standard_Visium_MOB_downsampled
Modified_Visium_MOB_replicate_1
Modified_Visium_MOB_replicate_2
Ex-ST_Hippocampus_replicate_1
Ex-ST_Hippocampus_replicate_2

Standard Visium Hippocampus (10x Genomics dataset)
Ex-ST_Hippocampus_replicate_1_downsampled
Ex-ST_Hippocampus_replicate_2_downsampled

Number of spots under tissue
2774
2331
1301
2774
2331
1301
1448
1490
3049
3191
2698
3049
3191

Sequencing saturation
93.50%
94.10%
91.70%
61.60%
61.80%
57.20%
60.30%
57.40%
88.80%
89.00%
61.90%
60.30%
59.70%

Mean reads per spot
33591
35598
86 429
3605
3432
7663
249 532
183 162
25 660
33928
115740
4395
5659

Visium mouse olfactory bulb (MOB) datasets obtained using the standard and modified protocols were collected on tissue sections containing two bulbs. Both bulbs are combined to
compare with the expanded MOB data with two replicates each containing one bulb. Downsampled Ex-ST and standard Visium MOB data have sequencing saturation matching with the

data generated using the modified protocol. Hippocampus data include matched tissue areas from coronal sections of the mouse brain in the hippocampal region. Downsampled Ex-ST
hippocampus data have sequencing saturation matching with the 10x Genomics hippocampus data. With matched sequencing saturation, the Ex-ST data always contain fewer reads per spot
compared with the Visium datasets. This is expected given that each spot in the Ex-ST data corresponds to fewer cells and therefore should have lower library complexity.
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Extended Data Table 2 | Dendritically enriched gene list
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Extended Data Table 2 | (contiunued) Dendritically enriched gene list
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Extended Data Table 2 | (contiunued) Dendritically enriched gene list
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Extended Data Table 2 | (contiunued) Dendritically enriched gene list

Faml77a
Fam184a
Fasn
Fatl
Fbl
Fbxo41
Fgd2
Fgfl
Fgfll
Fgfl3
Fkbp2
Fmnl
Fmn2
Fosb
Foxo3
Ftl1
Fxydl
G6pc3
Gabrgl
Gad?
Galkl
Gas2I1
Gasb
Gas8
Gatm
Gcesh
Gdf11
Gdpd?2
Gfodl
Glbl
Gmpr2
Gnal2
Gnai2
Gngl3
Gng7
Golga7b
Gplbb
Gpldl
Gpt
Grm3
Grm8
Gstmb
Gtf2e2
H2-D1
Hapinl
Hck
Hdach
Hells
Hemk1
Hinfp
Hipk1
Hipk2
Hira

<

<KL <LK <K<K KK KK

< <KL <LK <K<K KKK KKK
<<

<< << < < <<
<< <<=<=<=<=< <
<
=<

e e e i e e e e e e e e e e e e e e e e e e e e e e e e e N I e e e e e e e e e i N e e A e N e e e
<

222222222222 Z2ZZ2ZZ2ZZ2Z2ZZ2Z2Z2ZZ2ZZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZZ2ZZZZ2ZZZZ2ZZZ2ZZZZ2Z2Z22Z2ZZ22Z2Z2Z2Z2Z2Z2Z2

<< <<=<=<<=<
=<

Nature Methods


http://www.nature.com/naturemethods

Brief Communication

https://doi.org/10.1038/s41592-023-01911-1

Extended Data Table 2 | (contiunued) Dendritically enriched gene list

Histlhlb
Histlhlc
Histlh1d
Histlh2ac
Histlh2ae
Histlh2ap
Hist1h2bc
Hmgb?2
Hsd3b7
Hspb8
Id3

ld4

ldua
Ifi27
Igbpl
Igf2

1133

[16st
lgsec?2
lgsec3
Irak1
Itpripll
Jadel
Jagnl
Jph3
Kcnj13
Kdm6b
Kiflc
Kifc2
Kirrel2
Kisslr
Lamp?2
Lars2
Lbr

Lcab
Limchl
Limsl
Litaf
Lix1
Lrch4
Lrpl0
Ltbpl
Ly86
Mafg
Malatl
Map3k10
Marfl
Mars
Mbp
Mcl1
Med25
Mef2c
Meis2

I I I I I I A I I A A I I S R I I I e I I I I IS I S I I I e I I I S I I e e I I I I I I S I

Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z22Z2ZZ2ZZ2Z2Z2ZZ2ZZZ2ZZ2Z2Z2Z2Z2Z2ZZ2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2ZZ2Z2Z2Z2Z2Z2Z22Z2Z2Z2Z22Z2Z22222222

< <X < <

<K <LK <K<K KKK <K

e e e e e e e e e e e i e N I e e e e e e I N N I N e e e S e

< <

<< <<<<<<<<=<=<=<

< < <

<< <<=<=<=<<=<

< <

<< <<=<=<=< <

<

Nature Methods


http://www.nature.com/naturemethods

Brief Communication

https://doi.org/10.1038/s41592-023-01911-1

Extended Data Table 2 | (contiunued) Dendritically enriched gene list

Mfaplb
Mfap3l
Mfge8
Mgatdb
Mgll
Mgmt
Mist8
Mmp24
Mn1
Mobla
Mospd?2
Mospd3
Mpdul
Mpst
Mrcl
Mreg
Msn
Mt3
mt-Atp6
Mturn
Mvb12a
Mycbp
Myh9
Nadk?2
Nckap5
Ndrgl
Nenf
Nf2
Nfkb2
Nme2
Nmrall
Nop2
Npc2
Nr2el
Nsdhl
Nudc
Nupl33
Oat
Oxall
P2ry12
Pabpcl
Palm
Panx2
Pcdhgch
Pcsk6
Pctp
Pcytlb
Pdxdcl
Pdxk
Pdzd4
Phactrl
Phcl
Phyh

I T I I I e I I A A I I A I I I I e I S I I S I S I I I e e I I I I I e I e I I I I I I S e

2222222222222 Z2Z22Z2ZZ2Z2Z22Z2Z2Z2Z2Z22Z22222Z2222222222222222222222

LKL <LK LK KK KKK KKK

e e i e e e e e e e e i e e e e e e e e e S e e G

<

< <K<K <K<K

< < < <

<< <<=<=<=<=<=<

<< <<< =<X<<<<=<=<=<=<<<

<< <<=<=<=<<=<

<

Y
Y

Y

Y

Y
Y Y
Y

Y
Y

Y
Y
Y

Y

Y

Y

Y

Nature Methods


http://www.nature.com/naturemethods

Brief Communication

https://doi.org/10.1038/s41592-023-01911-1

Extended Data Table 2 | (contiunued) Dendritically enriched gene list

Phyhipl
Pigq
Pigu
Pik3rl
Pinkl
Pip5klc
Pitpnm2
Pknox1
Pla2g7
Plekhb?2
Plekhm2
Plk3
Plk4
PIxnbl
Pnp
Pom121
Pomgntl
Ppfia3
Ppplrl6a
Prcp
Prexl
Prkaa2
Prkcd
Prrll
Prrl13
Prrc2a
Psd2
Psmel
Ptp4a3
Ptpmtl
Ptpnl
Pycrl
Pygb
Qars
Qdpr
Rabllfip4
Rackl
Rapgefd
Rasa3
Rasl10b
Rbck1
Rcan3
Reep6
Reln
Rftn2
Rgs20
Rhog
Rhoh
Rin2
Rmst
Rnf165
Rnf31
Rpia

It I I I I A I A A I I I A I I I I e I I I I S I G I I I e e I I I I I e i e I I I I I I I S R

222222222222 Z2Z2Z2Z22Z2Z2ZZ2Z2Z22Z2Z2Z2Z22Z2Z22222Z2222222222222222222222

<K <LK KKK KKK

<K<K <K<K <K<K KK

< <

< <X < << <

< <

<K<K <K<K <K<K <K<K

< <K<K <K<K

<< < << << << =<=<=<=<=<

< < < << =< =<

< < < < =<

<

< < <

< < < =<=<<

< < << =< <

< <

Y
Y
Y
Y
Y
Y
Y
Y Y
Y
Y
Y

Nature Methods


http://www.nature.com/naturemethods

Brief Communication https://doi.org/10.1038/s41592-023-01911-1

Extended Data Table 2 | (contiunued) Dendritically enriched gene list

Rpl27
Rplp0
Rps12
Rps13
Rps16
Rps2
Rps6ka4d
Rsul
Rtn2
Ryk
Samd4
Sbkl
Scafl
Scd1l
Scd3
Scrtl
Sdhc
Sec6lal
Serinc3
Serpine2
Setd3
Sft2d2
Sfxnl
Sgsm?2
Sh2b1
Sh3glbl
Shank1
Shank3
Shc3
Shisa4
Sipalll
Ski
Slamf9
Slcl2a2
Slcla?2
Slcla3
Slc25a33
Slc38a3
Slcbal
Slcball
Slc6a8
Slpi
Smarcall
Smarcc2
Smdtl
SmpdI3a
Snx9
Socs7
Sord
Spatal3
Srcinl
Srf
Stat3

< < < <<=

<< << <<<<<=<=<<

<< <<=<=<=<=<

<< << << << << << <<=
< <=<=<=< < << <<<<<=<=<=<

<

=< < < =<=<=

<< <<=<=<=<<=<

< < < =<

It I I I R A I e A A I I e I I e e I I e e I I I e I e A I I I e I e I e I e I e I e A e e I I e
_<

222222222222 Z2ZZ2ZZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZ2ZZZZ2ZZ2ZZ2ZZ2ZZZ2ZZZZ2Z2Z2Z2Z2ZZ2ZZ2Z2Z2Z2Z2Z2Z2Z2Z22Z22Z2Z2

<< << <<<<=<<<<
< < <<=

Nature Methods


http://www.nature.com/naturemethods

Brief Communication https://doi.org/10.1038/s41592-023-01911-1

Extended Data Table 2 | (contiunued) Dendritically enriched gene list

Stk17b
Stk40
Stpgl
Stxbp5l
Suds3
Swap70
Syf2

Syn3
Taf9
Tbeedl
Tbkbpl
Tdpl
Tdrd3

Tef

Thra
Tmem134
Tmem151b
Tmem160
Tmem185b
Tmem?229a
Tmpo
Tnfaip8I2
Tnrcl8
Torlaipl
Tprkb
Trakl
Trim12a
Trim12c
Trim59
Trmt112
Trp53bp2
Trp53inpl
Tsen34
Ttc7b
Ttfl

Ttll3

Ttr
Tubalc
Txnip
U2afll4
Ubqgin4
Ubxn7
Ucp?2
Uqgerll
Usp21
Usp6nl
Vip
Wbp1l
wdr44
Wdr89
Wiz

Xrceh
Ybx1

< < <

< < << <=

< <

< < <
_<

<

<< << << << << <<<=<=<=<

<< <<=<=<=<=<=<

< < <

<< << LCLLLLCLLL L LL L LL LKL <L< <LK << << < <<
_<

ZZ2Z2Z2Z22Z2Z2ZZ22Z2Z2ZZ22Z2Z2ZZ222Z222Z222222222222222222222222222222Z2
Bt I A I R e e I I A e I I e I I I e I I I e I I A e A A I I I e I e I e I e I e I e I e I I S e

Nature Methods


http://www.nature.com/naturemethods

Brief Communication

https://doi.org/10.1038/s41592-023-01911-1

Extended Data Table 2 | (contiunued) Dendritically enriched gene list

Yesl
Zadh2
Zbtb14
Zfpl46
Zfp341
Zfp358
Zfp366
Zfp367
Zfp568
Zfp574
Zfp664
Zfp703
Zfp867
Zmiz2

<< << << << <<=<=<<

<<

2Z2Z2Z2Z22Z2Z2Z222Z2Z2ZZ2Z2

< << <<=

< << <<=

<

< <

< << <<=

<<

Dendrite-enriched transcripts detected by Ex-ST but unresolvable using the standard Visium protocol are listed. Also provided are the previous measurements'®° that support the dendritic

expression of these transcripts and whether these transcripts are detected in the downsampled Ex-ST data.
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Data exclusions  No data was excluded from the analysis.

Replication All experimental findings were repeated in independent biological replicates. This information is extensively described in the methods and
figure captions, and the reproducibility between replicates is reported in Extended Data Figure 2 & 5.

Randomization  Animals were randomly selected from a large cohort for experiments. Randomization of animals was not relevant in our study, as it did not
involve experiment/control groups of animals, and there was no comparison between animals .

Blinding When comparing Ex-ST and ST results, researchers could not be blinded because sequencing data quality and resolution were obviously
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Field-collected samples

Ethics oversight

Adult male CD1 mice (3-6 months old, Charles River) were used for the Ex-ST experiments. Animal procedures were approved by the
Stanford University Animal Care and Use Committee and were in accordance with NIH guidelines. Animals were maintained with 12-
hour light-dark cycle, with ambient temperature between 71-74 °F, humidity between 20-45 %, and provided with food and water ad
libitum.

This study did not involve wild animals.

Male mice were used for this study. Neural structures investigated in this study were found in both sexes (Luo, Principles of
neurobiology, 2020).

This study did not involve field-collected samples.

Animal procedures were approved by the Stanford University Animal Care and Use Committee and were in accordance with NIH
guidelines. Mouse olfactory bulb samples for standard Visium experiment were commercially purchased from Adlego Biomedical,
which operates under ethical permission nr. 17114-2020.
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