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Summary:

Spatial transcriptomics maps RNA molecules to the location in a tissue where they are expressed.
Here we document the use of Slide-SeqV2 to visualize gene expression in the mouse olfactory
bulb (OB). This approach relies on spatially identified beads to locate and quantify individual
transcripts. The expression profiles associated with the beads are used to identify and localize
individual cell types in an unbiased manner. We demonstrate the various cell types and subtypes
with distinct spatial locations in the olfactory bulb that are identified using Slide-SeqV2.

Keywords

Slide-SeqV2; olfactory bulb; neural development; GABAergic interneurons; mitral and tufted
cells; spatial transcriptome; mouse

1. Introduction:

Advances in next-generation sequencing (NGS) technologies have revolutionized how cells
are identified and characterized. Bulk and single cell transcriptome profiling has enabled
studies of gene expression in the olfactory tissues of vertebrate species to elucidate
developmental changes and identify various cell types (1-9). In single cell or single nucleus
transcriptomics, RNA molecules from dissociated cells or nuclei are tagged, amplified,

and sequenced to determine expression profiles of individual cells (10,11). Cells sharing
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similar gene expression profiles can be clustered statistically and identified as specific types
based on known markers (12). The dissociation process, however, has led to the loss of
spatial information of cells. Moreover, rare cells may not be efficiently captured from the
dissociated cell population, which can result in the underrepresentation, or the complete
absence, of these cells in the final analysis.

To overcome these limitations, multiple technology platforms have been developed to
preserve information of cells in the tissue context. For example, several single cell, high-plex
imaging platforms have been used to identify cell clusters and reveal spatial relationships
between cells (13-21). However, these platforms are limited in the number of genes to be
quantified, which must be manually curated. Spatial transcriptomics, on the other hand,
relies on localized RNA capturing followed by sequencing to provides a comprehensive
survey of all transcripts in the cells (22-24). In Slide-SeqV2, for example, beads coated
with oligonucleotides are used to capture and process mRNA by tethering mMRNA molecules
onto the beads for reverse transcription, followed by amplification and sequencing. Once
sequenced, the spatial barcodes on the oligo allow post-hoc assignment of the sequenced
molecules to individual beads, such that the mRNA species can be quantified and mapped to
specific locations. This method not only preserves the spatial information, but also provides
an unbiased analysis of transcriptomes.

In the developing olfactory system, olfactory sensory axons project into the olfactory bulb
(OB) to innervate their target glomeruli (25-27). Sensory axons undergo a change in the
level of plasticity during the first postnatal week, defined as the critical period (28,3,29,30).
Coincidentally, the OB also undergoes a dramatic change during the first postnatal week.
For example, the mitral tufted cells prune their primary dendrites (28,31-33). Different types
of GABAergic interneurons mature during this period (34,35). Whereas multiple types of
interneuron types have been described, the molecular composition that defines these cells
remain unknow. Therefore, we use Slide-SeqV2 to perform unbiased cell clustering and map
the cell clusters onto the olfactory bulb (36,37).We have used this approach to identify a new
class of neurons in the olfactory epithelium (38). Here we describe the procedure to perform
Slide-SeqV2 on a P7 OB section and the analysis that follows.

Materials:

1 Anesthetic reagent: dissolve 2g urethane in 10mL 1x PBS (pH = 7.4). Store at
room temperature.

(Reagents 2—7 must be RNase free.)

2. Hank’s Balanced Salt Solution (HBSS, 1x), without Calcium, Magnesium, or
Phenol red. (VWR life science)

3. O.C.T. (Sakura), embedding medium for frozen tissue specimens.

4, Pre-sequenced Slide-seq pucks. Pucks used in this study were generated and
sequenced at the Broad Institute (Cambridge, MA) as described in the Methods
and Supplementary Information section of the Slide-seqV2 publication (37). The
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pucks were received on small glass coverslips in 1.7mL LoBind tubes. Pucks
need to be stored at 4°C after receiving.

SSC buffer (20X concentrate): dissolve 175.3 g NaCl and 88.2 g sodium
citrates2H,0 in 800 mL DEPC-H,0. Use citric acid to adjust the pH to 5. Adjust
the volume to 1 L with DEPC -H,0. Autoclave and store at room temperature.

Hybridization buffer: add 2unit/pL RNase inhibitor (Lucigen NxGen F83923-1)
into 6x SSC buffer. 200 uL per puck. Prepare before use,

Reverse Transcription (RT) solution: 115 uL water, 40 L 5X Maxima RT
buffer (ThermoFisher, EP0753), 20 uL 10 mM dNTPs (NEB N0477L), 5 uL
RNase Inhibitor (Lucigen NxGen F83923-1), 10 uL 50 uM Template Switch
Oligo (Custom from IDT [see sequence below on 19]), 10 uL Maxima H-RTase
(ThermoFisher, EP0753). 200 pL per puck. Prepare before use.

(The following reagents need to be DNase freg.)

2X Tissue Digestion Buffer: 100 mM Tris pH 8.0, 200 mM NacCl, 2% SDS, 5
mM EDTA, 32 unit / uL Proteinase K (NEB P8107S). Prepare before use.

Wash Buffer: 10 mM Tris pH 8.0, ImM EDTA, 0.01% Tween-20.

10mM Tris-HCI (pH 8.0) (ThermoFisher, 15568025) For 10mM Tris-HCI, dilute
1M solution 1:100 with DEPC water. Prepare before use.

Exonuclease | solution: Add 20 pL Exol buffer and 10 pL Exol (NEB, M0568L)
to 170 uL water. Prepare before use.

0.1N NaOH (Fisher Scientific, S25549). Store at room temperature.
Tris-EDTA buffer (TE buffer; ThermoFisher, AM9849).

Second Strand Mix: 133 uL water, 40 uL 5X Maxima RT buffer, 20 pL 10
mM dNTPs, 2 uL ImM dN-SMRT oligo, 5 uL Klenow Enzyme (NEB, M0210).
Prepare before use.

cDNA PCR mix: 88 L water, 100 uL Terra PCR Direct Buffer (Takara
Biosciences, 639270), 4 uL Terra Polymerase (Takara Biosciences, 639270), 4
pL 100 pM Truseq PCR handle primer (IDT), 4 uL 100 uM SMART PCR primer
(IDT). Prepare before use.

AMPure XP beads (Beckman Coulter, A63881).

Library prep reaction mix: 10 pL Nextera TD Buffer (Illumina, FC-131-1096),
5uL. Amplicon Tagmentation Enzyme (Illumina, FC-131-1096), add a total of
600pg cDNA from the cDNA synthesis step, adjust the total volume to 20 pL
with water,

Nextera PCR Master Mix: 15 pL Nextera PCR mix (lllumina, FC-131-1096),
8uL water, 1 pL 10 uM P5-Truseq PCR hybrid oligo (IDT), 1 uL 10 uM Nextera
N70X oligo (Illumina, FC-131-2001).

Sequencing kit: NextSeq2000 P3 (100 cycle) flow cells (Illumina, 20040559).
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Template Switch Oligo: AAGCAGTGGTATCAACGCAGAGTGAATIG+GrG
Truseq_PCR_Handle: CTACACGACGCTCTTCCGATCT
SMART_PCR_Primer: AAGCAGTGGTATCAACGCAGAGT

dN-SMRT oligo: AAGCAGTGGTATCAACGCAGAGTGANNNGGNNNB

Truseq_P5:
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC
TTCCGATCT

3.1 Tissue dissection and embedding:

1

Before experiment, inspect the pucks under stereomicroscope. Only pucks
without obvious space between beads will be used for experiments.

Pre-chilled HBSS and O.C.T. on ice (over 10min).

Inject the mice intraperitoneally with urethane (10 pL /g body weight). Under
full anesthesia, decapitate the mice, remove the brains from the skull, and rinse
brains with ice-cold HBSS to remove blood (Note 1).

Separate the olfactory bulbs from the brain by a vertical cut along the dorsal-
ventral axis slightly behind the OBs, using a scalpel. Transfer the tissues into
pre-cooled O.C.T. in a small petri dish (351007, Falcon® 60mm x 15mm,
Corning) to remove liquid and then transfer the tissue to embedding molds
(4566, Tissue-Tek Cryonold, Sakura).

Embed the OBs with pre-chilled O.C.T. and adjust their orientation under a
stereomicroscope such that the rostral part of the OBs points downward. Flash
freeze at —=70°C (HistoChill, Novec™ 7000) (Note 2). Tissues can be kept at
—70°C for up to 1 month. Stored tissues need to be wrapped with aluminum foil
and kept in sealed plastic bags to prevent dehydrate.

3.2 Tissue sectioning:

1.

On the day of tissue sectioning, remove the tissue blocks from —70°C storage and
warm it inside a Cryostat microtome (CryoStar, NX70) to approximately —20°C.

Mount the block on the cutting stage and section it at 10pum thickness.
Temperature setting: Chamber Temperature: —12°C, Object Temperature: —10°C.

Ensure slices are flat, no tear or damage on it. Place slices on the pucks (Note
3). Collect slices around 1.6mm from the anterior OB boundary. Adjacent slices
should be also collected on normal slides for H&E and DAPI staining to check
for tissue integrity (Figure 1A — 1C).

Immediately after the tissues are collected on the pucks, immerse the puck in
200 pL hybridization buffer for approximately 30min at room temperature to
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facilitate the binding of tissue mRNA to the spatially barcoded beads of the puck
(Figure 1D; Note 4).

3.3 Library preparation:

1.

10.
11.

12.

13.

After hybridization, transfer the pucks into 200 L reverse transcription solution,
incubate for 30 minutes at room temperature followed by 1.5 hours at 52°C. This
reverse transcription step allows the first strand cDNA to be synthesized from
RNA molecules captured on the beads.

After reverse transcription, digest the tissue on the pucks by adding 200 pL 2x
Tissue Digestion Buffer directly into RT buffer and incubating at 37°C for 30min
(Figure 1D).

Add 200 pL of Wash Buffer following the digestion. Pipetted up and down
several times to release the beads from the coverslip. Once the beads have been
released, remove the coverslip with forceps (Figure 1D; Note 5).

Centrifuge the tubes under 3000 RCF for 3min, discard the supernatant, and
resuspend the precipitated beads with 200 uL Wash Buffer.

Repeat step 4 twice to remove residual enzymes and dNTPs.

After the third centrifugation step, add 200 pL 10mM Tris-HCI (pH 8.0) and
centrifuge the tube at 3000 RCF for 3 minutes. Remove the supernatant.

Resuspend the samples with exonuclease | solution and incubate for 50 minutes
at 37°C to degrade free-floating single-strand DNA and reduce background.

Wash the beads using 200 L Wash Buffer, centrifuge for 3 minutes at 3000
RCF, removing the supernatant, and resuspending the beads. Repeat once.

After the last wash, resuspend the beads with 0.1N NaOH and incubated for 5
minutes at room temperature. NaOH incubation would denature the RNA-DNA
complex and release the RNA molecules.

Wash twice with 200 L Wash Buffer as in Step 8 (Note 6).

Resuspend the beads in 200 L TE, pellet down, remove the supernatant,
resuspend them in 200 pL Second Strand Mix, and incubated for 1 hour at 37°C.
This step generates second strand cDNA from the first strand on the beads.

Wash the beads 3 times with 200 uL. Wash Buffer as in Step 8. Perform a final
wash in 200 pL of water, pellet down, remove the supernatant, and resuspend
them in cDNA PCR mix. Transfer the mix into PCR tubes for PCR (Note 7).

cDNA was amplified by PCR using the following program (Figure 1E):
98°C 3 minutes
4 cycles of
98°C, 20 seconds
65°C, 45 seconds
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72°C, 3 minutes
9 cycles of
98°C, 20 seconds
67°C, 20 seconds
72°C, 3 minutes
72°C, 5 minutes
4°C, forever

Purify the PCR products with 0.6X AMPure XP beads twice, resuspend in 20

uL water, and check for quality and quantity using the Bioanalyzer (Agilent)

and Qubit Fluorometer (ThermoFisher). Expected cDNA concentration should be
above 0.15ng/ pL. The size of cDNA is organism dependent, typically between
1000bp-2000bp.

Perform library preparation using the Nextera XT kit (Illumina, FC-131-1096)
reagents. Incubate 600pg of cDNA with the library prep reaction mixes at 55°C
for 5minutes. After incubation, add 5 pL of neutralization buffer (Illumina,
FC-131-1096), mix with pipetting, then incubate at room temperature for 5
minutes. Add Nextera PCR MasterMix to the solution and mix by pipetting
(Note 8)

Perform library amplification by PCR using the following program (Figure 1F):
72°C 3 minutes
95°C, 30 seconds
12 cycles of
95°C, 10 seconds
55°C, 30 seconds
72°C, 30 seconds
72°C, 5 minutes
10°C, forever

Purify the PCR product with 0.6X AMPure XP beads once, resuspend in 10

uL water, and check for quality and quantity using the Bioanalyzer (Agilent)
and Qubit Fluorometer (ThermoFisher). Libraries are normally above 3ng/ L in
concentration and between 400-700bp in length.

Perform sequencing. We used a P3 flow cell on an lllumina NextSeq 2000 instrument
controlled by the NextSeq 2000 1.4.0.39521 software with the following paired read
length: 42 bp Readl, 8 bp i7 Index, and 60 bp Read2. Illumina Primary Analysis version
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NextSeg2K RTA 3.9.2 and Secondary Analysis version bcl2fastg2 v2.20 were run to
demultiplex reads for all libraries and generate FASTQ files (Figure 1F).

3.5 Sequencing data analysis

Single cell RNA-Seq data can be leveraged to enhance cell clustering. Before we divide the
analysis into two parts.

scRNA-Seq Data Analysis

1

We aligned scRNA-Seq reads to mm10 mouse genome reference from UCSC
using CellRanger (v4.0.0; 10X Genomics). Annotation was from Ensembl 102.

We made a cutoff to maintain cells with 2000-5000 genes and less than 5%
mitochondrial counts for downstream analysis

We used DoubletFinder (v2.0.03) (39) to remove doublets from each individual
dataset assuming a 7.5% doublet formation rate.

We used Seurat SCTransform V2 to process each individual sample and merge
them into a single Seurat object. We then performed PCA dimensional reduction
and ran FindClusters using 50 PCs with 0.3 resolution.

We annotated the clusters with marker genes expression patterns: mitral/tufted
cell: Cdhrl, Uchll, Emoes; GABAergic interneurons: Gadl, Gad2, Meis2;
Oligodendrocytes: Olig2 & Cspg4; Astrocytes: Slcla3 & Gfap; Microglia: Ctss
& Hexb; Olfactory ensheathing cells (OECs): Plpl & Npy; Meninges: Slc6al3 &
Cxcl12; Pericyte: Myl9; Endothelial cells: Pecaml1 & Cd34.

Slide-Seq Data Analysis

1

We aligned sequencing reads to mm10 mouse genome reference from UCSC
using CellRanger (v4.0.0; 10X Genomics) Annotation was from Ensembl 102.
Only beads with barcode mismatch <= 1 and UMI counts >= 10 were kept for
future analysis.

After generating the expression matrix, we assigned each bead to a location on
the puck according to the original spatial barcode information. Files containing
the expression matrix and coordinate location were exported for further analysis.

Using prior knowledge regarding the anatomical structure, we used the R
package gatepoints to manually select the cells in the olfactory bulb. Other
spurious cells around the periphery were discarded from further analysis. (Figure
2A). Most beads can detect 100-580 UMIs and 75-450 genes with around 1.5
UMIs/Genes ratio (Figure 2B).

We used Seurat functions FindTransferAnchors and TransferData to transfer
cluster labels in the ScCRNA-seq data to the Slide-Seq data (40). For each
individual Slide-Seq pixel (bead), the probability that it belongs to the same
cell-type as the single-cell clusters is calculated, with probabilities summing up
to 1 across all cell types. The single cell cluster with the highest probability
was used as the assigned label for each pixel. If no individual single-cell cluster
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receives above a 0.25 probability, the pixel is labeled as “Unassigned”. (Figure
2E)

5. We annotate the cluster using a combination of marker gene expression patterns
and spatial patterns of single-cell clusters across the tissue. Using known marker
genes of specific cell types, single cell cluster annotations were assigned and
transferred over to the slide-seq data. For clusters with no strong known marker
genes, previous anatomical knowledge along with the spatial pattern of the Slide-
Seq pixels in the olfactory bulb of a given cluster was used to inform cluster
annotations. (Figure 2C, 2D, & 2E).

4. Notes:

Note 1: Dissection for each animal should be finished in 2-3min. All dissection process
should be performed on ice.

Note 2: Fresh tissues with O.C.T. need to be frozen rapidly for preventing crystals
formation.

Note 3: Slices need to be placed in the middle of the puck, where the beads are (Figure 1C).
Double confirm slices are fully attached to the beads without bubbles.

Note 4: The timing for this incubation step is kept consistent between all samples, following
the Broad Institutes recommended 15-30minute hybridization time.

Note 5: Beads can be visually observed dislocating from the puck.
Note 6: Insufficient wash may result in high background for sequencing data.
Note 7: Each 200 pL sample is split into two PCR tubes prior to cDNA amplification.

Note 8: The library preparation described is performed according to manufacturer’s
directions for the Nextera XT kit (Illumina, FC-131-1096), modifying the starting input
of material to 600pg of cDNA and using a specific P5-Truseq PCR hybrid oligo in place of
the Nextera XT i5 adapter.
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Figure 1. [llustration of Slide-Seq procedure
(A) The mouse brain is cut behind OB (black line) to remove excess tissue. Coronal sections

are collected at the 1.6mm from the anterior edge of olfactory bulb.

(B) H&E staining showing the morphology of the section. Only slices from tissues without
damage or malformation are used for downstream experiments.

(C) Hlustration of placement of the tissue section on the puck. Magnified view illustrates
how the tissue is laid on top of the beads.

(D) Hlustration of the pucks with section immersed in hybridization buffer for mMRNA
capturing, tissue digestion, and beads releasing.

(E) Process for cDNA synthesis.

(F) Process for library amplification and sequencing.

Arrows from C to F indicate experimental flow. Scale bar: 200 um in panel (B)
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Figure 2. P7 OB dlide-seq result revealed distinguished cell types
(A) Total unique molecule index (UMI) count mapped onto the puck. Tissue area was circle

(red lined area) to remove signals in the background.

(B) Heatmaps showing the total UMI (left) and gene (right) counts mapped to the beads.
Scatter plot between UMI counts and gene counts indicates relative low depth of Slide-Seq.
(C) Neuronal markers detected by Slide-Seq data are found in the expected locations. Cdhrl
is located to the mitral/tufted cell layer. Meis2 is located to the inner plexiform layer where
GABAergic interneurons reside.

(D & E) Multiple cell types are identified based on single cell cluster features and located

in the section based on the spatial information. Cell types are marked based on marker gene
expression and are color coded. Abbreviations: GC, granule cell; RMS, rostral migratory
stream; IN, interneuron; OEC, olfactory ensheathing cell.
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