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SUMMARY

The detection of olfactory cues is essential to signal food, predators, and social encounters. To determine
how the sensory detection of physiologically relevant odors is systematically mapped into the mouse primary
olfactory system, we used multiplexed error-robust fluorescent in situ hybridization (MERFISH) to construct a
molecular atlas of olfactory receptor (OR) expression in the main olfactory epithelium (MOE) and olfactory
bulb (OB). We comprehensively quantified the expression of the mouse OR repertoire and uncovered stereo-
typical gradients of sensory neuron distribution in the MOE along two axes, central-to-peripheral and
apical-to-basal. Projections of sensory neurons mirror these two MOE gradients along the dorsal-ventral
and anterior-posterior axes of the OB, respectively. Integration with sequencing data revealed candidate
signaling molecules underlying this spatial organization. Co-imaging OR and activity marker expression iden-
tified distinct spatial domains of sensory responses in the MOE and OB, providing a topographical basis for

olfactory responses to ethologically relevant odors.

INTRODUCTION

The mammalian main olfactory epithelium (MOE) detects a vast
range of environmental cues to signal the presence of food, pred-
ators, and conspecifics. > Within the rodent MOE, odor cues are
detected by olfactory sensory neurons (OSNs), which each ex-
press a single olfactory receptor (OR) gene out of a large ~1,000
OR gene family through an intricate mode of transcriptional regu-
lation.*>® Expression of specific axonal guidance and signaling
molecules enables OSNs with a given OR to project into distinct
pairs of glomeruli at stereotyped positions of the olfactory bulb
(OB), generating an organized map of odor sensing.®""

Previous studies have partially characterized the spatial orga-
nization of OSNs within the MOE and their projections to the OB.
In the MOE, expression of individual ORs was restricted within
concentric olfactory zones, whose position is highly stereotypi-
cal across individuals in a given species.''® Initially identified
as 4-5 discrete olfactory zones,'*'® additional in situ OR mea-
surements uncovered other, partially overlapping, olfactory
zones.'*'® In turn, initial spatial transcriptomics approaches
provided a more comprehensive, yet so far low spatial resolution
view of OR organization'®'” and suggested a continuous, rather
than discrete spatial distribution of ORs along the central-periph-
eral axis of the MOE.

Within the OB, specific OR transcripts are localized to sen-
sory axon terminals in stereotyped, bilaterally symmetric pairs
of glomeruli—one medial and one lateral—per hemisphere.®'°
Transgenic labeling strategies’''"'®'® and newly developed
spatial transcriptomics approaches®®?' enabled mapping of
OR projections, although these efforts remain incomplete,
with only a fraction of the OR repertoire mapped to the OB
to date.

The stereotypy of OSN projections has suggested the pres-
ence of a chemotopic map of OR activation in the OB."% 102
Functional imaging of the dorsal OB in animals exposed to
chemical compounds indeed revealed activation of distinct
topographical domains within the OB.?*?® However, further
progress in connecting the spatial organization and OB projec-
tion of OSNs with their sensory function is impeded by the lack
of complete molecular atlases of OR expression in the MOE
and OB and the lack of functional annotations of each OR
response to physiologically relevant cues. Numerous methods
developed to catalog OR responses to different olfactory
cues,?® including recent high-throughput in vivo screens,**%*
have used unnaturally high concentrations (mM range) of single
compounds and have yet to comprehensively describe the OR
responses to naturalistic and physiologically relevant odors
involved in animal behavior.
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Figure 1. MERFISH-based high-throughput imaging of the OR repertoire

(A) Coronal section of the MOE (16 pm) hybridized with MERFISH probes for 200 ORs. DAPI staining in blue.

(B) Subregion from (A) showing MERFISH readout signals (yellow).

(C) 14-cycle MERFISH signal identifying OIfr56 and OIfr360 OSNs based on unique binary barcodes.

(D and E) Spatial distribution (D) and representative high-magnification MERFISH images (E) of Olfr1410 (blue) or Olfr15 (red) OSNs.

(F and G) Correlation between male and female animals of the average OSN count per section for each OR (F) and the average OR expression per cell (G).
Expression level was estimated from the brightness of the MERFISH signal and normalized by the average brightness across the MOE.

(legend continued on next page)
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In this study, we leveraged the sensitivity of the spatial tran-
scriptomics method multiplexed error-robust fluorescent in situ
hybridization (MERFISH)** to assess the expression of the
near-complete repertoire of ~1,100 ORs and ~10 TAARs within
the MOE and the OB. By further combining MERFISH with sin-
gle-molecule fluorescence in situ hybridization (FISH) for Egr1,
a marker of neuronal activity in chemosensory organs,®*"*® we
characterized the OR responses to ethologically relevant social
odors. The integration of the spatial organization of ORs with
their functional characteristics uncovered the existence of
spatial domains responding to distinct physiologically relevant
olfactory signals.

RESULTS

In situ mapping of the near-complete repertoire of
odorant receptor gene expression in the MOE using
MERFISH

MERFISH is a single-cell transcriptome imaging approach that
quantifies expression of thousands of genes in individual cells
within tissues.***"=° To detect the near-complete repertoire of
ORs/TAARs, we implemented two key modifications®”: First, to
overcome the high sequence similarity between the coding se-
quences of receptor genes, probes (Table S1) were preferentially
designed against a refined map“® of the divergent untranslated
regions (UTRs) (Figures S1A and S1B). Second, to increase
detection sensitivity, we combined split probes*' and multi-
plexed branched DNA amplification*” (Figure S1C).

We imaged MOEs from 13 mice (8 males and 5 females)
across six coronal positions spanning ~1.5 mm along the ante-
rior-posterior (A-P) axis (Figures S2A and S2B). For each A-P po-
sition, 2-5 consecutive 16-um sections were imaged by
MERFISH, with a distinct set of 200-500 ORs assessed per sec-
tion (Figures 1A-1C). Sections were registered to reconstruct the
near-complete OR/TAAR expression atlas at each A-P position.

To validate the OR identification, we used two transgenic
lines, Olfr17-IRES-tau-lacZ'" (N = 1) and Olfr16-IRES-tau-
GFP*® (N = 1), in which OSNs co-expressed OIfr17 and beta-
galactosidase (f-gal), or OIfr16 and green fluorescent protein
(GFP). Across two sections per animal, MERFISH captured
75%-77% of reporter-positive cells with a specificity of 95%-
98%, defined as the percent of Olfr17/0lfr16-positive cells ex-
pressing the corresponding reporter (Figures S1D-S1l). These
results indicate the high sensitivity and accuracy of our experi-
mental paradigm to quantify the OR identity of OSNs by
MERFISH.

Representation and expression levels of ORs in the MOE

Using MERFISH, we quantified the average number of OSNs per
section expressing a given OR and the average expression level
of each OR per cell (Figures 1D-1G, S2C, and S2D; Table S2).
The abundance of OSN types and per-cell receptor expression
levels were similar between males and females (Pearson’s corre-
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lation coefficients of 0.9 and 0.8, respectively; Figures 1F and
1G) and consistent with reports from bulk RNA sequencing
(RNA-seq).”® MERFISH quantifications correlated with data
from single-cell RNA sequencing (scRNA-seq)** (Figure S2E)
and bulk RNA-seq across ~35% of the MOE along the AP axis
(Figures S2F and S2G). This suggests an accurate estimation
of OSN population sizes and OR expression levels within the
anterior-central region of the MOE sampled.

A three-order-of-magnitude variation in OSN population sizes
was found across the OR repertoire (Figure 1F). The most abun-
dant ORs (including OIfr536, Olfr15, and Olfr1507) were ex-
pressed in >350 OSNs per section, while 5.2% of receptors
(including OlIfr1166, Olfr138, or Olfr723) were detected in <1
OSN per section. By contrast, per-cell expression levels were
relatively uniform, generally varying by less than an order of
magnitude (Figure 1G).

To determine whether genomic context is associated with
OSN population size, we mapped OSN abundances against
genomic coordinates. Population sizes were non-uniform across
the genome, forming genomic peaks and valleys. Specifically,
OSN abundance progressively decreased with the genomic dis-
tance from the most abundant 100 ORs (Figures 1H-1J, S2H,
and S2l). By contrast, per-cell expression levels were less vari-
able across the genome (Figures 1H-1J, S2J, and S2K) and
only weakly correlated with OSN population sizes (Pearson’s
correlation coefficient of 0.1). Notably, ORs located near known
super-enhancers (i.e., H-element or Greek islands enhancers)*°
(Figures 1K and S2L-S20) were expressed by higher numbers
of OSNs, consistent with an enhancer-based regulation of OR
choice.

Spatial organization of the OR repertoire within the MOE
OSN types have distinct localization patterns within the MOE
(Figure 2A). To systematically quantify OSN’s spatial distribu-
tions, we calculated the spatial overlap for each pair of ORs
(defined as the fraction of OSNs of the corresponding ORs within
200 pm) across all 13 animals imaged. The uniform manifold
approximation and projection (UMAP) embedding of the spatial
overlap placed the ORs along a thin, curved coordinate
(Figure 2B; Table S3). OSN types overlapped with multiple adja-
cent types along this UMAP coordinate in a graded fashion
(Figure 2C), suggesting a continuous OSN distribution in the
MOE. We observed a slight enrichment in the spatial overlap of
a group of ~400 ORs (Figure 2C, top left), which corresponds
to the Class | receptors and includes nearly all previously anno-
tated zone 1 ORs."®

Visualizing OSNs colored according to their UMAP coordinate
within the MOE sections revealed that most OSNs form overlap-
ping rings that continuously expand from the center to the
periphery (Figure 2D). This organization was highly stereotypical
across animals (Figures 2E and 2F). While each OR was ex-
pressed primarily within a ring-like zone, consistent with prior re-
ports,’* our comprehensive mapping further revealed that the

(H and I) OSN type abundance (H) and OR expression level per OSN (I) plotted by the genomic coordinates. Chromosomal labels are indicated by a colorbar.
(J) Bar plots of OSN abundance (red) and per-OSN OR expression (gray) for representative OR genomic clusters.

(K) Same as (J) for OR genomic clusters close to known enhancers (blue).
See also Figures S1 and S2.
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positions of these rings changed in a continuous fashion across
ORs, impeding the definition of precise zonal boundaries
(Figures 2E and 2F). Noticeable exceptions included a small
group of ORs, previously associated with “the unusual zone”
of the MOE,“® that separated from the UMAP coordinate and
were constrained to a specific mid-region of the MOE
(Figures 2B and 2D, marked as #16*). Additionally, TAARs, which
did not form a continuous distribution along the entire MOE, were
expressed either within the central or a mid-peripheral ring of the
MOE (Figures S3A and S3B).

Validating these results, a close correspondence was
observed between the central-peripheral distribution of ORs
quantified by MERFISH and the prior zonal annotations either
measured by in situ hybridization for ~80 ORs'® (Figure 2G,
black dots) (Pearson’s correlation of 0.9) or computationally in-
ferred by a sequencing-based approach'® (Figure 2G, red dots).

We next explored potential factors underlying the OR spatial
organization, including genome location and sequence similar-
ity.>" ORs in close genomic proximity had higher spatial overlap
than genomically distal ORs (Figure 2H). Accordingly, ORs within
the same genomic cluster tended to be expressed within the
same ring-like structure in the MOE (Figures 21-2K). For instance,
the ORs in cluster OIfr651-0Ifr661 were all expressed within the
central ring of the MOE. Similarly, most ORs in cluster Olfr1275-
Olfr1287 were expressed in the same peripheral MOE ring, with a
few exceptions (i.e., Olfr1284 and Olfr1287) (Figure 2J). ORs
close to previously annotated enhancers had a largely overlap-
ping spatial distribution, supporting an enhancer-mediated co-
ordination of spatial expression (Figure 2K).

Phylogenetic analysis further showed that ORs with high
sequence similarity had higher spatial overlap (Figures 2L
and 2M). To estimate the relative contributions of genomic dis-
tance and phylogenetic similarity to the spatial overlap of the
corresponding OSNs, we fitted a multivariate linear regression
model (see STAR Methods). Genomic distance and phylogenetic
similarity predicted comparable portions of the variance in
spatial overlap (R? = 0.043 and 0.048, respectively). When com-
bined, the predicted variance increases to 0.056, supporting a
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contribution from both factors to the OR spatial distribution.
We note, however, that disambiguating the contributions of
genomic distance and phylogenetic similarity is difficult because
these measures are highly correlated (with a Pearson’s correla-
tion of 0.56), likely due to tandem duplications of ORs during evo-
lution.*” Nonetheless, these results are consistent with a model
in which spatially patterned transcription factors*® recruited to
similar sequences in the OR gene body and/or shared neigh-
boring regulatory sequences enable ORs to be coregulated
spatially. Further mapping of transcription factor binding
sites and enhancer-promoter interactions®“>*® may help estab-
lish a comprehensive model of how OR expression is spatially
regulated.

Mapping the projections of olfactory sensory neurons to
the OB

We leveraged the high sensitivity of MERFISH to systematically
track OR transcripts in OSN axon terminals within OB glomeruli.
MERFISH was performed on serially sectioned bilateral OBs
from 2 adult females (Figure 3A). Glomeruli were segmented in
each section using neural network-based models*® applied to
images of nuclear-stained periglomerular cells. OR identity was
assigned to glomeruli based on dominant OR expression
(threshold > 10 OR transcripts), uncovering 1-3 glomeruli per
OR per hemi-bulb (Figures 3B and 3C). 3D reconstruction from
registered serial sections yielded an OB projection map across
641 receptors (Figures 3D and S3C).

To validate the accuracy of the projection map, we selected 5
ORs (Olfr15, Olfr16, Olfr17, Olfr155, and OIfr1507) whose 3D
projections were previously determined using transgenic re-
porters'® (Figure S3D). The comparison of pairwise distances
between the OB projections of these ORs in our MERFISH data-
set and the published report demonstrated a tight correspon-
dence (Figures S3D-S3F) (Pearson’s correlation of 0.94).

The OB projections from left and right hemispheres showed
a striking mirror-symmetry across both medial and lateral projec-
tions (Figures 3E and 3F). Quantitatively, the registered 3D posi-
tions between left and right OBs aligned within ~250 pm

Figure 2. Spatial organization of OSNs in the MOE

(A) Coronal MOE section (gray) highlighting the spatial distribution of four example OSN types: Olfr145, Olfr1507, Olfr78, Olfr131.
(B) UMAP embedding of OSN types based on pairwise spatial overlap. ORs are colored by their position along the emerging UMAP curved trajectory (central-

peripheral index, 0-1) and divided into 16 groups (#1-#16).

(C) Matrix of pairwise spatial overlap (fraction of pairs of OSNs within 200 pm for each OR pair) across ORs, sorted by the central-peripheral index. Annotations

indicate OR class and zonal information.'*'®

(D) Image series of an MOE section onto which groups of ~70 ORs progressively covering the UMAP coordinate in (B) are shown. Group #16* covers the unusual

zone ORs.

(E) Representative MOE sections from male and female animals with OSNs colored by the central-peripheral index.

(F) Correlation between spatial overlap of OSNs across sexes.

(G) Correlation between the MERFISH central-peripheral index and the zonal scores previously published.'®'®
(H) Correlation between spatial overlap and genomic distance of ORs. The terminal disconnected point marks intrachromosomal OR pairs. Dots mark means, and

error bars mark the standard error of the mean.

() Linkage map connecting UMAP coordinates (B) to genomic OR clusters (containing ORs within 100-kb).

(J) Spatial distribution of OSNs across two representative OR genomic clusters.

(K) Box plots of central-peripheral index for ORs within 100kb of previously annotated enhancers. Asterisks denote enhancers if neighboring ORs have lower

variance than expected by chance (p < 0.05).
(L) Phylogenetic tree of ORs®' colored by the central-peripheral index.

(M) Correlation between OR phylogenetic distance and spatial overlap. Box plots indicate 25"/75" percentiles; notches denote 95% confidence intervals;

whiskers mark the 15"/85™ percentiles.
See also Figure S3.
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(Figure 3G, top). Similarly, across different animals, projections
aligned within a median distance of 276 pm (Figure 3G, bottom),
indicating that OR projections are spatially specified within an
accuracy of ~3 glomeruli diameters across the OR repertoire.
Leveraging this stereotypy, a consensus projection map was
constructed by aligning the four imaged OBs into a common
reference. This alignment enabled a more relaxed OR identifica-
tion criterion, permitting glomeruli with >5 transcripts to be as-
signed to an OR if the same OR identities were observed in a
similar position across multiple OBs (<500 pm). This approach
increased the coverage to approximately 75% of the OR reper-
toire (Table S4).

Spatial organization of OSNs in the MOE versus
projections to the OB

We next explored the spatial relationship between the distribu-
tions of OSNs in the MOE and their projections into the OB. Map-
ping OB projections by their central-peripheral position in the
MOE (from Figures 2B, 2D, and 2E) revealed that continuous
rings in the MOE mapped to continuous bands in the OB along
the dorsal-ventral (D-V) direction in a highly correlated manner
(Figures 3H-3J). The 3D position of projections, averaged along
a sliding window of ~80 ORs sorted by central-peripheral MOE
preference, formed two parallel D-V axes in both medial and
lateral OB (Figures 31 and 3J). These results suggest that the cen-
tral-peripheral preference of OSNs in the MOE is transferred to a
D-V preference of projections into the OB, with symmetry across
the medial and lateral sides of the OB.

We further examined the orthogonal A-P axis of the OB.
As with the D-V axis, A-P projections were mirrored between
medial and lateral glomeruli (Figures 3K and 3L) (Pearson’s cor-
relation of 0.8). Unexpectedly, mapping this A-P distribution of
OB projections back to the MOE revealed an apical-to-basal
gradient of OSN distribution in the neuroepithelium (Figures 3M
and 3N; Table S5). Specifically, OSNs with anterior OB projec-
tions (i.e., OIfr1170 and OIfr1388) were located consistently
closer to the lumen (apical in MOE neuroepithelium), whereas
OSNs with posterior OB projections (i.e., OIfr354 and OIfr99)
were located closer to the basal lamina (basal in MOE neuroepi-
thelium) (Figures S4A-S4L). Finally, similarly to the MOE spatial
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distribution, ORs more similar in sequence were associated
with closer OB projections along both the D-V and A-P axes of
the OB (Figures S5A-S5D).

Consistent with our results, a subgroup of OSNs, correspond-
ing to 71 ORs, that co-express Cd36/Cd55 were previously
found to be enriched in the apical region of the MOE and to proj-
ect to the most anterior part of the OB.°° Our MERFISH data
recapitulated this finding (Figures S5E-S5I), and expanded it to
establish a broad relationship between the apical-basal spatial
distribution of OSNs in the MOE and their A-P projection in the
OB across the entire OR repertoire.

Altogether, our data uncovered two sets of preferential axes
governing olfactory topography (Figure 30). In the MOE, OSNs
form gradients along a larger-scale central-peripheral axis and
a smaller-scale apical-basal axis. These two gradients of OSNs
in the MOE were mirrored to two corresponding axes (D-V and
A-P) of OB projections, in which the OSNs with a more central
or apical preference in the MOE projected to the more dorsal
or anterior regions of the OB, respectively.

Differential gene expression in OSNs according to OR
spatial distribution in the MOE and OB
The spatial organization and projection of OSNs result from
the coordinated expression of multiple genes encoding axonal
guidance molecules, transcription factors, and other signaling
molecules.’** To correlate differential gene expression in
OSNs with their spatial distribution and projections, we inte-
grated published scRNA-seq data from adult OSNs** with
MOE and OB spatial maps generated by MERFISH (Figure 4A).
Specifically across the top ~5,000 differentially expressed genes
(excluding ORs), the average scRNA-seq expression of each
gene in each OSN type was imputed onto its MOE locations or
onto its OB projections mapped by MERFISH (Figures 4A and
4B; STAR Methods). This imputation approach was validated
by recapitulating known expression patterns, such as the com-
plementary central-peripheral and D-V expression of Ncam2
and Ngo7 in the MOE and OB®' (Figure 4B).

UMAP embedding (Figure 4C) of these spatial imputations re-
vealed two primary continuous branches of expression: the top
branch included genes such as Adgrv1, Acsm4, and Rnd2, for

Figure 3. 3D projections of OSNs into the OB

(A) Serial MERFISH imaging of ~160 coronal sections (16-18 pm) reconstructed into a 3D bilateral OB stack using DAPI-based alignment.
(B) Representative OB section marking transcripts identified for Olfr1386 (green) and Olfr1229 (red), in segmented glomeruli (blue). Glomeruli enriched in each OR

are enlarged on the right. Image is composed of aligned high-resolution tiles.

(C) Distribution of OIfr1386 (top) and Olfr1229 (bottom) transcripts across glomeruli from the OB section in (B).

(D) 3D projection map with MERFISH-identified glomeruli colored by OR.

(E and F) Mirror-symmetry of lateral (E) and medial (F) projections between left and right OBs. Lines connect matching OR identities.
(G) Histograms of distances between matching OR projections across aligned bilateral OBs (top) or aligned OBs of different animals (bottom). Median distances

are indicated.

(H) Correlation between the MOE central-peripheral index and the OB D-V position of projections. OB projections were binned in 150 um intervals along the D-V

axis.

(
(

1) Consensus 3D projection map from four aligned OBs, colored by MOE central-peripheral index.
J) The average position of OB projections across a sliding window (~80 ORs/window) across ORs sorted by MOE central-peripheral index.

K) Left: medial OB projections colored by A-P position. Right: lateral OB projections colored by medial A-P position.

L) Correlation of the A-P positions of medial versus lateral projections.

N) Correlation between the average OB A-P projection position and the average MOE apical-basal position in male (gray) and female (white) mice.

(
(
(M) Representative MOE sections with OSNs colored by the A-P position of their corresponding OB projections.
(
(

0) Schematic summarizing the two sets of matching axes of organization of OSNs in the MOE and their projections in the OB.

See also Figure S4.
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which expression progressively expanded from the center to the
periphery of the MOE (Figure 4D); the bottom branch included
genes such as Tcf7, Slit2, and Pdlim1, which showed the oppo-
site trend, with expression progressively expanding from the pe-
riphery toward the center (Figure 4E). The two opposing gradi-
ents of genes, which include many transcription factors, may
help establish graded OR expression along the central-periph-
eral axis of the MOE. A similar UMAP topography was observed
for gene imputations into the OB (Figures 4F-4H), consistent with
the close correlation between the spatial distribution of OSNs
and their OB projection (Figure 3). A subset of genes, including
plexins and protocadherins, exhibited a different organization
from this general trend. Despite being constrained to similar
MOE regions, these genes formed discrete, partially overlapping
patches in the OB (Figure 4l). These results may reflect a subset
of genes associated with the local refinement of OSN projections
in the OB, as previously proposed for the protocadherin gene
family.>?

Gene Ontology annotations®® were used to classify differen-
tially expressed genes, and three functional classes were further
examined: axonal guidance/cell adhesion molecules, transcrip-
tion factors, and signaling molecules. All three classes covered
the entire UMAP spaces for both the MOE and OB
(Figures S6A-S6E) and the expression profile of each class of
genes was sufficient to predict the location of the OB projection
with a median resolution of ~500 pm (see STAR Methods;
Figures S6F-S6H), significantly more accurate than upon
randomly shuffling the OSN identities (Wilcoxon test, p
value < 0.001). These results support the model in which all three
classes of genes cooperatively control OR specification, spatial
distribution, and OB projection of OSNs.>*

Genes were ranked based on the strength of their imputed
gradient along the D-V and A-P axes of OB projection
(Figures 4J-40). The imputed OB gradients mirrored the imputed
gradients in the MOE along the matching axes (Figures S6D and
S6E). Among axonal guidance/cell adhesion molecules
(Figures 4J and 4K), this analysis highlighted many previously es-
tablished regulators of murine OB projections, including Nrp1,
Robo2, Pixnat, or protocadherins,”*°°°" as well as regulators
of OB projections established in other species, including, for
instance, teneurins in Drosophila melanogaster (Tenm2, Tenm3,
and Tenm4).® Among transcription factors (Figures 4L-40), this
analysis highlighted Nfia, Nfib, and Nfix, shown to regulate zonal
organization of ORs in the MOE,*® and members of the retinoic

¢? CellPress
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acid pathway (i.e., Rarb) or the thyroid hormone pathway (i.e.,
Nr2f2), which remain to be further assessed. Among signaling
molecules, we identified members of the G protein-coupled re-
ceptor signaling pathway (such as Rgs7bp, Rgs9, and Rgs20)
and cyclic AMP signaling (such as Pde10a and Pde4d), supporting
the proposed role of OR G-coupled signaling in defining axonal
projection into the OB.**

Overall, this spatial analysis catalogs potential regulators of
OSNs projections or other spatially organized signaling path-
ways, providing a foundation for future functional experiments.
To facilitate further exploration, we developed a web-based
interface at or.merfisheyes.com where users can visualize the
MOE distribution and OB projection of different OSN types and
load the corresponding imputations for genes of interest.

High-throughput measure of specific odor responses in
the MOE

Single-molecule FISH of immediate early genes (IEGs)
(Figure 5A) combined with MERFISH for ORs enabled us to
assess OSN responses in animals exposed to distinct olfactory
cues. This paradigm was validated using acetophenone, whose
in vivo OR response was previously characterized by multiple
methods.**" We first screened 12 putative IEGs (Egr1, Fos,
Npas4, Arc, Jun, Btg2, Fosb, Junb, Nr4a1, Nr4a2, Pcdh10, and
Srxn1)** (Figures S7A and S7B) and quantified the fraction of
OSNs positive cells (>5 transcripts per cell) of each gene under
3 conditions: unstimulated condition (0%), and upon 1% and
100% acetophenone exposures (Figure S7C). Egr1 and Fos
showed the best performance with low baseline expression
and concentration-dependent induction. At the single-OSN
level, we saw good overlap (~75%) between OSNs that were
Egr1+ and OSNs that were IEG positive based on a combined
z-score across the 6 best-performing IEGs (Egr1, Fos, Junb,
Btg2, Pch10, and Nr4a1) (Figures S7D and S7E). Hence, we
selected Egr1 as the representative IEG to characterize the
acetophenone response across OSN types.

Based on the number of Egr1 transcripts in each OSN, we
characterized the population-level responses for each OSN
type to two concentrations of acetophenone—1% and 100%
(Figures 5B-5D). Across ORs OSN populations exhibited three
types of responses: (1) strong response (i.e., OIfr430 and
OIfr983), in which the majority of OSNs expressing the corre-
sponding ORs were Egr1+, (2) partial response (i.e., Ofr488 and
Olfr749), in which a subpopulation of cells were Egr1+, and (3)

Figure 4. Integrating OSN spatial organization with scRNA-seq to reveal molecular patterns in the MOE and OB

(A) Schematic of imputation workflow: scRNA-seq” expression levels averaged across OSN types were mapped onto reference MOE sections and 3D OB
projections. Distributions were denoised by spatial averaging (radius 50 pm for MOE; 400 um for OB).

(B) Imputed expression of Ncam2 and Ngo1 used as validations. Expression levels are capped at the 95th percentile.

(C) UMAP embedding of imputed MOE patterns for the top ~5,000 differentially expressed genes. Proximity indicates higher spatial correlation. Genes were

Leiden clustered as indicated.

F) UMAP embedding of imputed OB patterns.

(
(
(G and H) Imputed OB patterns for genes shown in (D) and (E), respectively.
(

D and E) Example imputed MOE patterns for genes in the top branch (D; clusters 3, 8, 15) and the bottom branch (E; clusters 1, 2, 4, 5, 11) of the UMAP in (C).

1) Imputed patterns of example genes with similar MOE patterns but with divergent OB patterns.

(J and K) Gradient strength along D-V (J) and A-P (K) axes of OB imputations across axonal guidance/cell adhesion molecules. Genes are sorted by gradient

strength. Insets show imputed patterns of example genes with strong gradients.

(L—O) Same as (J) and (K) for transcription factors and signaling molecules, respectively. Scale bars: 500 pm in (L), (N), and (O); 200 pm in (M).

See also Figures S5 and S6.
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no response (i.e., Olfr1507 and OIfr243), in which almost all cells
were Egr1—. The response of ORs to the cues was quantified as
the fraction of Egr1* OSNs (>5 Egr1 transcripts/cell) for each OR
type (Figure 5D; Table S6). OR responses were reproducible
across animals for both acetophenone concentrations
(Figures 5E and 5F) (Pearson’s correlation of ~0.7). Increasing
the concentration of acetophenone from 1% to 100% resulted
in ~ 2-fold higher number of ORs with strong or partial response,
with 328 ORs showing enhanced response beyond replicate-to-
replicate variability (Figure 5G). This demonstrates a concentra-
tion-dependent response at the population level of OSNs of
different OR types.

Importantly, 7 of the 9 strongly responsive ORs (~80%) were
previously identified by orthogonal sequencing approaches®!
as responsive to acetophenone and, the other ORs identified in
these studies showed statistically increased responses for
both the high- and low-acetophenone concentrations compared
with all other ORs (Wilcoxon test p values of 8.4 x 10~° and
9.8 x 10~ "% for 100% acetophenone and Wilcoxon test p values
3.6 x 107% and 4.4 x 1077 for 1% acetophenone) (Figure 5H).
Together, these results confirm that our imaging approach is
suitable for measuring the response of the near-complete reper-
toire of ORs to specific odor molecules.

High-throughput measure of OSN responses to predator
and social cues

We combined MERFISH with Egr1 imaging to assess OSN re-
sponses to different ethological cues, including predator (i.e.,
cat bedding) and social cues (male, female, and pup intruders).
We selected a 30-min exposure time to maximize IEG induction
(Figure S7F). OR responses were averaged across 2-3 animals
for each exposure covering: (1) males exposed to cat odor as
a predator cue, (2) females exposed to male intruders, (3) males
exposed to male intruders, (4) males exposed to female in-
truders, (5) females exposed to female intruders, (6) virgin fe-
males exposed to pups, and (7) mothers exposed to pups
(Figure BA; Table S7). As with acetophenone, we observed a
reproducible (Pearson’s correlation of ~0.6-0.7 across repli-
cates) graded response across all conditions: a small subset of
ORs displayed a strong response, and 10-100 ORs displayed
a varying degree of partial response (Figure 6A).

The responding sets of ORs, defined operationally for each
cue as having at least a partial response (>0.1), were compared
across the different cues and conditions. OR responses had the
highest overlap for the same cue (male, female, or pup) regard-
less of the sex and parental experience of the exposed animal
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(Figure 6B), indicating that OSN responses were primarily deter-
mined by the odorant rather than by the internal state of the an-
imal. ORs responding to male cue formed the largest and most
selective set comprising 106 ORs, out of which 19% also re-
sponded to female cue (Figure 6C). In contrast, ORs responding
to female cues constituted a more reduced set (34 ORs), with
60% also responding to male odor at a similar level. Notably,
ORs categorized as male-selective had a statistically increased
response to both sexes compared with all other ORs (p value =
3.34 x 1072 Wilcoxon test) (Figure 6D) but were, nevertheless,
3-4 times more tuned to male compared with female odor.
Similar results were observed for the female-selective ORs.

Pup cues elicited the most restricted response, comprising
only 18 responsive ORs (Figure 6C). Strikingly, this response
was modulated by the maternal state: mothers engaged all
pup-responsive ORs identified in virgin females plus 11 addi-
tional, mother-selective ORs. ORs responding to pups in virgin
females had approximately the same response level in mothers,
whereas the mother-selective ORs were ~4-fold higher tuned to
pups in mothers compared with virgin females (Figure 6E). These
data suggest that maternal experience selectively enhances the
sensitivity of a specific subset of OSN types to pups.

The response of TAARs to ethological odors has been exten-
sively investigated. Taar5 was identified as strongly responding
to male cues in both male and female mice, with Taar5 deletion
resulting in decreased sensitivity to male urine.®*°' Consistent
with these findings, our data indicate a strong response of
Taar5 to male cues together with a modest response to female
and pup cues (Figure 6F). For each of the other cues tested, a
different member of the Taar family had the strongest response
(Taar3 for female and Taar7b for pup cues), indicating that
even across the narrower set of social cues and within the small
family of TAARS, receptor responses are differently tuned to spe-
cific ethological cues.

The responsive ORs to each cue were more similar in
sequence than expected by chance (Figure 6G) (Wilcoxon test;
p values of 86 x 1078 3.0 x 107, 3.0 x 107, and
8.2 x 1073 for cat, female, male, and pup odors, respectively).
However, larger OR clades or genomic clusters showed a het-
erogeneous response (Figures 6G and 6H). For instance, the
phylogenetic clusters Olfr1380-Olfr1390 responded primarily to
male and female cues, while the neighboring cluster of OIfr91-
OIfr93 responded primarily to the cat cue. This heterogeneity is
in contrast with the response of the vomeronasal V2R system®®
in which the phylogenetic clades of different V2Rs were highly
sensitive to specific predatory/social cues.

(B) Representative images of three OSN response profiles: strong response (OIfr430; high Egr1 in most cells), partial response (Olfr488; Egr1 expression in a

subpopulation), and no response (O/fr1507; minimal Egr1 expression).

(C) Histograms of the number of Egr1 transcripts per cell across example OSN types following exposure to 100% acetophenone (top) and 1% acetophenone

(bottom).

(D) Catalogs of OR responses to 100% (top, N = 3) and 1% acetophenone (bottom, N = 2). OR responses were quantified as the fraction of OSNs of each OR-type

expressing >5 Egr1 transcripts.

(E and F) Correlation across replicates of OR responses to 100% (E) and 1% (F) acetophenone. Pearson correlation coefficients are indicated.

(G) Correlation between OR responses to 100% versus 1% acetophenone. The red line marks equal response, and the red-shaded region marks 90% confidence
interval based on replicate variability. Guidelines mark 0.1 response to 100% (horizontal line) and 1% acetophenone (vertical line).

(H) Box and swarm plots of responses to 100% (left) and 1% (right) for two sets of 45 ORs previously identified as acetophenone-responding.®’*' Responses for a

control group of 45 randomly selected ORs are displayed for comparison.
See also Figure S7.
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To investigate the molecular basis of maternal pup responses,
we searched for genes differentially expressed within mother-
selective OSNs, defined as having a response greater than
0.05 in mothers and more than a 2-fold higher response in
mothers compared with virgin females. We restricted the anal-
ysis to OSNs in scRNA-seq data originating from female animals
and identified 156 genes with significant differential expression
(p value < 0.01, Wilcoxon test, N = 8,308 cells) in mother-selec-
tive OSNs compared with all other OSNs. These genes predom-
inantly fell into four categories: (1) axonal guidance molecules
(i.e., Kirrel2, Pcdh10, Pcdh8, Pcdhb18, and Pcdhgab), poten-
tially reflecting specialized projections of these OSNs
(Figures S6l and S6J); (2) regulators of neuronal excitability
(e.g., Kecng1, Kenn3, and Kctd1), (3) regulators of calcium ho-
meostasis including calcium-binding proteins (e.g., S700a3,
S100a5, S100a6, and S100a13), and (4) IEGs (e.g., Fos and
Junb) (Figure 6l). We note that the available scRNA-seq data
did not allow further identification of genes with specific modula-
tion between mother and virgin females since these two condi-
tions were not profiled or annotated in this data.

Taken together, these experiments show a remarkable selec-
tivity of OSN responses to ethologically relevant cues and activ-
ity modulation of specific OSNs in mothers.

Integrating functional and spatial information onto the
epithelium and OB

We represented the OSN responses to each exposure condition
within the spatial distribution map of the MOE and the projection
map in the OB (Figures 7A-7D). The different classes of cues pro-
filed corresponded to distinct spatial distributions both within the
MOE and the OB. For example, receptors responding to cat cue
were primarily enriched in a more peripheral ring in the MOE
(Figure 7A) and projected primarily to a thin middle band within
the OB with a higher density at the most anterior and most pos-
terior regions (Figures 7C, 7E, and 7F). ORs responding to male
odor were more broadly distributed across the MOE and pro-
jected primarily to two regions of the OB—a small dorsal region
and a large mid-band along the D-V axis, spanning most of the
A-P direction. ORs responding to female odor also covered a
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large area of the MOE, with preference to the central region,
and projected to a few OB subdomains along the D-V axis and
were more restricted to the mid-posterior region of the A-P
axis. Finally, ORs responding to pup cues were concentrated pri-
marily in the central MOE and projected to a small dorsal subdo-
main of the OB with a few scattered projections corresponding to
ORs with a lower pup response. Notably, the dorsal subdomain
covered the most responsive ORs in mothers compared with vir-
gin females. These data begin to define a molecular and spatial
organization of responsive OR domains within the MOE and OB
and reveal the spatial specificity of ethologically relevant odor
responses.

DISCUSSION

This study used multiplexed imaging to systematically quantify
expression across the near-complete OR repertoire in both sen-
sory neuron somas and axonal terminals. Two high-resolution
and comprehensive molecular atlases were constructed,
capturing the spatial distribution of sensory neurons within the
MOE and their 3D projections into the OB. In the MOE, OSNs
were organized at a larger scale into continuous rings of
increasing diameter from the center to the periphery and at a
smaller scale across continuous apical-basal layers. In the OB,
the OR projection map was highly stereotypical across animals,
with an average projection precision of 200-300 pm, equivalent
to 2-3 glomeruli in diameter. This result aligns with prior func-
tional work®? showing that glomeruli can be matched across an-
imals by their odor-response fingerprints with a precision of
~200-300 pm, underscoring the high spatial and molecular pre-
cision of the OB map. An intriguing geometrical connection
emerged upon comparing the MOE and OB atlases determined
in this work: the preferential distributions of ORs along the cen-
tral-peripheral and the apical-basal axes in the MOE are mapped
onto the D-V and A-P projection axes of the OB, respectively.
These atlases provide a foundational resource for determining
molecular mechanisms orchestrating the olfactory topography
when integrated with existing or future molecular and functional
studies. In this study, taking advantage of recent scRNA-seq

Figure 6. Cataloging OR responses to ethological cues

(A) Responses profiles for the top 100 ORs to seven olfactory stimulations: cat cue (sensed by N = 2 males), male cue (sensed by N = 2 females), male cue (sensed
by N = 2 males), female cue (sensed by N = 2 males), female cue (sensed by N = 2 females), pup cue (sensed by N = 3 mothers) and pup cue (sensed by N = 3 virgin
females). The ORs with >10% response, defined as responding ORs for each stimulation, are indicated. Colored squares mark non-selective ORs, responding to
the majority of cues (white), cat-selective ORs (green), male-selective ORs (blue), female-selective ORs (red), ORs responding to both male and female cues
(yellow), mother-selective ORs responding to pup (magenta), and ORs responding to pups in virgin females (gray). Dot plot underneath the responses of each OR
quantifies the p value (Fisher’s exact test) of the enriched response in each stimulation compared with the unstimulated condition.

(B) Pairwise overlap matrix of responsive ORs across exposure conditions. Diagonal elements quantify the fraction of common OR responses across replicates.
(C) Venn diagrams of ORs responding to social cues (top) and to the difference between maternal states for pup odor (bottom).

(D) Box and swarm plot of OR responses to male cue (sensed by females, left) and female cue (sensed by males, right) for: (1) common male and female re-
sponding ORs (yellow), (2) male-selective ORs (blue), (3) female-selective ORs (red), and (4) all ORs (light gray).

(E) Box and swarm plot of OR response to pup cue by virgin females (left) and by mothers (right) for: (1) common virgin and mother responding ORs (salmon), (2)
mother-selective ORs (magenta), and (3) all ORs (light gray). Box plots indicate medians and 25"/75™ percentiles; whiskers mark the minimum and maximum
values.

(F) Plot with the responses of Taars across exposures.

(G) OR phylogenetic tree annotated with responses to 4 olfactory cues: cat odor (sensed by males, green), male cue (sensed by females, blue), female cue
(sensed by males, red), and pup cue (sensed by mothers, magenta). Dot size is proportional to OR response. Inset: zoom in on a clade containing sub-branches
OlIfr1370-0Ifr1390 and Olfr90-Olfr92.

(H) OR responses to 4 olfactory cues with the ORs sorted along the genomic axis. Inset: zoom in on the responses of a representative OR genomic cluster.

(1) Differential gene expression plot comparing mother-selective OSNs to all other OSNs, based on scRNA-seq.**
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datasets, %> we began a preliminary investigation of the

interplay between differential gene expression in OSNs, their
precise spatial location in the MOE, and their axonal projections
in the OB. We identified specific genes among transcription
factors, axonal guidance, and signaling molecules that are ex-
pressed within neurons projecting to specific, contiguous subre-
gions of the OB glomeruli layer. The differential expression of
these genes supports a model in which specific transcription
factors and signaling molecules cooperate to synchronize OR
specification with appropriate axonal targeting signals.

Placing the spatial organization of sensory neurons within
their functional context is a particularly exciting frontier that
will strengthen previously developed methods to de-orphan re-
ceptors.**" While most existing de-orphaning methods rely on
monomolecular odorants at supraphysiological concentrations,
our approach—coupling MERFISH with Egr1 smFISH—func-
tionally characterized OR responses to complex, physiologi-
cally relevant cues. The specific sets of responding ORs to
each cue were cataloged and spatially mapped within the mo-
lecular atlases of the MOE and OB. This revealed the distinct
spatial organization and projection of the responsive ORs,
suggesting that odor information is mapped within constrained
regions for localized processing. The response to male odor
during direct interaction was found in OSNs projecting to a cen-
tral band along the D-V axis of the OB and, to a lesser extent, to
a dorsal subregion. This aligns with previous studies mapping
IEG expression in the OB upon male urine exposure.®® By
contrast, responses to female odor were more enriched in
OSNs projecting to the dorsal OB, which has been previously
shown to be functionally critical for generating responses to fe-
male cues compared with male cues.®® The response to cat
predatory odor was localized primarily to OSNs projecting to a
thin middle band encircling the OB. This finding, combined
with the enrichment of pup-sensitive OSNs in the dorsal region
of the OB, challenges a prior hypothesis that ventral regions of
the OB encode attractive cues, whereas dorsal regions corre-
spond to aversive cues.’' The response to pup cue further re-
vealed an increased sensitivity in a subset of OSN types in
mothers compared with virgin females. While the prolactin
signaling, whose modulatory role in females was recently
described,® was not found to be enriched in mother-selective
OSNs responding to pup cues (data not shown), we found other
modulatory genes enriched in these OSNs, including genes
involved inion channel and calcium regulation. We note, howev-
er, that the number of cells in the single-cell sequencing data
used to derive these gene enrichments is modest (~10,000 fe-
male OSNs) and hence certain modulatory genes might have
been missed from this analysis. We also note that apart from
transcriptional differences across OSNs, other factors could
contribute to modulating OSN responses to social and predator
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odors, including, for instance, the animal’s sampling duration
when probing different ethologically relevant odors, the kinetics
of the ORs, and their downstream signaling cascade. The iden-
tification of OSNs that selectively detect social and predator
cues paves a new avenue to study the processing of distinct
categories of innate main olfactory cues associated with
dramatically different behavioral repertoires.

As the OR responses of more cues get characterized using
either the imaging approach introduced here or other ap-
proaches, we anticipate that the spatial atlases provided here
will help understand how the chemical environment gets pro-
gressively mapped across the olfactory circuit, including the
epithelium and the OB.

Limitations of the study

Mechanisms orchestrating OSN spatial organization and axonal
projection remain unresolved. Nevertheless, we anticipate that
the comprehensive atlases of OSN distribution and projection
presented here will help address this question when integrated
with future molecular and functional studies. For instance, our
preliminary exploration of scRNA-seq data mapped onto our
spatial atlases highlighted specific axonal guidance molecules,
transcription factors, and signaling molecules potentially
involved in OSN localization and projection. Characterization of
these genes is an emerging, yet incomplete effort,*® which will
be aided by the data provided in this work.

Connecting the spatial organization and projection of OSNs
with their ethological sensing remains incomplete. Here we cata-
loged responses to one predatory cue (cat) and three social
odors (male, female, and pups). Future studies will continue
cataloging cues from food, nesting materials, or different preda-
tors and provide a more comprehensive understanding of how
odor information is mapped across the olfactory circuitry.

While IEG expression serves as a proxy for neuronal activity,
future integration of live calcium imaging will offer a more direct
functional readout. Considering recent advances in recording
Ca?* activity within sensory neurons in chemosensory organs,>>°”
we envision that, after live recording, animals’ OBs or MOEs can be
dissected for MERFISH imaging of OR genes. While these exper-
iments are technically challenging and can only provide access to
a limited volume of the MOE/OB, they would provide a more direct
connection, with more precise temporal dynamics, between the
functional and molecular data, complementing the more compre-
hensive IEG-based measurements.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Catherine Dulac (dulac@fas.harvard.edu).

Figure 7. The spatial distribution and projection of the ORs responding to different olfactory cues
(A) Reference coronal MOE section with OR responses mapped to corresponding OSNs across stimulations. Transparency scale is proportional to the OR

response.

(B) Composite image summarizing MOE spatial patterns of responses to different cues.

(C) OB projections annotated based on their corresponding OR response to different olfactory cues. Dot sizes are proportional to OR responses.

(D) Composite image summarizing the different OB spatial patterns of responses to different cues.

(E and F) Density distributions of responding OR projections for each stimulation along the D-V (E) and A-P (F) axis of the OB, binned in 200 pm intervals.
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Materials availability

Oligonucleotide probe sequences used for MERFISH imaging can be found
in Table S1. Templates and reagents for making these probes can be pur-
chased from commercial sources, as detailed in the STAR Methods
section.

Data and code availability

® Imaging data reported in this manuscript are publicly available at the Brain
Knowledge Platform and Brain Image Library (https://knowledge.brain-
map.org/data/KD2KOQPHBRWTNKYDUKB and https://knowledge.
brain-map.org/data/7GQISP3P8R40BELPVIR).

® Analysis code used for MERFISH image decoding and data quantifica-
tion is publicly available at Zenodo®® (10.5281/zenodo.3758540).

® All original code associated with this manuscript has been deposited
at Zenodo at 10.5281/zenodo.18948138 and at https://github.com/
BogdanBintu/MERFISH_Analysis_Olfactory_Receptors and is publicly
available as of the date of publication.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
C57BL/6J and CD1 mice were obtained from Jackson Laboratories and Charles River Laboratories respectively.

Adult C57BL/6J (8-11 week-old) male mice (N=4) were used for acetophenone exposures.

Adult (8-11 week-old) CD1 male (N=6) and CD1 female (N=10) mice were used for predator and social cue exposures.

8-week old Olfr17-IRES-tau-lacZ and Olfr16-IRES-tau-GFP male mice (N=1 each) were used to validate MERFISH quantifications.
These strains were obtained from Dr. Richard Axel’s lab.

Mouse husbandry and experiments were performed following institutional and federal guidelines and were approved by Harvard
University’s Institutional Animal Care and Use Committee.

METHOD DETAILS

Oligonucleotide Probe design
The design of the MERFISH probes targeting the olfactory receptor genes followed a similar design as previously described® with a
few notable modifications.

Briefly, the probes were synthesized from a pool of oligonucleotides purchased from Twist Biosciences. Each oligo in this pool
consisted of the following sub-sequences (from 5’ to 3’):

. A 20-nt or 19-nt forward priming region for PCR amplification

. A 20-nt priming sequence used for the RT reaction during synthesis

. A 15-nt 5’ split readout sequence used for developing the MERFISH signal

. A 30-32-nt target sequence complementary to the olfactory receptor transcripts
. A 15-nt 3’ split readout sequence used for developing the MERFISH signal

6. A 20-nt or 19-nt reverse priming sequence for PCR amplification

a b~ ON =

The target sequences were also screened using a similar procedure as in®® with the additional feature that we allowed the length to
vary between 30-32 nt to increase the number of neighboring pairs of probes. Moreover, to increase the specificity of the target se-
quences to the OR of interest, we designed probes against the enlarged annotations of the olfactory receptor transcripts.*°

Assigning the MERFISH readout sequences using a split-amplifier strategy

For every pair of adjacent probes targeting the OR transcripts we assigned a unique MERFISH bit by first designing a specific 5’ split
readout sequence to the 3’ probe in the pair and a 3’ split readout sequence to the 5’ probe in the pair (see Figure S1 for details). The 3’
and 5’ pair split readout sequences together formed a single 30-nt readout binding sequence when the pair of probes are in proximity
(i.e bound to the target transcript). A total of 15 pairs of 3’-5’ split readout sequences were designed - each corresponding to 1 of the
15 MERFISH bits. A unique set of 4 out of 15 3’-5’ pairs of split readout sequences were associated with the probes targeting each OR
transcript. Each of these sequence pairs were repeated for each transcript 4-10 times.

190-nt probes (IDT), called preamplifier probes, were designed to contain a 30-nt sequence complementary to the concatenated
pair of split readout probes. The remaining sequence contained 8 repeats of a 20-nt binding site. A total of 15 preamplifier probes
were uniquely designed and correspond to each of the 15 MERFISH bits.

200-nt probes (IDT) called amplifier probes were designed to contain a 20-nt sequence complementary to the repeated binding site
on each preamplifier probe and 9 repeats of another 20-nt binding site. A total of 15 preampilifier probes were uniquely designed to
bind to each of the preamplifier probes and correspond to each of the 15 MERFISH bits.

30-nt fluorescent readout probes (IDT) were designed to contain a 20-nt sequence complementary to the repeated binding site on
the ampilifier probe. 15 readout sequences were designed to bind each amplifier probes and corresponded to each of the 15
MERFISH bits.

The Egr1 probes were designed in a similar manner with a unique pair of 3’-5’ split readout probes and unique preamplifier, ampli-
fier and readout probes. The Egr1 signal was first labelled and imaged across the sections, quenched and then the MERFISH readout
probes were sequentially hybridized and imaged in 2-3 colors.

To quench the fluorescent signal after each imaging round we used a toehold displacement strategy (as described previously”®) in
which unlabeled probes (IDT) complementary to the readout probes unhybridized the readout probes from the amplifier binding sites.

Sample preparation and hybridization
The cryosectioning, the hybridization of the encoding probe and the gel embedding and clearing of the sample were performed as
described previously.®”

To fluorescently label the transcripts and amplify the signal, the preamplifier and amplifier probes were sequentially hybridized to
the sample through the following protocol:
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1) The 15 MERFISH preamplifiers and Egr1 specific preamplifier were mixed together at a concentration of 30nM each in hybrid-
ization buffer (40% formamide, 10% dextran sulfate in 2xSSC) and hybridized to the sample for 30 minutes at 37 °C.

2) The sample was washed in 20% formamide in 2xSSC for 20 minutes at 37 °C.

3) The 15 MERFISH amplifiers and Egr1 specific amplifier were mixed together at a concentration of 30nM each in hybridization
buffer (40% formamide, 10% dextran sulfate in 2xSSC) and hybridized to the sample for 30 minutes at room temperature.

4) The sample was washed in 30% formamide in 2xSSC for 20 minutes at 37 °C.

Then to readout the MERFISH signal across combinations of OR transcripts, fluorescent readout probes were sequentially added
to the sample using a fluidics device connected to an inverted epifluorescence microscope as described in Su et al.®® An identical
labelling and imaging procedure was used for both the MOE and the OB.

MERFISH decoding of OR identity of sensory neurons in the MOE
The OR identity and volume occupied by each sensory neuron labelled was determined by first defining the best correlated groups of
3D pixels across each combination of 4 out of the set of 15 readout images corresponding to each MERFISH bit. These groups of
pixels were determined by scanning ~2.5 pm cubes across the epithelium and calculating all the Pearson correlation coefficients
between the fluorescent signal across all the pairs of readout images.

For these groups of pixels with high correlation (>0.6) we further applied a density-based clustering algorithm to group pixels cor-
responding to the same neuron and separate out distinct neurons. For this final filtered group of pixels, matching a particular set of 4
images, we found the OR identity based on the corresponding set of 4 readouts designed for the probes against the OR transcripts.

Imaging and aligning the OB sections
6 OB coronal sections were processed in each imaging experiment. Two pools of MERFISH probes (one targeting 500 ORs and the
other targeting the remaining 600 ORs) were hybridized in an alternating manner across the sections.

To reduce imaging time, first a low magnification objective (10X) was used to image the nuclear signal (DAPI) across entire OB sec-
tions. This low-resolution overview of the sections allowed the high magnification (40X) MERFISH imaging to focus and tile only the
glomeruli layer.

Approximately 160 coronal sections were imaged per animal, covering the bilateral OBs of 2 CD1 female mice (11 week) (Charles
River) approximately uniformly in 16-18 pm increments. Each of the sections were aligned and corrected for sectioning distortions
using the nuclear signal. First small subimages (of ~ 100 pm in size) covering the glomeruli layer were individually rigidly aligned
across adjacent sections by maximizing the correlation upon varying the angle and translation parameters. These served as matching
features across the sections to be aligned. Using the consensus angle and translation, the adjacent slices were rigidly aligned. The
remaining misalignment was corrected by gaussian interpolating the residual displacement of the matching features. Briefly for each
point on the section, the additional distortion was calculated and corrected for from the residual displacement of the neighboring
matching features which were weighed in using a gaussian term with a standard deviation ~75 pm (similar to the glomeruli size).
A custom graphics user interface was designed in Python and used to manually correct or exclude any features that were not
correctly assigned via the automated procedure. By successively aligning each of the neighboring sections a 3D volume of the
bulb can be reconstructed from the stack of ~160 sections.

MERFISH decoding of OR identity of glomeruli in the OB

Glomeruli segmentation

The glomeruli within the glomerular layer of each coronal section of the olfactory bulb were segmented using Cellpose,*° a convolu-
tional neural network-based algorithm designed primarily to segment cells/nuclei. This model was found, in general, to segment well
roughly circular objects other than cells and nuclei. Briefly, the nuclear fluorescent signal (stained with DAPI) of the cells within the OB
sections was inverted and rescaled to meet the dimension specifications of the pretrain Cellpose model. The nuclear pretrained
model was used with low cutoff probability for the segmentation to ensure that the entire glomeruli layer is partitioned into glomeruli.
MERFISH staining into the olfactory bulb

Multiplexing was performed at a scale of 500-600 genes per section across two orthogonal sets of ORs. Glomeruli are typically 70-
100 pm in size and cover a few successive sections. Therefore, by alternating between the two successive sets of probes used for
hybridization across the serial sections, each glomerulus was interrogated across the entire 1,100 receptor repertoire.

Glomeruli decoding

Across the glomeruli layer, individual transcripts were identified using an algorithm for co-localizing 3D local maxima.®® Briefly, after
localizing single molecules in 3D in each MERFISH readout image, we filter only the molecules co-localizing within ~160 nm (across
the x,y and z axes) in at least 4 out of 15 MERFISH readout images. For the molecules that colocalize across more than 4 MERFISH
readout images we consider only the brightest 4. For each of these filtered molecules their OR identity is determined by matching their
combination of 4 colocalizing MERFISH readouts to the unique combination of 4 readouts assigned during the MERFISH probe
design for each OR gene. A brightness threshold is determined for each experiment to best separate the brightnesses of molecules
mapping to the 500-600 ORs targeted vs the ORs not targeted during that experiment. This brightness threshold was applied to filter
out the dim molecules contributing to noise.
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For each segmented glomerulus we counted the number of transcripts of each OR and assigned it the identity of the most enriched
OR if the number of identified transcripts was higher than 10 and the enrichment of the number of transcripts within the glomerulus
was higher than 10 times over the other glomeruli within the section. The glomeruli identified in each section were mapped into the 3D
volume of the OB reconstructed as described in the section above.

A few expected projections were not identified (i.e. projections of Olfr15 not detected in one of the bulbs). Overall, projections for
~60% OR genes across the imaged OBs were first identified in this way. A potential source affecting the detection efficiency of OR
glomerulus identity is the uneven distribution of the number of OR transcripts present in each glomerulus. Indeed, while for certain
glomeruli we could reliably identify >50 OR transcripts per glomerular structure (Figures 3B and 3C), for other OR genes the corre-
sponding glomeruli had less than 10 OR transcripts in each 2D coronal section, which was is below the limit of reliable detection. To
increase the coverage we relaxed the identification criteria to more than 5 molecules instead of 10 if the same OR identity glomerulus
was consistently identified within a similar position (within 500 um) across multiple OBs.

Gene expression imputation in the MOE and OB

Single-cell sequencing data from cells isolated from the MOE of six C57BL/6J animals** were used for calculating gene expression
imputations in the MOE and OB. The previously published annotation** was employed to exclude non-OSN cells and classify OSNs.
For each OR/TAAR gene, the expression levels of each gene were averaged across their corresponding OSN populations. The
average gene expression values for each OSN type were then spatially transferred to individual OSN positions identified by
MERFISH across reference MOE slices. Subsequently, spatially transferred gene expressions were averaged at each point on the
MOE surface, considering all OSNs located within a 50 pm radius. A similar strategy was employed for OB surface mapping, where
OSN-type averaged gene expressions were assigned to each OSN glomerular projection. Expression values were again spatially
averaged within a 400 pm radius around each OB surface point. Finally, gene expression imputation values were normalized by
dividing by the 99th percentile of the signal across each surface. We note that these imputations are intended to allow the visualiza-
tion of the correlations of differential transcription across OSN populations and their spatial location within the MOE or their projection
into the OB.

Predicting glomerular positions based on gene expression and imputation

To determine if differential gene expression across OSNs is predictive of the location of their OB projection, we modified the gene
expression imputation approach described above to remove the contribution of the OSN type being evaluated. Specifically, for
each OSN type, gene expression imputations were recalculated by transferring and averaging gene expression data from all other
OSN types, excluding the selected OSN type. We then computed Pearson correlation coefficients between these modified imputa-
tions across the OB surface and the average gene expression profile of the selected OSN type. Positions exhibiting the highest cor-
relations within both the medial and lateral regions of the OB reference surface were identified as predicted projection locations
based on gene expression.

Olfactory cue exposures

Adult (8-11 week) C57BL/6J (Jackson Laboratories) or CD1 mice (Charles River), including both females and males, were used in this
study. Prior to exposures, all animals except mothers, were single housed for 2-7 days prior. CD1 mothers (2-5 days post birth) were
single-housed into the same cage for 24h upon removing their pups from the home-cage. The cue was introduced in the home-cage
of the animal to stimulate investigation of the foreign cue and minimize the introduction of other cues. After 30 minutes of exposure, in
which the subject mice were allowed to freely interact, the animals were sacrificed. Then the MOE/OB was dissected (within 5-10 mi-
nutes) and freshly embedded in OCT (Tissue-Tek) and frozen in dry ice. The MOE was placed in an Eppendorf tube in PBS and de-
gassed for 1 minute to remove air.

Acetophenone exposure

Following an odor exposure procedure published previously,*® we spotted 10pL of undiluted acetophenone solution onto a piece of
absorbing paper encased into a cassette and introduced it into the cage housing an 8-week C57BL/6J male. As in Jiang et al.,*° we
used 2 distinct concentrations of acetophenone in the spotted solution: undiluted 100% acetophenone and 1% acetophenone
(diluted in DMSO), following the protocol in Jiang et al.*°

Cat bedding exposure

~50 mL of soiled bedding was freshly sampled from the litter box of an adult female cat and introduced into the cage of the mouse (8-
week C57BL/6J male) as described above. Bedding material was used expecting to contain a naturalistic mixture of olfactory odors
excreted from the animal, including urine, feces, saliva, and fur.

Social cue exposure

A single C57BL/6J male or female mouse (8-11 weeks), or 4-5 pups (age postnatal day 2-5) were introduced into the home-cage of a
CD1 mouse (male or female, 8 weeks). The animals were allowed to freely interact for 30 minutes after which the CD1 subject mice
were sacrificed and their MOEs harvested as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS
Correlation analysis

To asses the degree of correlation between different measures we reported the Pearson Correlation Coefficient (p) calculated using
the corcoef function in the numpy package in Python for: Figures 1F, 1G, 2F, 2G, 3H, 3L, 3N, 5E-5G, S2C-S2G, S3F, and S4G-S4l.
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Statistical tests
Wilcoxon two-sided ranksums statistical test (ranksums function in scipy.stats package in Python) were used to asses statical sig-
nificant changes between quantities in: Figures 5H, 6D, 6E, 61, and S6H. Corresponding p values and numbers are indicated in figure
legends or associated main text. Wilcoxen test was preferred as it does not assume a normal distribution for the underlying
quantifications.

p values were calculated upon uniformly sampling the OR distribution for Figures 2K, S2, S2N, and S20 (* denotes p < 0.05).

Fisher exact two-sided test was used using fisher_exact function in scipy.stats package in Python for Figure 6A. Number of animals
per condition is indicated in the figure legend. The p values are tabulated in Table S7. Fisher exact test was used to handle the limited
number of positive OSNs detected for each exposure condition.

Box plots centers mark medians and span 25th/75th percentiles; notches denote 95% confidence intervals; whiskers mark the
15th/85th percentiles unless otherwise stated in the figure legends.

Estimating the relative contributions of genomic distance and sequence similarity of ORs to the spatial overlap of
their OSNs

In an attempt to disambiguate the relative contributions of genomic distance and sequence similarity of ORs to the spatial overlap of
their OSNs, we z-scored the spatial overlap (S), the genomic distance (G) and the phylogenetic sequence similarity (P) across all OR
gene pairs and fitted a multivariate linear regression model: S = A G + B P+¢ where A and B are the coefficients marking the contri-
bution of genomic distance and sequence similarity respectively and ¢ is a noise term. We analyzed 145,568 OR gene pairs and found
that A =-0.125 and C=-0.151 with corresponding t-statistics -41 and -50 respectively. We note the negative sign of the coefficients
indicates higher spatial overlap for either ORs closer in sequence or on the genome. We noticed similar contributions to the spatial
overlap from both sequence similarity and genomic distance with a bias towards sequence similarity being more predictive than
genomic distance.
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Figure S1. MERFISH probe design for ORs/TAARs and validation of OSN type identification with transgenic reporter lines, related to Figure 1
(A) Pie chart with the percentage of MERFISH encoding probes targeting the receptor coding region (green), the Ensemble-annotated UTR regions (blue), and the
extended UTR annotations*® (black).

(B) Histogram with the number of split-pairs of encoding probes across the OR/Taar repertoire.

(C) Schematic of the split-branched amplification scheme. (1) Hybridization of split-pair MERFISH encoding probes to receptor RNA. (2) Preampilifier probes (200-
nt) bind to colocalized split-pair encoding probes. (3) Amplifier probes (200-nt) bind to the 8 repetitive 20-nt binding sites on the preampilifiers. (4) Fluorescent
readout probes (30-nt) bind the repetitive 20-nt binding sites on the amplifiers.

(D) smFISH signal for s-gal in a coronal MOE section from an Olfr17-IRES-tau-lacZ transgenic animal.

(E) Max-intensity projection of a -gal+ neuron showing -gal smFISH signal (top left panel) and MERFISH signal across 14 readout cycles. Higher signal in cycles
2,7, 10, and 12 (red) identifies the cell as Olfr17+.

(F) Detection efficiency (fraction of g-gal+ cells identified as Olfr17+ in MERFISH) and misdetection rate (fraction of Olfr17+ cells in MERFISH which are g-gal—)
across two sections. The mean and standard deviation are plotted.

(G-1) Same as (D)—(F), respectively, but for Olfr16 in an Olfr16-IRES-tau-GFP transgenic line.
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Figure S2. Validating imaging-based OSN quantifications using sequencing-based results, related to Figure 1

(A) Serial coronal sectioning of the MOE and DAPI staining enabled a 3D reconstruction of the entire MOE and the identification of the sections used for MERFISH.
(B) Representative coronal sections from the most posterior, central, and anterior MOE sampled by MERFISH, overlayed with OSN positions of 4 example ORs.
Arrows indicate the turbinate features used to locate the slices within the 3D MOE volume in (A).

(C and D) Correlations between the number of OSNs per section (C) and the per-OSN expression level (D) for each OR comparing anterior with central, posterior
with central, and anterior with posterior sampled MOE sections.

(legend continued on next page)
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(E) Correlation between the average number of OSNs per section quantified by MERFISH and the number of OSNs quantified by snRNA-seq”* across ORs.
Pearson’s correlation coefficient indicated.

(F) The average OR expression per MOE slice quantified by MERFISH and bulk RNA-seq.'”

(G) Plot of the Pearson’s correlation coefficients of OR expression per slice quantified by MERFISH and by bulk RNA-seq along ~85 coronal sections covering the
entire MOE."”

(H) Correlation between the average number of OSNs per section quantified by MERFISH and the genomic distance from the top 100 most frequent OR types.
() Same as (H) using OSN numbers quantified by snRNA-seq.**

(J) Correlation between the per-OSN OR expression quantified by MERFISH and the genomic distance from the top 100 ORs with the highest expression.

(K) Same as (J) using OR expression per OSN numbers quantified by snRNA-seq. Error bars mark the standard error of the mean.

(L) Correlation between the number of OSNs per section quantified by MERFISH and the genomic distance from the nearest annotated enhancer element.
(M) Same as (L) using OSN numbers quantified by snRNA-seq.

(N) Plot of median number of OSNs/section (based on MERFISH) for the ORs within 100 kb of each enhancer element. Red line indicates the median OSN counts
across all ORs.

(O) Same as (N) for OSN numbers quantified based on the scRNA-seq.
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Figure S3. The spatial distribution of TAARs and validation of OB projection, related to Figure 2

(A) UMAP embedding of ORs based on their spatial overlap (reproduced from Figure 2B) with TAAR genes overlayed. TAARs are primarily located in the central or
mid-peripheral MOE.

(B) Example images of the spatial distribution of 3 TAAR genes within the central MOE and 2 TAAR genes within the mid-peripheral MOE.

(C) Image highlighting the TAAR projections detected within the OB.

(D) 3D projections for 5 ORs identified by serial two-photon tomography in transgenic lines with fluorescently labeled ORs. The left and right bulbs of multiple
animals were aligned to construct a unified map. This panel is reproduced from Zapiec and Mombaerts.'®

(E) MERFISH-identified projections for the corresponding ORs across the left and right OB of a female mouse.

(F) Correlation between the pairwise distances of OR projections identified in transgenic reporter lines and the corresponding pairwise distances of OR pro-
jections identified by MERFISH (Pearson correlation coefficient of 0.94).
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Figure S4. The apical-basal position of OSNs in the MOE correlates with the A-P position of their projections in the OB, related to Figure 3
(A) Example image of a central MOE section with OSNs labeled based on the average apical-basal position of each OR type. Zoom-ins are shown for 3 different
MOE regions.

(B) Zoom-in image on a MOE region with the positions of 4 example OSN types highlighted (O/fr354 and OIfr99 are more apical, while Olfr1388 and Olfr1170 are
more basal).

(C—F) Same as (A) and (B) for a posterior section (C and D) and an anterior MOE section (E and F), respectively.

(G-I) Pairwise correlation of the apical-basal position of OSNs between the most anterior, posterior, and central sections sampled in the MOE.

(J) OB projections colored based on the apical-basal position of their corresponding OSNs in the MOE (medial side).

(K) Same as (J) shown from a different view angle of the OB.

(L) Image of the OB together with the average positions of OR projections binned based on the apical-basal positions of the corresponding OSNs in the MOE. Two
parallel axes (one for medial projections and one for lateral projections) emerged along the A-P axis of the OB.
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Figure S5. D-V and A-P bias of OB projections, related to Figure 4

(A) Phylogenetic tree connecting ORs based on their sequence similarity, constructed as in von der Weid et al.®' Each node, representing an OR, is colored based
on the D-V position of the OB projection as indicated in the colormap.

(B) Correlation between distances of ORs along the phylogenetic tree of pairs of ORs and distances along the D-V projection axis. For each pair of ORs, we
calculated their distance along the tree in (A) and then binned these distances. For each bin, we represent a box plot marking the median D-V distances between
the ORs within the corresponding phylogenetic distance range. Notches represent 95% confidence intervals, the boxes mark the first and third quartiles, and the
whiskers mark the 15th and 85th percentiles.

(C and D) Same as (A) and (B), respectively, for the A-P axis of the OB.

(E) The spatial distribution in a central MOE coronal section of Cd36+ and Cd55+ OSN types based on snRNA-seq.

(F) Zoom-in images of the coronal section in (E) as indicated by the boxed regions 1,2,3.

(G) Histograms with the apical-basal index of the OSN types that are Cd36+ and Cd55+.

(H) MERFISH image of the OB onto which the projections corresponding to Cd36+ and Cd55+ OSNs are highlighted in red. Gray marks the surface of the OB.
(I) Histograms with the A-P position of the OB projections of Cd36+ and Cd55+ OSNs.
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Figure S6. The expression patterns imputed within MOE or OB for specific classes of genes, related to Figure 4

(A) UMAP representation of the MOE imputed spatial patterns (reproduced from Figure 4D) with the axonal guidance/cell adhesion molecules, transcription
factors, and signaling molecules overlayed.

(B) Same as (A) for the OB UMAP reproduced from Figure 4F.

(C) The imputed spatial patterns of the semaphorin gene family in the OB.

(D) Plot of Pearson’s correlations across genes between imputed MOE expression and a linear gradient along the basal-apical axis of the MOE. Left, middle, and
right panels catalog basal-apical expression across axonal guidance/cell adhesion molecules, transcription factors, and signaling molecules, respectively. The
gene names marked in blue are the ones highlighted in Figure 4 to facilitate comparison. Black gene names are additional genes with an absolute correlation
>0.75 and a fold change larger than 50% between apical and basal expression.

(E) Example imputed gene expression plots within turbinates of the MOE. Scale bars, 100 pm.

(F) Correlations between the average gene expression of Olfr1009, Olfr17, and OIfr1508 OSNs and the imputed expression across the OB from all the other OSN
types. The correlations were computed across the top ~5,000 differentially expressed genes across the glomerular layer.

(G) OB image showing the projections for OIfr1009, Olfr17, and Olfr1508 identified by MERFISH (green) and the two inferred projections based on the maximum
medial and lateral correlations in (F) (red).

(H) Box plots showing the distances between the computationally inferred glomeruli positions and the MERFISH-identified glomeruli positions across the OR
repertoire when using different sets of genes for computing the correlation described in (A). Purple box plot shows the distances between the predicted inferred
projections and the measured projections using the top 5,000 differentially expressed genes upon randomly shuffling the OR identities.

() UMAP embedding the imputed OB patterns, in which the genes enriched in mother-selective OSNs are highlighted in magenta. The names of a few repre-
sentative genes are marked.

(J) Images of imputed OB and MOE patterns of 4 representative genes enriched in mother-selective OSNs.
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Figure S7. Immediate early gene expression in the MOE upon exposing animals to different olfactory cues, related to Figure 5

(A) Example central coronal section of MOE exposed to 100% acetophenone.

(B) Zoom-in images of single-molecule FISH signal of mMRNA, for example, IEGs imaged in response upon 100% acetophenone exposure.

(C) Box plots with the percentage of positive OSNs (with more than 5 MRNA of each IEG) in response to 0% (unstimulated animals), 1%, and 100% acetophenone.
(D) Box plot of the percentage of OSNs positive for Egr1 (>5 molecules per cell) and OSNs positive based on an IEG score calculated as the average z-scored
expression of six genes: Egr1, Fos, Junb, Btg2, Pch10, and Nr4a1. Six olfactory stimulation conditions are quantified, as indicated, across multiple sections each.
(E) Box plot of the percentage of positive OSNs based on the IEG score that are also positive for Egr1. IEG score is calculated as in (A).

(F) Box plots of percentage of positive OSNs (>5 molecules per cell) for 12 candidate IEGs across female animals exposed to males for the unstimulated condition,
and upon 15, 30, and 90 min.
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