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SUMMARY

In mammals, olfactory sensory neurons (OSNs) are born throughout life, ostensibly solely to replace
damaged OSNSs. During differentiation, each OSN precursor “chooses,” out of hundreds of possibilities, a
single odorant receptor (OR) gene, which defines the identity of the mature OSN. The relative neurogenesis
rates of the hundreds of distinct OSN “subtypes” are thought to be constant, as they are determined by a
stochastic process in which each OR is chosen with a fixed probability. Here, using histological, single-
cell, and targeted affinity purification approaches, we show that closing one nostril in mice selectively re-
duces the number of newly generated OSNs of specific subtypes. Moreover, these reductions depend on
an animal’s age and/or environment. Stimulation-dependent changes in the number of new OSNs are not
attributable to altered rates of cell survival but rather production. Our findings indicate that the relative birth

rates of distinct OSN subtypes depend on olfactory experience.

INTRODUCTION

In mammals, neurogenesis occurs throughout life prominently in
three areas of the nervous system: the hippocampus, the olfac-
tory bulb (OB), and the olfactory epithelium (OE). In the hippo-
campus and OB, postnatal neurogenesis is an experience-
dependent process that enables the functional tuning of circuitry
and thereby plays a critical role in adapting the nervous system
to changing environments and internal brain states (Lledo and
Valley, 2016; Ming and Song, 2011; Opendak and Gould,
2015). By contrast, neurogenesis within the OE is thought to
serve the relatively mundane function of replacing olfactory sen-
sory neurons (OSNs) that are damaged through exposure to the
environment (Yu and Wu, 2017).

During OSN differentiation in mice, each OSN progenitor
chooses, from among ~1,200 possibilities, a single odorant re-
ceptor (OR) gene (McClintock, 2015; Monahan and Lomvardas,
2015) that determines the functional identity of the mature OSN.
Thus, the mouse OE contains ~1,200 distinct OSN “subtypes,”
each of which is defined by the single OR gene that it expresses.

It is well established that the relative abundance of each of the
~1,200 distinct subtypes of OSNs in the mouse OE can be
affected by olfactory experience. For example, the association
of a foot shock with a specific odorant results in a significant in-
crease in the number of OSNs that express ORs responsive to
the odorant (Dias and Ressler, 2014; Jones et al., 2008; Morrison
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etal., 2015). Moreover, bidirectional and selective changes in the
relative abundance of specific subtypes of OSNs result from the
simple deprivation of olfactory stimulation via unilateral naris oc-
clusion (UNO) (Cavallin et al., 2010; Coppola and Waggener,
2012; Fischl et al., 2014; Santoro and Dulac, 2012; Zhao et al.,
2013) or the isolation of mice from odors of the opposite sex
(van der Linden et al., 2018), as well as the simple exposure of
mice to specific odorants (Cadiou et al., 2014; Cavallin et al.,
2010; Ibarra-Soria et al., 2017; Watt et al., 2004).

Observed changes in the relative abundance of specific OSN
subtypes have been attributed to the selective lengthening or
shortening of neuronal lifespan (Cadiou et al., 2014; Cavallin
et al., 2010; Jones et al., 2008; Morrison et al., 2015; Ross and
Fletcher, 2019; Santoro and Dulac, 2012; van der Linden et al.,
2018; Watt et al., 2004; Zhao and Reed, 2001; Zhao et al,,
2013), which is predicted to cause the enrichment or depletion,
respectively, of specific OSN subtypes. In theory, changes in
the relative abundance of specific OSN subtypes could also
occur via selective changes in their rates of neurogenesis. How-
ever, such a mechanism appears to be inconsistent with the cur-
rent and widely accepted model of OSN neurogenesis. Accord-
ing to this model, the relative rates of neurogenesis of distinct
OSN subtypes are determined by the fixed probabilities with
which their OR genes are stochastically chosen for expression
(Khan et al., 2011; Serizawa et al., 2003; Vassalli et al., 2011).
This model predicts that the relative rates of neurogenesis of

Cell Reports 33, 108210, October 6, 2020 © 2020 The Authors. 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:stephen.santoro@cuanschutz.edu
https://doi.org/10.1016/j.celrep.2020.108210
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2020.108210&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CellPress

OPEN ACCESS

distinct OSN subtypes should not be affected by changes in ol-
factory experience.

Here, we sought to investigate whether olfactory stimulation
plays a role in selectively regulating the neurogenesis rates of
distinct OSN subtypes. To do so, we used UNO, a procedure
that provides a simple method for reproducibly reducing olfac-
tory stimulation (broadly defined here as both odor- and me-
chanically derived; Grosmaitre et al., 2007) on the closed side
of the OE, as well as a within-animal control (the open side of
the OE). Previous studies have found that UNO causes both se-
lective changes in the transcript levels of specific ORs (Cavallin
et al., 2010; Coppola and Waggener, 2012; Fischl et al., 2014;
Santoro and Dulac, 2012; Zhao et al., 2013) and the abundance
of OSNs of corresponding subtypes (Cavallin et al., 2010; San-
toro and Dulac, 2012; Zhao et al., 2013) on the closed side of
the OE relative to the open side. After defining a set of OSN sub-
types with altered representation following UNO, we investi-
gated whether selective changes in neurogenesis contribute to
the observed changes in OSN abundance. Here, we describe
findings that the neurogenesis rates for a fraction of OSN sub-
types are selectively regulated by olfactory stimulation. Our find-
ings suggest that, in addition to its established role in replacing
damaged OSNs, persistent OSN neurogenesis may have an un-
known adaptive function.

RESULTS

Identification of OSN Subtypes with Elevated, Reduced,
and Unchanged Representation following Olfactory
Deprivation

In order to test the hypothesis that olfactory deprivation selec-
tively affects the neurogenesis rates of specific OSN subtypes,
we first sought to identify subtypes whose representations are
altered following olfactory deprivation. To this end, we used
data from a previous study in which gene expression was profiled
on the open and closed sides of the OE of mice that were UNO
treated at postnatal day 14 (P14) and dissected at P35 (Santoro
and Dulac, 2012) (GEO: GSE39516). This study found that ~4%
of the OR genes interrogated had significantly (false discovery
rate [FDR] < 0.05) reduced transcript levels on the closed side
of the OE relative to the open side, while ~8% had significantly
elevated transcript levels (Figure 1A; Table S1). The study also
found that at least some of these differences reflected changes
in the abundance of OSNs of specific subtypes (Santoro and Du-
lac, 2012). To confirm these results and to identify additional OSN
subtypes that are altered in abundance following olfactory depri-
vation, as well as any that may instead or may additionally be
altered in their level of cellular OR mRNA (von der Weid et al.,
2015), we used RNA-fluorescence in situ hybridization (FISH) to
quantify both the abundance (Figures 1B-1D, S1, and S2) and
the cellular OR mRNA levels of specific OSN subtypes (Figures
S3A-S3C). We examined each of 15 different ORs on the open
and closed sides of the OE, including 7 representative ORs with
significantly reduced tissue transcript levels, 5 with significantly
elevated levels (Figure 1A), and 3 with unchanged levels on the
closed side of the OE relative to the open side (not shown). We
found that all 7 of the 7 ORs with reduced transcript levels on
the closed side of the OE also exhibited significantly (p < 0.001)
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reduced OSN abundance on the closed side (Figures 1B, S1A-
S1C, and S2C), 4 of the 5 ORs with elevated transcript levels on
the closed side exhibited significantly (p < 0.001) elevated OSN
abundance (Figures 1C, S1D-S1F, and S2C), and each of the 3
ORs with unchanged transcript levels on the closed side of the
OE showed no significant difference (p > 0.1) in OSN abundance
on the 2 sides (Figures S2A-S2C). For the single OR with an
elevated transcript level on the closed side but no observed differ-
ence in OSN abundance (OIfr1336), the elevation appears to be
attributable to a significant increase in cellular OR mRNA (Figures
S3A-S3C). Overall, however, differences in OR transcript levels
on the 2 sides of the OE correlated much more strongly with dif-
ferences in OSN abundance (r = 0.96; p = 2 x 1078 than with
cellular OR mRNA levels (r = 0.65; p = 0.013) (Figures 1D and
S3B). Moreover, these histology-based comparisons of cellular
OR mRNA levels are consistent with comparisons based on sin-
gle-cell RNA sequencing (scRNA-seq) (Figure S3D). To control for
potential experimental artifacts associated with increased airflow
through the open nostril following UNO (Coppola, 2012) or
inherent differences between the 2 sides of the OE, we prepared
samples from mice that did not receive UNO treatment and
analyzed the abundance of 5 subtypes of OSNs that had ex-
hibited altered abundance following olfactory deprivation. This
analysis revealed no significant differences (p > 0.1) in the abun-
dance of these OSNs between the OE of untreated mice and the
open-side OE of UNO-treated mice (Figure S3E) or between the
left and right sides of the OE of untreated mice (Figure S3F). These
findings confirm previous observations that olfactory deprivation
can alter the abundance of specific subtypes of OSNs and define
distinct sets of OSN subtypes with elevated, reduced, and un-
changed abundance following olfactory deprivation.

A Histological Approach to Quantify the Abundance of
Newly Generated OSNs of Specific Subtypes

Having identified OSN subtypes with elevated and reduced
abundance following olfactory deprivation, we sought to investi-
gate whether neurogenesis plays arole in either (or both) of these
categories of changes. For this purpose, we developed a histo-
logical approach to quantify the abundance of newly generated
OSNs of any specific subtype of interest. The approach involves
identifying cells that have incorporated the nucleotide analog
EdU (5-ethynyl-2’-deoxyuridine) into their DNA during cell divi-
sion (detected via click-chemical conjugation of a fluorophore)
and subsequently express an OR of interest (detected via
FISH) (Figure 2A). For the initial experiments, OE samples to be
analyzed were generated according to the timeline in Figure 2B,
in which mice were UNO treated at P14, EdU injected at P28, and
sacrificed between P30 and P56. OE sections were double
stained for EAU and mRNAs encoding each of the 15 ORs and
then quantified to determine the number of cells positive for
both (as well as the total number expressing each OR) on both
the open and closed sides of the OE. In order to investigate
changes in the abundance of new OSNs of specific subtypes,
we first sought to establish the time period following EdU label-
ing when new OSNs could be accurately quantified. We defined
this period as beginning after OR mRNA is detectable in a near-
maximal fraction of EdU-labeled OSNs and ending before the
elimination of EAU™ immature OSNs that fail to survive to maturity
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Figure 1. Identification of OSN Subtypes with Elevated, Reduced, and Unchanged Abundance following Olfactory Deprivation
(A) ORs significantly differentially expressed (FDR < 0.05) between the open and closed sides of the OE of mice UNO treated at P14 and dissected at P35 (Santoro
and Dulac, 2012) (Table S1). Blue and orange bars: ORs analyzed that have reduced and elevated transcript levels, respectively, on the closed side of the OE

relative to the open side. Error bars: SEMs.

(B and C) Representative images (left) and quantifications (right) of differences in the abundance of OIfr827- and Olfr1414-expressing OSNs between the open
and closed sides of the OE following UNO. The lines and colors represent distinct sections (s) and mice (m), respectively. n (m) = 11; n (s) = 44 (B) or 50 (C).
p values: 2-tailed paired t tests; pairs, individual mice or sections. Scale bars: 500 um. Error bars: SEMs.

(legend continued on next page)
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(Kondo et al., 2010). To determine these time points, we calcu-
lated for each of the 15 OSN subtypes analyzed in this study
the open-side fraction of OR™ cells that are also EAU*, normal-
ized for the maximal overlap frequency for each OSN subtype,
and plotted the averages of these values across 10 time points
ranging from 2 to 28 days post-EdU labeling (Figure 2C). This
analysis revealed that the frequency of cells positive for both
EdU and an OR reaches a maximum between 4 and 12 days
post-EdU labeling and falls off rapidly thereafter. These results
are consistent with previous findings that OR expression is
detectable in immature OSNs ~4 days after labeling with a
nucleotide analog (Coleman et al., 2017; Rodriguez-Gil et al.,
2015) and that a large fraction of OSNs undergoes apoptosis af-
ter ~14 days (Kondo et al., 2010; Mackay-Sim and Kittel, 1991).
Thus, new OSNs were quantified on the basis of both EdU label-
ing and OR expression in mice sacrificed 4-12 days post-EdU la-
beling (P32-P40).

Olfactory Deprivation Selectively Reduces the
Abundance of Newly Generated OSNs of Specific
Subtypes

Using tissue generated according to the timeline in Figure 2B and
the time course established in Figure 2C, we quantified the rela-
tive abundance of new OSNs of each of the 15 subtypes on the
open and closed sides of the OE. Strikingly, 5 of the 7 OSN sub-
types that had shown reduced overall representation on the
closed side of the OE following UNO also exhibited a significantly
(p < 0.05) reduced abundance of new OSNs on the closed side
compared to the open side (Figures 3A-3C, S4A, and S4B).
For example, the abundance of new OIfr827-expressing OSNs
was reduced 5-fold following olfactory deprivation (p < 0.01; Fig-
ures 3A and 3B, left). By contrast, all 8 of the 8 OSN subtypes that
had shown either elevated OSN abundance or no difference in
abundance on the closed side exhibited no significant difference
(p > 0.05) in the abundance of newly generated OSNs on the 2
sides of the OE (Figures 3B, right, 3C, S4D, and S4E). No signif-
icant (p > 0.05) subtype-specific differences in the abundance of
new OSNs were observed between the untreated OE and the
open OE of UNO-treated mice (Figure S5A) or between the left
and right sides of the OE of untreated mice (Figure S5B), indi-
cating that the observed differences in the abundance of new
OSNs of specific subtypes are not a result of increased airflow
through the open nostrils of UNO-treated mice or to inherent dif-
ferences on the 2 sides of the OE. These results indicate that ol-
factory deprivation selectively reduces the abundance of new
OSNs corresponding to a fraction of OSN subtypes.

The Extent to which Olfactory Deprivation Reduces the
Abundance of New OSNs of Specific Subtypes Varies
with Age and/or Environment

Curiously, 2 of the 7 OSN subtypes that had shown a reduced
overall abundance on the closed side (O/fr1313 and Olfr522) ex-
hibited no significant reduction in the abundance of newly gener-
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ated OSNs (Figures 3C and S4A). Because the observed differ-
ences in OSN abundance could have arisen at any time from
the start of UNO (P14) until OE dissection (P35), whereas any
observed differences in newly generated OSNs reflect the time
point of EdU labeling (P28), we considered the possibility that
the reduced overall abundance of OIfr1313- and Olfr522-ex-
pressing OSNs may reflect differences in OSN production that
occurred after UNO (P14) but before EdU labeling (P28). If so,
then this would indicate that the degree to which a specific
OSN subtype undergoes stimulation-dependent changes in the
abundance of new OSNs varies depending on an animal’s age
and/or environment. To investigate this possibility, we generated
OE tissue from mice that had undergone UNO treatment, EdU la-
beling, and sacrifice ~2 weeks earlier (at P1, P14, and P21,
respectively) and quantified new OSNs of 8 subtypes, including
OIfr1313 and OIfr522. These analyses revealed a significant (p <
0.01) reduction in the abundance of new OSNs expressing
Olfr1313 and OIfr522 on the closed side of the OE compared
to the open side (Figures 3D, S4A, and S4C), indicating that
these subtypes undergo stimulation-dependent changes in the
abundance of new OSNs at P14, but not at P28. By contrast,
the OIfr1325 subtype, which showed a 5-fold reduction in the
abundance of new OSNs on the closed side at P28 (p < 0.01),
showed no significant difference at P14 (Figures 3D and S4A).
Moreover, 2 OSN subtypes (OIfr827 and OIfr855) showed stimu-
lation-dependent changes in the abundance of new OSNs at
both P28 and P14, while 3 subtypes (Olfr1414, Olfr711, and
Olfr1463) showed no stimulation-dependent changes in the
abundance of new OSNs at either time point (Figures 3D, S4A,
S4D, and S4E). Thus, the degree to which specific OSN subtypes
undergo stimulation-dependent changes in the abundance of
new OSNs depends on an animal’s age and/or environment.

Subtype-Specific Changes in the Abundance of New
OSNSs Are Positively Regulated by Olfactory Stimulation
In considering the mechanism by which subtype-specific
changes in the abundance of new OSNs occur, a key question
is whether these changes are positively regulated via olfactory
stimulation, negatively regulated via the absence of olfactory
stimulation, or both. If positive regulation plays a role, then
OSN subtypes that exhibit stimulation-dependent changes in
new OSN abundance should show an above-average abun-
dance of new OSNs on the open side, relative to total open-
side OSNs of the same subtype. If negative regulation plays a
role, then these subtypes should show a below-average relative
abundance of new OSNs on the closed side. To investigate these
scenarios, we compared the relative abundance of new OSNs of
subtypes that undergo stimulation-dependent changes in new
OSN abundance to that of controls on the 2 sides of the OE.
These analyses revealed a significantly (p = 0.038) higher relative
abundance of new OSNs on the open side for subtypes that un-
dergo stimulation-dependent changes in new OSN abundance
compared to controls, but no significant difference (p = 0.11)

(D) Plot of log, fold differences between the closed and open sides of the OE in the abundance of OSNs of specific subtypes versus tissue OR transcript levels.
Blue, orange, and gray circles: ORs with reduced, elevated, and unchanged tissue OR transcript levels, respectively, on the closed side relative to the open.

Green line: equal abundance on the 2 sides of the OE.
See also Figures S1-S3 and Table S1.
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on the closed side (Figures 3E and S5C). These findings suggest
that subtype-specific changes in the abundance of new OSNs
are positively regulated by olfactory stimulation and not inhibited
by a lack thereof.

scRNA-Seq and Translating Ribosome Affinity
Purification Sequencing (TRAP-Seq) Analyses Support
Findings That Olfactory Deprivation Selectively

Reduces the Abundance of New OSNs of Specific
Subtypes

To corroborate histological findings that olfactory deprivation
selectively reduces the abundance of new OSNs of specific sub-
types, we used two additional approaches. In the first, we used
whole-tissue scRNA-seq to quantify new OSNs of specific sub-
types from the open and closed sides of the OE of a mouse that
was UNO treated at P14 and sacrificed at P28. Following the
identification of cell clusters comprising OSNs using known ge-
netic markers, new OSNs of specific subtypes were identified
within these clusters based on their co-expression of Gap43,
an established marker of immature OSNs (Mclintyre et al.,
2010; Verhaagen et al., 1989), and specific ORs (Figure 4A).
We then categorized new OSNs according to whether they
were of subtypes that had been found via histology to undergo
stimulation-dependent changes in new OSN abundance (“stim-
ulation-dependent”) or, rather, to not undergo such changes
(“stimulation-independent”) (Figure 4A, bottom). Consistent
with the histological findings, the scRNA-seq analyses found
that new OSNs of stimulation-dependent subtypes exhibited a
3.2-fold lower abundance (normalized to the number of cells in

15 20 25 30
EdU+ OSN age (days post-EdU)
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Figure 2. Histological Approach to Quantify
the Abundance of Newly Generated OSNs of
Specific Subtypes

(A) Identification, within sections of OE from mice
injected with the nucleotide analog EdU, of OSNs
that contain both nuclear EdU (red; detected via
click chemistry) and mRNA encoding an OR
(green; detected via FISH). The yellow cell (white
arrow) is a new OIfr912-expressing OSN. Scale
bar: 20 pm.

(B) Initial experimental timeline for the generation
of OE samples used to quantify the abundance of
new OSNs that express specific ORs. OE samples
were from mice UNO treated at P14, EdU injected
at P28, and sacrificed between P30 and P56.

(C) Plot of the average open-side fraction of OR*
cells that are also EdU*, normalized for the
maximal overlap frequency for each of the 15 OSN
subtypes analyzed in this study, as a function of
EdU-labeled OSN age. Shaded region: time win-
dow used for new OSN quantification. Error bars:
SEMs.

each library) on the closed side of the
OE relative to the open side (Figure 4B,
left), while new OSNSs of stimulation-inde-
pendent subtypes showed nearly-unal-
tered abundance (1.1-fold higher on the
closed side) (Figure 4B, right). Consid-
ering that all of the OSN subtypes that
had been found via histology to undergo stimulation-dependent
changes in new OSN abundance corresponded to ORs with
reduced transcript levels on the closed side of the OE (Table
S1), we used the scRNA-seq data to examine whether this latter
category of subtypes showed stimulation-dependent changes in
OSN abundance (Figure 4C). Consistent with this prediction,
new OSNs of subtypes corresponding to ORs with reduced tran-
script levels on the closed side exhibited 1.7-fold lower abun-
dance on the closed side of the OE compared to the open side
(Figure 4C, left), while those corresponding to subtypes with
elevated transcript levels showed unaltered abundance (Fig-
ure 4G, right).

In a second additional approach, we used TRAP-seq to profile
OR expression within new OSNs following tamoxifen-induced
activation of a “RiboTag” allele (Sanz et al., 2009) within Asc/1-
expressing OSN progenitors (Cau et al., 1997; Kim et al., 2011;
Rodriguez-Gil et al., 2015) (Figures 4D-4F). Using this approach,
we sought to analyze the transcript levels of ORs corresponding
to the OSN-subtype categories defined in the scRNA-seq
analyses. Consistent with findings via both histology and
scRNA-seq, TRAP-seq revealed that ORs corresponding to
stimulation-dependent subtypes exhibited a 2.3-fold reduction
in new-OSN transcript levels on the closed side of the OE (Fig-
ure 4G, left), while ORs corresponding to stimulation-indepen-
dent subtypes showed nearly unaltered new OSN levels (1.1-
fold lower on the closed side; Figure 4G, right). Moreover, in
line with findings from scRNA-seq, the TRAP-seq analyses found
that ORs with reduced whole-tissue transcript levels on the
closed side of the OE exhibited a 1.9-fold reduction in new
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OSN transcript levels on the closed side (Figure 4H, left), while
ORs with elevated whole-tissue transcript levels on the closed
side showed nearly unaltered new OSN levels (1.2-fold higher
on the closed side; Figure 4H, right). Although limited in their sta-
tistical power by the small number of OSNs of each subtype rep-
resented in the datasets, the results of comparisons based on
both scRNA-seq and TRAP-seq support the histological findings
that olfactory deprivation selectively reduces the abundance of
new OSNs of a fraction of subtypes.

Olfactory Deprivation Does Not Increase the Overall
Rate of Cell Death among OSNs or OSN Precursors

In principle, olfactory deprivation-induced reductions in the
abundance of newly generated OSNs of specific subtypes could
be due to subtype-specific reductions in either the birth rates of
new OSNs or the survival of new OSNs or their precursors. In the
latter case, we may expect to observe an overall higher fre-
quency of apoptosis on the closed side of the OE compared to
the open side among new OSNSs or their precursors. To investi-
gate this possibility, we compared the frequency of active-
CASP3" (Figures 5A and 5B) or TUNEL" cells (Figures 5C and
5D) on the open and closed sides of the OE among mature
OSNs, which were identified by OMP expression (Figures 5A,
5B, 5C, yellow arrows, and 5D, left), and among OSN precursors
(OSN stem cells, OSN progenitors, and immature OSNs), which
were identified by their basal location within the epithelium and a
lack of OMP expression (Figures 5A, 5B, 5C, white arrows, and
5D, right). These analyses revealed that the frequency of
apoptosis is not elevated on the closed side among mature
OSNs or OSN precursors, but rather is significantly reduced
within both populations (Figures 5B and 5D). These results sug-
gest that reductions in the abundance of new OSNs of specific
subtypes following olfactory deprivation are not mediated by se-
lective apoptosis.

Deprivation-Induced Changes in the Abundance of New
OSNSs of Specific Subtypes Are Observed Immediately
following OR Expression Onset

If observed reductions in the abundance of new OSNs of specific
subtypes are caused by their selective elimination, we may
expect to see a gradual decrease in their relative abundance
on the closed side of the OE compared to the open side. By
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contrast, if these reductions reflect reduced rates of production,
then we would expect to observe that differences are present
immediately following OSN birth and are stable over time. To
investigate these alternatives, we compared the relative abun-
dance of new OSNs of subtypes that show stimulation-depen-
dent changes in new OSN abundance on the closed and open
sides of the OE over time following EdU injection (Figure 5E).
This analysis revealed that subtype-specific differences in new
OSN abundance are observed immediately following OR expres-
sion (4 days post-EdU) and are stable (mean, 4.3-fold over the
time points analyzed), with no significant correlation between
the closed:open ratio and time (r = —0.46; p = 0.36). These find-
ings provide additional evidence that olfactory deprivation-
induced reductions in the abundance of new OSNs of specific
subtypes are not mediated by their selective elimination.

Olfactory Stimulation Increases the Overall Abundance
of New OSNs, Predominantly within Zones 2 and 3

In theory, stimulation-dependent increases in the production of
OSNs of specific subtypes could reflect either increases in the
production of these subtypes at the expense of others or, rather,
independent increases in the production of these subtypes. In
the former case, a similar overall abundance of new OSNs would
be expected on the 2 sides of the OE following UNO, while in the
latter case, a greater overall abundance of new OSNs would be
expected on the open side. To investigate these alternatives, we
quantified the density of total EAU™ cells within 4 broad OE
zones, as defined previously (Miyamichi et al., 2005; Norlin
et al., 2001; Ressler et al., 1993; Vassar et al., 1993), and found
significantly (p < 0.05) higher densities on the open side
compared to the closed side within zones 2 and 3 (Figures 6A-
6C). In principle, the higher density of EdU* cells on the open
side within zones 2 and 3 could reflect an increased abundance
of either new OSNs or label-retaining OSN precursors. To distin-
guish between these possibilities, we quantified the zone-spe-
cific densities of cells positive for both EAU and Omp, a marker
of OSNs, and the densities of basally located cells positive for
EdU and negative for Omp within the OEs of mice UNO-treated
at P14, EdU injected at P28, and sacrificed at P35 (Figures 6D
and 6E). Within zone 2, in which we had observed a higher overall
density of EJU* cells on the open side, we found a significantly
higher density of cells positive for both Omp and EdU

Figure 3. Olfactory Deprivation Selectively Reduces the Abundance of Newly Generated OSNs of Specific Subtypes

(A) Representative image of an OE section from a UNO-treated and EdU-labeled mouse stained for O/fr827 mRNA and EdU. The yellow cells (white arrows) are
new OSNs that are EdU* and OIfr827 expressing. EdU: P28. Scale bar: 500 pm.

(B) Quantification of differences in the abundance of new OIfr827- (left) and Olfr1414-expressing OSNs (right) between the open and closed side of the OE. EdU:
P28. The lines and colors represent distinct sections (s) and mice (m), respectively. n (m) = 9 (left) or 8 (right); n (s) = 38 (left) or 41 (right). p values: 2-tailed paired
t tests; pairs, individual mice or sections.

(C) Volcano plot of p value (2-tailed paired t test, OE sections) versus log, fold difference between the closed and open sides of the OE in the abundance of EJU*
OSNs of the indicated subtypes. Green line: p < 0.05. Blue, orange, and gray circles: OSN subtypes with reduced, elevated, and unchanged tissue OR transcript
levels, respectively, on the closed side relative to the open. EdU: P28.

(D) Comparison of differences in the abundance of EQU* OSNs of specific subtypes on the open and closed sides of the OE at P14 and P28. Blue, orange, and
gray circles: OSN subtypes with reduced, elevated, and unchanged tissue OR transcript levels, respectively, on the closed side relative to the open. Light colors:
UNO treated at P1, EdU labeled at P14, and sacrificed at P21. Dark colors: UNO treated at P14, EdU labeled at P28, and sacrificed at P32-P40. Green line: equal
abundance on the 2 sides of the OE. *p < 0.05 (2-tailed paired t test, OE sections).

(E) Comparison of average OR-specific EJU* OSN frequencies between the open and closed sides of the OE for 5 subtypes that undergo stimulation-dependent
changes in EQU* OSN abundance (OIfr827, Olfr1325, OIfr855, Olfr1357, and OIfr308; left) and 3 control subtypes that do not (O/fr867, Olfr1463, and OIfr958; right).
EdU: P28. Error bars: SEMs. p values: 2-tailed t tests.

See also Figures S4 and S5.
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(p < 0.01; Figure 6D, bottom left) and a significantly greater frac-
tion of EAU* cells within the neuroepithelium and basal layer that
were also Omp™ (p < 0.01; Figure 6D, bottom right). By contrast,
we observed no significant difference in the density of basally
located cells positive for EAU and negative for Omp in zone 2
(Figure 6D, bottom center). Within zone 1, in which we had
observed a small but statistically insignificant difference in the
overall density of EJU" cells on the 2 sides, we found similarly
small and insignificant differences in the density of cells positive
for both Omp and EdU (Figure 6E, bottom left) and the fraction of
EdU* cells that were also Omp™ (Figure 6E, bottom right). As in
zone 2, within zone 1 we observed no significant difference in
the density of basally located cells positive for EQU and negative
for Omp (Figure 6E, bottom center). These findings indicate that
olfactory stimulation increases the overall abundance of new
OSNs and that these changes occur predominantly within zones
2 and 3.

The 7 OSN subtypes that we found undergo stimulation-
dependent changes in new OSN abundance are distributed
throughout the OE, with 2 subtypes located in zone 1
(OIfr1357 and OIfr522), 1 in zone 2 (OIfr855), 3 in zone 3
(Olfr1325, OIfr827, and OIfr308), and 1 in zone 4 (Olfr1313)
(Table S1). By contrast, all 5 of the 5 OSN subtypes that ex-
hibited elevated tissue OR transcript levels following olfactory
deprivation (OIfr1414, Olfr711, OIfr1368, OIfr1336, and
OIfr370, none of which undergoes stimulation-dependent
changes in new OSN abundance) are located in zone 4. These
results are broadly consistent with the higher concentration of
stimulation-dependent changes in new OSN abundance
observed within zones 2 and 3 (Figures 6A-6E), as well as
with a mechanism in which olfactory stimulation increases the
production of the OSNs of some subtypes that are not recipro-
cated by decreases in others.

Subtypes That Undergo Stimulation-Dependent
Changes in New OSN Abundance Are Not Specified by
Zonal Location

Considering that OSN subtypes that undergo stimulation-
dependent changes in new OSN abundance appear concen-
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trated in zones 2 and 3, we wondered whether subtypes that un-
dergo these changes are spatially distinguished from subtypes
that do not. To investigate this, we used 2-color RNA-FISH to
analyze the relative locations of pairs of OSN subtypes. These
analyses revealed that subtypes that undergo stimulation-
dependent changes in new OSN abundance, such as those
that express OIfr827 and Olfr1325, are intermingled with sub-
types that do not, such as those that express Olfr1463 (Figures
6F and S6A). Thus, stimulation-dependent changes in new
OSN abundance do not appear to be specified by zonal location.

Subtypes That Undergo Stimulation-Dependent

Changes in New OSN Abundance Are Not Distinguished
by Neuronal Activity Level

What distinguishes the fraction (~4%) of OSN subtypes that un-
dergo stimulation-dependent changes in new OSN abundance
from those that do not? We considered whether these subtypes
may receive either substantially above- or below-average levels
of olfactory stimulation in an unblocked OE. To address this, we
used 2-color RNA-FISH to semiquantitatively measure (Huber
et al., 2018) S100a5 transcript abundance, which increases
with neuronal activity (Bennett et al., 2010; Fischl et al., 2014;
McClintock et al., 2014; Serizawa et al., 2006) (Figure 7A), within
specific OSN subtypes on the 2 sides of the OE of UNO-treated
mice, normalized to the average for open-side OSNs (Figure 7B).
As expected, all of the subtypes analyzed exhibited significantly
(p < 0.001) reduced S700a5 mRNA levels on the closed side of
the OE relative to the open side. However, the degree to which
naris closure reduces S7100a5 transcript levels was found to
vary among OSN subtypes, perhaps reflecting the incomplete
elimination of odors (Coppola et al., 1994) and the diversity of
odorant affinities and odor-independent activity levels (Imai
et al., 2006) among ORs. Interestingly, subtypes found to un-
dergo stimulation-dependent changes in new OSN abundance
at P28 (e.g., OIfr1325, OIfr827, and OIfr855) have open-side
S100a5 levels at P35 that are close to average compared to
open-side OSNs as a whole (Figures 7B, left, and 7C), indicating
that activity levels are likely not a distinguishing feature of these
subtypes. Notably, OSNs of the OIfr1313 subtype, which shows

Figure 4. scRNA-Seq and TRAP-Seq Analyses Support Findings That Olfactory Deprivation Selectively Reduces the Abundance of New
OSNs of Specific Subtypes

(A) scRNA-seq analysis of OE cells from mice UNO treated at P14 and dissected at P28. Top: aggregated k-means clusters of sequenced cells from the open (left)
and closed (right) sides of the OE. Based on known markers, clusters 4 (red) and 5 (purple) contain the majority of OSNs in the dataset. Center: analysis of Omp
(mature OSNs) and Gap43 (immature OSNSs) expression in cells from the open and closed sides. Bottom: magnified view of clusters 4 and 5, showing Gap43*
OSNs of represented subtypes that were found via histology to undergo stimulation-dependent changes in new OSN abundance at P28: OIfr827, Olfr1325,
OIfr855, and Olfr1357 (red circles); and control subtypes that were found not to do so: Olfr1414, Olfr711, Olfr1368, Olfr370, Olfr1336, Olfr1463, and OIfr867 (black
circles).

(B) Quantification of Gap43* OSNs of represented subtypes found via histology to undergo (left) or not undergo (right) stimulation-dependent changes in new OSN
abundance at P28.

(C) Quantification of Gap43* OSNs of subtypes expressing ORs with reduced (log, fold change < —0.5; left) or elevated (log, fold change > 0.5; right) tissue OR
transcript levels on the closed side of the OE relative to the open side (Table S1).

(D and E) Schematic (D) and experimental timeline (E) of TRAP-seq approach for profiling OR expression within new OSNs on the open and closed sides of the OE.
(F) Anti-HA-stained OE section from a P35 Asc/1-CreERT2(+/—)/Ribotag(+/+) mouse tamoxifen injected at P28/P29. Scale bar: 500 um.

(G) Quantification of TRAP-seq transcript counts for ORs expressed in OSN subtypes found via histology to undergo (left) or to not undergo (right) stimulation-
dependent changes in new OSN abundance at P28.

(H) Quantification of TRAP-seq transcript counts for ORs with reduced (log, fold change < —0.5; left) or elevated (log, fold change > 0.5; right) tissue OR transcript
levels on the closed side of the OE relative to the open side (Table S1).

Each line represents a specific OSN subtype (B and C) or OR (G and H). p values: 2-tailed paired t test; pairs, OSN subtypes (B and C) or ORs (G and H). Error bars:
SEMs.

Cell Reports 33, 108210, October 6, 2020 9



- ¢ CellP’ress Cell Reports

i B 15- 1
active- =
A £ p =0.0004 (s)
E
[72])
3 1.0 1
(3]
+
™
Q.
(72}
Sos 1 &
o
2 N
i)
0.0 -
Open Closed open closed open closed
OMP+ OMP-
D s 1
' p =0.03 (s) p =0.04 (s)
TR
5 1.0 \ 1
E T
N~
W o.51 — .
=) —
= — \
Open Closed open closed open closed
OMP+ OMP-
E —
& 0.8
-9
© O
£3 8 os
X ¢ 2>
© c 9
E23
o © = 0.4
g T O ‘O open
..3 % 8 O closed
oo 02
w °f L
14
S
2 4 6 8 10 12 14

EdU+ OSN age (days post-EdU)

Figure 5. Deprivation-Induced Reductions in the Abundance of Newly Generated OSNs of Specific Subtypes Are Not Attributable to Cell
Death

(A-D) Representative images (A and C) and quantification (B and D) of OE sections from UNO-treated mice stained for OMP and either active-CASP3* (A and B) or
TUNEL" (C and D). OSN precursors were identified by their basal location within the OE and the lack of OMP expression (white arrows; B and D, left). Mature OSNs
were identified by OMP expression (yellow arrows; B and D, right). The lines and colors represent distinct sections (s) and mice (m), respectively.n(s) =11 (B) or 14
(D); n (m) = 2. p values: 2-tailed paired t tests; pairs, individual sections. Mice were UNO treated at P14 and dissected at P35. Scale bars: 50 um. Error bars: SEMs.
(E) Plot of the average ratio of OR*/EdU* OSNSs to total open-side OR™ OSNs on the open and closed sides for the 5 OSN subtypes found to undergo stimulation-
dependent changes in new OSN abundance at P28 (Olfr827, Olfr1325, Olfr855, Olfr1357, and Olfr308) as a function of OSN age (days post-EdU). Data for each
subtype are normalized by the maximal frequency of OR*/EdU* labeling for that subtype. Mice were UNO treated at P14, EdU injected at P28, and dissected at
P32-P40. Error bars: SEMs.
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Figure 6. Olfactory Stimulation Increases the Overall Abundance of New OSNs, Predominantly within Zones 2 and 3

(A-C) Representative images (A and B) and quantification (C) of EdU-stained OE sections from UNO-treated and EdU-injected mice. OSNs were quantified within
paired sub-regions of the 4 OE zones (dashed boxes). The lines and colors represent distinct sections (s) and mice (m), respectively. n (s) = 9; n (m) = 3.

(D and E) Representative images (top) and quantification of the density (bottom) of cells within paired sub-regions of zone 2 (D) or zone 1 (E) of OE sections stained
for EAU and Omp mRNA. New OSNs (yellow arrows; bottom left) were defined as positive for both EAU and Omp. OSN precursors were defined as basally
located, EAU* and Omp . Bottom right: fraction of EdU™ cells within the neuroepithelium and basal layer that are Omp*. The lines represent distinct sections (s);

(legend continued on next page)
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stimulation-dependent changes in new OSN abundance at P14
but not P28, exhibit below-average open-side levels of S100a5
mRNA at P35 (Figure 7B, center), suggesting that a specific
odor required to stimulate the neurogenesis of these OSNs at
P14 may be absent at P28 and P35. By contrast, OSNs of
subtypes that are elevated in abundance on the closed side
(e.g., OIfr1368, Olfr711, and Olfr1414), which do not undergo
stimulation-dependent changes in new OSN abundance, exhibit
open-side S700a5 mRNA levels that are well above average
(Figures 7B, right, and 7D). These results indicate that these
subtypes receive above-average levels of olfactory stimulation
on the open side and that olfactory deprivation may increase
their abundance by protecting them from overstimulation and
thereby lengthening their lifespan (Cavallin et al., 2010; Ibarra-
Soria et al., 2017; van der Linden et al., 2018). Similar results
were obtained using the Kirrel2 transcript as a reporter of OSN
activity (Figure S6B) (Fischl et al., 2014; Serizawa et al., 2006)
(not shown).

To corroborate the RNA-FISH-based findings, we used
whole-tissue scRNA-seq to analyze S700a5 expression within
individual OSNs from the open and closed sides of the OE of
a mouse that was UNO treated at P14 and sacrificed at P28
(Figure 7E, top center). To enhance statistical power, we group-
ed OSN subtypes according to whether they undergo stimula-
tion-dependent changes in their new OSN abundance at P28
(Figure 7E, bottom). Consistent with RNA-FISH, scRNA-seq
showed that stimulation-dependent subtypes exhibit only mod-
erate open-side levels of S7100a5 (Figure 7F). Moreover, stimu-
lation-independent subtypes that are elevated in their total OSN
abundance on the closed side of the OE, exhibit S700a5 tran-
script levels that are, on average, ~5-fold higher than the pop-
ulation. These findings indicate that the ability of specific OSN
subtypes to undergo stimulation-dependent changes in new
OSN abundance is not determined by their normal level of
neuronal activity.

DISCUSSION

Findings from a combination of histological, scRNA-seq, and
TRAP-seq approaches reveal that olfactory deprivation selec-
tively reduces the abundance of new OSNs of specific subtypes.
These findings raise several mechanistic questions, the answers
to which are anticipated to provide important insights into how
the olfactory epithelium develops and changes based on
experience.

Do Stimulation-Dependent Changes in the Abundance
of Newly Generated OSNs of Specific Subtypes Reflect
Altered Production or Altered Survival?

Subtype-specific reductions in the abundance of new OSNs
following olfactory deprivation could reflect that either fewer

Cell Reports

OSNs of these subtypes are produced or that fewer survive
following production. Two lines of evidence from our results
disfavor a mechanism involving reduced survival. First, such a
mechanism may be expected to increase the rate of apoptosis
among new OSNSs or their precursors following olfactory depri-
vation. In fact, however, the rates of apoptosis among both
OMP™ cells (OSN stem cells, OSN progenitors, and immature
OSNs) and OMP™ cells (mature OSNs) are not increased, but
rather reduced following deprivation (Figures 5A-5D). Second,
a mechanism involving reduced survival may be expected to
cause olfactory deprivation-induced reductions in new OSN
abundance to become more pronounced over time as cell death
proceeds. In fact, however, maximal deprivation-induced reduc-
tions are observed at the earliest time points of OSN develop-
ment following OR expression onset and are stable over time
(Figure 5E). Although these analyses do not completely rule out
the possibility of subtype-specific reductions in the survival of
new OSNSs or their precursors (see Limitations of Study), they
appear to favor a mechanism in which olfactory stimulation pro-
motes the selective production of OSNs of specific subtypes.

How Might Olfactory Stimulation Promote the
Production of Specific Subtypes of OSNs?

Evidence that olfactory stimulation can selectively promote the
production of OSNs of specific subtypes is unexpected based
on the current model of OSN neurogenesis, which predicts that
the relative birth rates of distinct OSN subtypes are determined
by stochastic OR choices (Khan et al., 2011; McClintock, 2015;
Monahan and Lomvardas, 2015; Serizawa et al., 2003; Vassalli
et al., 2011). How might our findings be explained?

One hypothesis is that olfactory stimulation can increase the
neurogenesis of specific subtypes of OSNs by somehow biasing
OR choice or stabilization. In this scenario, stimulation-derived
signals may alter the probabilities with which OSN progenitors
choose ORs, such that specific OR genes are preferentially cho-
sen or stabilized for expression at the expense of others. In addi-
tion to its apparent incompatibility with the stochastic model of
OR choice, this hypothesis is also inconsistent with 2 lines of ev-
idence. First, olfactory stimulation significantly increases the
overall rate of OSN production (Figures 6A-6E) (Cummings and
Brunjes, 1994; Farbman et al., 1988; Mirich and Brunjes, 2001;
Suh et al., 2006), which appears incongruous with a mechanism
involving altered OR choice. Second, we have found no evidence
that stimulation-dependent increases in the production of OSNs
of some subtypes are reciprocated by decreases in the produc-
tion of others. While all (7/7) of the OSN subtypes analyzed based
on their reduced representation on the closed side of the OE
were found to undergo deprivation-induced reductions in birth
rate, none (0/5) of the subtypes analyzed based on elevated rep-
resentation on the closed side showed corresponding increases
in birth rate (Figures 3 and S4D).

the colors represent identical sections within adjacent graphs. *p < 0. 05 (s); **p < 0. 01 (s); n.s., p > 0. 05 (s). n = 10 (D) or 6 (E) sections from 3 mice. Scale bars:

40 um.

(F) Representative image of an OE section from a UNO-treated mouse stained for O/fr827 mRNA (red) and Olfr1463 mRNA (green).
Scale bars (A and F): 500 um. Mice were UNO treated at P14, EdU injected at P28, and dissected at P35. p values: 2-tailed paired t tests; pairs, individual mice or

sections. Error bars: SEMs.
See also Figure S6A.
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A second hypothesis is that olfactory stimulation can increase
the birth rates of specific OSN subtypes independently of others.
In this scenario, stimulation-derived signals may promote the
proliferation of mitotic OSN progenitors that are predisposed
to specific OR fates. This hypothesis is consistent with the
observation that olfactory stimulation increases the overall rate
of OSN neurogenesis and the lack of evidence that stimula-
tion-dependent increases in the birth rates of specific subtypes
are reciprocated by decreases in others. However, OR choice
is assumed to begin within postmitotic OSN precursors based
on the time point at which OR expression is first detectable (Co-
leman et al., 2017; Fletcher et al., 2017; Rodriguez-Gil et al.,
2015). Whether OR choice may precede OR expression and
begin before terminal mitosis is an open question. In this regard,
it is notable that LSD1, which plays a key role in OR choice
(Lyons et al., 2013), is highly expressed within mitotic globose
basal cells (GBCs) (Coleman et al., 2017). It is also notable that
the number of GBC divisions preceding OSN neurogenesis is
variable (Chen et al., 2014; Fletcher et al., 2017; Schwob et al.,
2017), but how olfactory stimulation may selectively affect the
proliferation of specific GBCs is unclear. Also uncertain is
whether this hypothesis is compatible with the apparent expres-
sion of multiple ORs within individual OSN precursors (Fletcher
et al., 2017; Hanchate et al., 2015; Saraiva et al., 2015; Scholz
et al., 2016; Tan et al., 2015).

How Is the Fraction of OSN Subtypes That Undergo
Stimulation-Dependent Neurogenesis Specified?
Analyses of S700a5 mRNA levels indicate that OSN subtypes
that undergo stimulation-dependent neurogenesis are not
distinguished by their normal levels of neuronal activity, which
are close to the population average (Figure 6). Moreover, these
subtypes do not appear to be distinguished by their location in
the OE, as they are distributed throughout all 4 zones and are
intermingled with OSN subtypes that do not undergo these
changes. What, then, specifies which subtypes will undergo
stimulation-dependent neurogenesis? One hypothesis is that
these subtypes are specified via a hardwired developmental
program. If so, then this would imply that these subtypes
have physiological roles that involve a special type of adapta-
tion. A second hypothesis is that specific OSN subtypes ac-
quire the ability to undergo stimulation-dependent neurogene-
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sis through experience. In this regard, it is notable that
conditioning mice to associate specific odors with either aver-
sive or appetitive stimuli has been found to cause rapid and
robust increases in the abundance of OSNs that are responsive
to the conditioned odors (Jones et al., 2008; Morrison et al.,
2015). Although these changes have been attributed to the se-
lective lengthening of the lifespan of specific OSNs (Jones
et al., 2008; Morrison et al., 2015; Ross and Fletcher, 2019),
the precise mechanism has yet to be determined.

Are Stimulation-Dependent Changes in OSN Production
Mediated by Specific Odors?

To understand the mechanism and physiological function of the
stimulation-dependent neurogenesis of specific OSN subtypes,
it will be critical to identify the nature and sources of causative
olfactory stimuli. In principle, stimulation-dependent neurogen-
esis could be initiated via either the activation of specific OSNs
by particular odors or the global activation of the OSN popula-
tion as a whole by odor and/or mechanical stimulation (Gros-
maitre et al., 2007). In support of the former possibility, we
have found that the degree to which different OSN subtypes un-
dergo stimulation-dependent neurogenesis varies between P14
and P28 (Figure 3D). Specifically, we identified 2 OSN subtypes
(OIfr1313 and OIfr522) that undergo stimulation-dependent
neurogenesis at P14 but not P28, 1 (Olfr1325) that does so at
P28 but not P14, and 2 (OIfr827 and OIfr855) that do so at
both time points. The basis for the dynamics observed for
OIfr1313- OIfr522-, and Olfr1325-expressing OSNs is unknown,
but it is conceivable that they reflect differences in the odor
environment and/or the physiology of mice at P14 and P28,
which correspond to nursing and postweaning periods, respec-
tively. Odors that promote suckling, the attraction to which is
critical for neonatal survival (Brunet et al., 1996; Teicher and
Blass, 1977) and requires olfactory learning (Logan et al.,
2012), are expected to be among the odors differentially repre-
sented at these 2 time points. Interestingly, conditioning
neonatal mice to associate an artificial odor with milk consump-
tion has been found to increase the size of glomeruli that are
innervated by OSNs responsive to the conditioned odor (Liu
etal., 2016; Todrank et al., 2011; Woo et al., 1987), possibly re-
flecting increases in the number of responsive OSNs (Bressel
et al., 2016).

Figure 7. OSN Subtypes That Undergo Stimulation-Dependent Changes in New OSN Abundance Are Not Distinguished by Neuronal Activity

Level

(A) An OE section from a UNO-treated mouse stained for S700a5 mRNA. Scale bar: 500 um.

(B) Quantification of 2-color RNA-FISH images of cellular S700a5 mRNA levels within specific OSN subtypes located on the 2 sides of the OE, normalized to
average open-side OSNs, from mice that were UNO treated at P14 and dissected at P35. Blue, orange, and black labels: subtypes with reduced, elevated, and
unchanged tissue OR transcript levels, respectively, on the closed side of the OE relative to the open. The lines and colors represent distinct sections and mice,
respectively. n = 6 sections from 2 mice. Error bars: SEMs.

(C and D) Representative images of the open side of an OE section from a UNO-treated mouse stained via 2-color RNA-FISH for S700a5 mRNA (red) and
Olfr1325-OSNs (C) or Olfr711-OSNs (D) (green). Arrows: OSNs of specific subtypes. Scale bar: 40 um.

(E) Whole-tissue scRNA-seq analysis of the OE of a mouse UNO treated at P14 and dissected at P28. Top: aggregated k-means clusters of cells from the open
(left) and closed (right) sides of the OE. Cluster 4 (red, boxed): mature OSNs. Center bottom: magnified views of cluster 4 showing S700a5 expression (center) and
OSNs of represented subtypes found to undergo stimulation-dependent changes in new OSN abundance at P28: OIfr827, Olfr1325, and OIfr855 (stimulation
dependent; red circles) and subtypes found to not undergo changes in new OSN abundance and have elevated overall abundance on the closed side of the OE at
P35: Olfr1414, Olfr711, Olfr1368, and OIfr370 (stimulation independent, closed elevated; black circles) (bottom).

(F) Quantification of S100a5 expression within single mature OSNs (circles) of the subtypes defined in (E) relative to the average for all mature OSNs on the open
side (green line). p value: 2-tailed t test. Error bars: SEMs.

See also Figure S6B.
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Physiological Function of Stimulation-Dependent
Neurogenesis of Specific OSN Subtypes

Collectively, our findings indicate that the relative neurogenesis
rates of the ~1,200 OSN subtypes within the mouse OE are not
fixed, but can change with altered olfactory experience. More-
over, the magnitude of these changes can be large, with some
OSN subtypes exhibiting a 5-fold lower rate of production
following olfactory deprivation. These differences are correlated
with changes in the overall representations of the same OSN
subtypes on the 2 sides of the OE, strongly suggesting a causal
relationship. Thus, changes in OSN neurogenesis may be a
second mechanism, in addition to altered OSN lifespan, by
which the relative abundance of the ~1,200 mouse OSN sub-
types can be modified by olfactory experience. Although the
physiological significance of the resulting changes in OSN rep-
resentation is unknown, it is conceivable that the changes
reflect an adaptive mechanism that serves to adjust the sensi-
tivity or discriminability of the OE for specific odors via alter-
ations in the abundance of specific OSN subtypes (D’Hulst
et al., 2016). It is also conceivable that they function in concert
with OB neurogenesis (Lledo and Valley, 2016; Ming and Song,
2011) or altered mitral cell odor representations (Yamada et al.,
2017) to establish or strengthen circuits that subserve learned
olfactory associations. Thus, the findings of this study reveal
that postnatal OSN neurogenesis may play a role beyond sim-
ple OSN replacement.

Limitations of Study
The results presented here indicate that olfactory stimulation
promotes the neurogenesis of a fraction of OSN subtypes. In
evaluating these findings, however, it is important to note the
study’s limitations. First, the evidence presented that stimula-
tion-dependent and subtype-specific changes in new OSN
abundance are mediated by selective OSN production rather
than cell death cannot completely exclude the latter possibility.
Specifically, although observations that olfactory deprivation
does not increase apoptosis among new OSNs or OSN precur-
sors (Figures 5A-5D) appear to disfavor a mechanism involving
selective cell elimination, it is formally possible that deprivation
causes selective apoptosis for only a minority of subtypes, which
may preclude their detection in this assay. Relatedly, although
the observation that maximal deprivation-induced reductions
in the abundance of new OSNs of specific subtypes are found
immediately following the onset of OR expression and do not
become more pronounced over time (Figure 5E) appears to
disfavor a mechanism involving the selective elimination of
new OSNSs, this analysis cannot exclude the possibility that se-
lective elimination occurs at a time point of OSN development
before the onset of OR expression. Finally, although observa-
tions that olfactory deprivation causes zonally concentrated re-
ductions in the overall rate of OSN neurogenesis (Figure 6) are
consistent with a mechanism involving selective OSN birth, it is
formally possible that observed overall reductions in neurogene-
sis are unrelated to observed subtype-specific reductions in new
OSN abundance.

A second limitation is that although the findings via histology
that a fraction of OSN subtypes undergo stimulation-dependent
changes in new OSN abundance (Figure 3) are corroborated by
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findings via scRNA-seq and TRAP-seq (Figure 4), analyses
based on the latter approaches were limited in their statistical
power by the small number of new OSNs of each subtype repre-
sented within the datasets examined.

A complete mechanistic understanding of the phenomenon
identified in this study is anticipated to provide additional evi-
dence related to the hypotheses presented. Although the data
presented elucidate some details of how olfactory stimulation
promotes the selective production of specific OSN subtypes,
critical mechanistic questions remain. Answering these is ex-
pected to contribute to our understanding of how the olfactory
system develops and changes based on experience.
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Antibodies

Anti-Digoxigenin-POD, Fab fragments Roche Cat# 11207733910; RRID: AB_514500
Anti-Fluorescein-POD, Fab fragments Roche Cat# 11426346910; RRID: AB_840257
Anti-active-CASP3 (rabbit polyclonal Promega Cat# G7481; RRID: AB_430875

Anti-rabbit-HRP (goat polyclonal)
Anti-OMP (goat polyclonal)
Anti-goat-Cy5 (donkey polyclonal)

Jackson Immuno
Wako
Jackson Immuno

Cat# 111-035-144; RRID: AB_2307391
Cat# 544-10001; RRID: AB_664696
Cat# 705-175-147; RRID: AB_2340415

Anti-HA antibody (rabbit polyclonal) Abcam Cat# ab9110; RRID: AB_307019
Alexab47-anti-HA antibodies (mouse monoclonal) Biolegend Cat# 682404; RRID: AB_2566616
Chemicals, Peptides, and Recombinant Proteins

DIG RNA Labeling Mix, 10 x conc. Roche Cat# 11277073910
Fluorescein RNA Labeling Mix Roche Cat# 11685619910
2-Deoxy-5-ethynyluridine Carbosynth Cat# NE08701
Sulfo-Cyanine3 azide Lumiprobe Cat# A1330

Protein A/G magnetic beads ThermoFisher Cati# 88803
Tamoxifen Alfa Aesar Cat# J63509

T7 RNA Polymerase NEB Cat# M0251L

Sp6 RNA Polymerase NEB Cat# M0207S

RQ1 RNase-Free DNase Promega Cat# M6101
Vectashield Vector Laboratories Cat# H1000
Hibernate AB Complete medium BrainBits Cat# HAB100

Papain BrainBits Cat# PAP

Hibernate A-minus Calcium medium BrainBits Cat# HACA100
NbActiv1 neuronal culturing medium BrainBits Cat# NbActiv1-100
Critical Commercial Assays

Tyramide Signal Amplification Plus Fluorescein Kit Perkin Elmer Cat# NEL745B001KT
Tyramide Signal Amplification Plus Cyanine 5 Kit Perkin Elmer Cat# NEL741B0O01KT
In Situ Cell Death Detection Kit, Fluorescein Roche Cat# 11684795910
TOPO TA Cloning Kit, Dual Promoter ThermoFisher Cat# K460040
RNeasy Plus Micro Kit QIAGEN Cat# 74034

Chromium Single Cell 3" v3 Kit

10X Genomics

Cat# PN-1000075

Deposited Data

Effects of H2be loss of function on gene expression
changes in the main olfactory epithelium (MOE) as

a result of activity deprivation through unilateral naris
occlusion (UNO)

Olfactory stimulation regulates the birth of neurons
that express specific odorant receptors (SuperSeries
of GSE157119 and GSE157101)

scRNA-seq of the open and closed sides of the
mouse olfactory epithelium following unilateral naris
occlusion (SubSeries of GSE157120)

TRAP-seq of newly generated olfactory sensory
neurons from the open and closed sides of the
mouse olfactory epithelium following unilateral
naris occlusion (SubSeries of GSE157120)

(Santoro and Dulac, 2012)

Present study

Present study

Present study

GEO: GSE39516; https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE39516

GEO: GSE157120; https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE157120

GEO: GSE157119; https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE157119

GEO: GSE157101; https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE157101
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/Strains

Mouse: C57BL/6J Jackson Labs 000664

Mouse: Ascl1-CreERT2 (Asclitm!-1(Cre/ERT2)Jejo 5 Jackson Labs 012882

Mouse: Ribotag (B6J.129(Cg)-Rpl22!™!-1Psam/g; ) Jackson Labs 029977
Oligonucleotides

DNA oligonucleotide primers for cloning antisense This study See Table S2
fluorescent in situ hybridization (FISH) probes

Software and Algorithms

Zen Blue software Zeiss https://www.zeiss.com
Adobe Photoshop Adobe https://www.adobe.com
Adobe lllustrator Adobe https://www.adobe.com

Cell Ranger
Loupe Cell Browser

10X Genomics
10X Genomics

https://www.10xgenomics.com

https://www.10xgenomics.com

FASTQ groomer (Blankenberg et al., 2010) https://academic.oup.com/bioinformatics/
article-lookup/doi/10.1093/bioinformatics/
btg281
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Stephen
Santoro (stephen.santoro@cuanschutz.edu).

Materials Availability
All unique/stable reagents generated in this study are available upon request with a completed Materials Transfer Agreement.

Data and Code Availability

Raw and processed data from the scRNA-seq and TRAP-seq experiments described in this paper have been deposited in NCBI’s
Gene Expression Omnibus (Edgar et al., 2002). The GEO SuperSeries accession number corresponding to these data is GEO:
GSE157120 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157120).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All procedures involving mice were carried out in accordance with NIH standards and approved by the University of Wyoming Insti-
tutional Animal Care and Use Committee (IACUC). For all experiments other than RiboTag, tissue samples were obtained from an
equal mix of male and female C57BL/6J mice ranging in age from P21 to P56. For RiboTag experiments, tissue samples were ob-
tained from an equal mix of male and female Ascl1-CreERT2(+/—)/Ribotag(+/+) mice, which were generated by crossing mice con-
taining the Ascl1-CreERT2 (Ascl1i™!-1(Cre/ERT2)Jeio . jackson Laboratories, stock # 012882) (Kim et al., 2011) and Ribotag
(B6J.129(Cg)-Rpl22tm'-1Psam/gj - Jackson Laboratories, stock # 029977) (Sanz et al., 2009) alleles. Mice were weaned at P21,
sex-separated, and group-housed in standard cages at a density of no more than 5 adult mice/cage. Male and female mice from
the each litter were distributed randomly among experimental and control groups.
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METHOD DETAILS

Unilateral naris occlusion (UNO)

For experiments in which UNO was performed at P14, pups were anesthetized using isoflurane (completeness of anesthesia
confirmed through a tail pinch), and then immediately subjected to electrocautery for ~5 s on the right nostril under a dissecting mi-
croscope. For experiments in which UNO was performed at P1, pups were anesthetized by hypothermia for ~5 minutes and then
immediately subjected to electrocautery for ~2 s on the right nostril under a dissecting microscope. During electocautery care
was taken to avoid contact of the electrocautery unit with any non-superficial tissues. Pups were examined on a daily basis following
the procedure to ensure complete blockage of the right nostril through scar formation (typically ~3-5 days after the procedure) and
normal mouse development and activity.

2-Deoxy-5-ethynyluridine (EdU) injections
EdU (Carbosynth; NEO8701) was administered to C57BL/6J mice (age P14 or P28) in a series of two IP injections (10 mg/mL EdU in
sterile PBS; 50 mg/kg mouse body weight/injection) spaced three hours apart.

Tamoxifen injections

Tamoxifen (Alfa Aesar) was administered to Ascl1-CreERT2(+/—)/Ribotag(+/+) mice according to a modified version of a published
procedure (Kim et al., 2011). Briefly, each treated mouse received a series of four IP injections (20 mg/mL in corn oil; 100 mg/kg
mouse body weight/injection) over two consecutive days beginning at age P28. This procedure was found to label new OSNs
throughout the OE (Figure 4F) while permitting ~90% of treated mice to survive tamoxifen administration.

In situ hybridization (ISH) probe design and production

ISH probes were designed to span 500-1000 base pairs and were targeted to CDS and/or UTR regions of each mRNA (see Table S2).
Probes were designed to minimize cross-hybridization with off-target mRNAs, which was assessed using BLAST. For the detection
of specific ORs, probes targeting multiple gene regions were typically generated and tested. Probe sequences were amplified by
PCR using specific primers (Table S2), inserted into the pCRII-TOPO vector (ThermoFisher), and confirmed by restriction analysis
and sequencing. DIG- and FITC-labeled antisense RNA probes were generated from 1 pg of linearized plasmid template using T7
or Sp6 RNA polymerases (NEB) and DIG-11-UTP (Roche) or FITC-11-UTP (Roche), treated with DNasel (Promega), ethanol precip-
itated, and dissolved in a 30 pL volume of water.

One-color RNA fluorescent in situ hybridization (RNA-FISH)

OEs were dissected, placed in a cryomold containing OCT, flash-frozen, and stored at —80°C until sectioning. Tissue blocks were cut
into 12-um thick cryo-sections, placed onto slides, and stored at —80°C until staining. Slide-mounted sections were warmed (37°C,
10 min), equilibrated in phosphate-buffered saline (PBS; pH 7.2; 5 min, room temperature [RT]), fixed in paraformaldehyde (PFA; 4%
in PBS; 10 min, RT), washed in PBS (3 min, RT), permeabilized with Triton X-100 (0.5% in PBS; 10 min, RT) followed by sodium dodecyl
sulfate (1% in PBS; 3 min, RT), washed in PBS (3 x 3 min, RT), incubated in acetylation solution (triethanolamine [0.1 M; pH 7.5], acetic
anhydride [0.25%]; 10 min, RT), washed in PBS (3 x 3 min, RT), incubated in hybridization solution (formamide [50%], SSC [5 X ], Den-
hardts [5 X ], yeast tRNA [250 png/mL], herring sperm DNA [500 pg/mL], heparin [50 ug/mL], EDTA [2.5 mM], Tween-20 [0.1%], CHAPS
[0.25%]; 30 min, RT), hybridized with a DIG-labeled antisense RNA probe (1:750 in hybridization solution; 16 hr, 65°C), washed with SSC
(5 x ;1 x 5min, 65°C), washed with SSC (0.2 x ; 4 x 20 min, 65°C), incubated in H,O, (3% in TN [Tris-HCI (0.1 M; pH 7.5), 0.15 M NaCl;
30 min, RT), washed in TNT (Tween-20 [0.05%] in TN; 5 x 3 min, RT), incubated in TNB (Blocking Reagent [Perkin Elmer; 0.05% in TN];
30 min, RT), incubated with anti-DIG-POD antibody (Roche; 1:1000 in TNB; 12 hr, 4°C), and washed in TNT (3 x 20 min, RT). Fluorescent
signals were generated using the Tyramide Signal Amplification (TSA) Plus Fluorescein Kit (Perkin Elmer) according to the
manufacturer’s instructions. Slides were washed in TNT (2 x 3 min, RT), incubated in DAPI (2 uM in TN; 3 min, RT), washed in TNT
(1 x 3 min, RT), and mounted using Vectashield (Vector Laboratories).

Two-color RNA-FISH

Two-color RNA-FISH was performed as described for one-color RNA FISH, with the following modifications: Tissue sections were
simultaneously hybridized with both DIG- and FITC-labeled ISH probes (1:750 each in hybridization solution). To avoid cross-hybrid-
ization of vector sequences contained within the two ISH probes, care was taken to generate both probes using clones in which the
gene fragments were inserted into the vector in the same orientation. Following incubation in TNB (30 min, RT), sections were incu-
bated with anti-FITC-POD antibody (Roche; 1:1000 in TNB; 12 hr at 4°C) and washed in TNT (3 x 20 min, RT). Fluorescent signals
corresponding to the FITC-labeled probe were generated using the TSA Plus Fluorescein Kit, after which sections were washed in
TNT (2 x 3 min, RT), incubated in H>05 (3% in TN; 1 hr, RT), washed in TNT (5 x 3 min, RT), incubated with anti-DIG-POD antibody
(1:1000 in TNB; 12 hr, 4°C), and washed in TNT (3 x 20 min, RT). Fluorescent signals corresponding to the DIG-labeled probe were
generated using the TSA Plus Cyanine5 Kit (Perkin EImer) according to the manufacturer’s instructions. Slides were washed in TNT
(2 x 3 min, RT), incubated in DAPI (2 uM in TN; 3 min, RT), washed in TNT (1 x 3 min, RT), and mounted using Vectashield (Vector
Laboratories).
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One- or two-color RNA-FISH combined with EdU staining via click chemistry

Following the final TNT wash steps of either one- or two-color RNA-FISH, slides were washed in 3% BSA in PBS (2 x 5 min, RT, with
gentle rocking), incubated with EAU reaction solution (4 mM CuSOy, 4 pM Sulfo-Cyanine 3 Azide [Lumiprobe], 100 mM sodium ascor-
bate [prepared fresh], in PBS; 30 min, RT, in darkness), and washed with 3% BSA in PBS (2 x 3 min, RT). Slides were washed in TNT
(2 x 3 min, RT), incubated in DAPI (2 uM in TN; 3 min, RT), washed in TNT (1 x 3 min, RT), and mounted using Vectashield (Vector
Laboratories).

Immunofluorescence (HA-Rpl22)

OEs were carefully dissected from P35 Ascl1-CreERT2(+/—)/Ribotag(+/+) mice that had been tamoxifen-injected at P28/P29,
immersed in ice-cold PFA (4% in PBS; overnight), decalcified in EDTA (250 mM in PBS, pH 8.5; 2 days, 4°C), and cryoprotected
in sucrose (10, 20, and 30% in PBS; 2 hr, 2 hr, and overnight, respectively). Tissues were frozen in OCT on dry ice and stored
at —80°C until sectioning. Tissue blocks were cut into 12-um thick cryo-sections, placed onto slides, and stored at —80°C until
staining. Slide-mounted sections were warmed (37°C, 10 min), equilibrated in PBS (5 min, RT), fixed in PFA (4% in PBS; 10 min,
RT), washed in PBS (3 min, RT), subjected to epitope retrieval by submersion in 0.01M citrate (pH 6; 90°C, 20 min), washed with
PBS (2 x 3 min, RT), permeabilized with Triton X-100 (0.5% in PBS; 20 min, RT), washed with PBS (3 min, RT), washed with TNT
(8 X 3 min, RT), blocked in TN + 10% FBS (30 min, RT), incubated with Alexa647-conjugated anti-HA antibodies (mouse monoclonal;
Biolegend; 16B12) (1:500in TN + 10% FBS; 12 hr, 4°C), washed with TNT (3 X 15 min, RT), incubated in DAPI (2 uM in TN; 3 min, RT),
washed in TNT (1 x 3 min, RT), and mounted using Vectashield (Vector Laboratories).

Combined immunohistochemistry (active-CASP3) and immunofluorescence (OMP)

Whole OEs were carefully dissected and immersed in ice-cold PFA (4% in PBS; overnight), decalcified in EDTA (250 mM in PBS, pH
8.5; 2 days, 4°C), and cryoprotected in sucrose (10, 20, and 30% in PBS; 2 hr, 2 hr, and overnight, respectively). Tissues were frozen
in OCT on dry ice and stored at —80°C until sectioning. Tissue blocks were cut into 12-um thick cryo-sections, placed onto slides, and
stored at —80°C until staining. Slide-mounted sections were warmed (37°C, 10 min), equilibrated in PBS (5 min, RT), fixed in PFA (4%
in PBS; 10 min, RT), washed in PBS (3 min, RT), permeabilized with Triton X-100 (0.5% in PBS; 30 min, RT), washed with PBS
(8 x 3 min, RT), incubated in H>O, (3% in TN buffer; 30 min, RT), washed with TNT (3 x 3 min, RT), blocked in TNB (30 min, RT),
incubated with a mixture of anti-active-CASP3 (rabbit polyclonal; Promega; G7481) and anti-OMP (goat polyclonal; Wako) antibodies
(each 1:300in TNB; 12 hr, 4°C), washed with TNT (3 x 3 min, RT), and incubated with anti-rabbit-HRP (Jackson; 1:500 in TNB; 12 hr,
4°C). Fluorescent signals corresponding to active-CASP3 were generated using the TSA Plus Fluorescein Kit, after which sections
were washed in TNT (3 x 5 min, RT), incubated with anti-goat-Cy5 (Jackson; 1:500 in TNB; 12 hr, 4°C), washed in TNT (3 x 15 min,
RT), incubated in DAPI (2 uM in TN; 3 min, RT), washed in TNT (1 x 3 min, RT), and mounted using Vectashield (Vector Laboratories).

Combined TUNEL staining and immunofluorescence (OMP)

Whole OEs were carefully dissected and immersed in ice-cold PFA (4% in PBS; overnight), decalcified in EDTA (250 mM in PBS, pH
8.5; 2 days, 4°C), and cryoprotected in sucrose (10, 20, and 30% in PBS; 2 hr, 2 hr, and overnight, respectively). Tissues were frozen
in OCT ondry ice and stored at —80°C until sectioning. Tissue blocks were cut into 12-um thick cryo-sections, placed onto slides, and
stored at —80°C until staining. Slide-mounted sections were warmed (37°C, 10 min), equilibrated in PBS (5 min, RT), fixed in PFA (4%
in PBS; 10 min, RT), washed in PBS (3 min, RT), permeabilized with SDS (1% in PBS; 5 min, RT), washed with PBS (4 x 5 min, RT),
incubated with TUNEL reaction mixture (75 plL/slide) consisting of 7.5 L Enzyme solution and 67.5 pL Label solution (In Situ Cell
Death Detection Kit; Roche; under coverslip, 37°C, 1 hr), washed with TNT (3 x 5 min, RT), incubated in H>O, (3% in TN buffer;
30 min, RT), washed with TNT (3 x 3 min, RT), blocked in TNB (30 min, RT), incubated with a mixture of anti-FITC-POD (Roche;
1:1000) and anti-OMP (goat polyclonal; Wako; 1:500) antibodies (in TNB; 12 hr, 4°C), and washed with TNT (3 x 20 min, RT).
Fluorescent signals corresponding to TUNEL labeling were amplified using the TSA Plus Fluorescein Kit, after which sections
were washed in TNT (83 x 5 min, RT), incubated with anti-goat-Cy5 (Jackson; 1:500 in TNB; 12 hr, 4°C), washed in TNT
(8 x 15 min, RT), incubated in DAPI (2 uM in TN; 3 min, RT), washed in TNT (1 x 3 min, RT), and mounted using Vectashield (Vector
Laboratories).

Image acquisition and processing

Images were acquired using an Axio Imager M2 microscope with an automated stage and Zen Blue software (Zeiss). Mosaic images
were stitched and each fluorescence channel was adjusted individually to enhance contrast and reduce background using Zen Blue
software. Images were rotated and cropped using Adobe Photoshop and labeled using Adobe lllustrator (Adobe Systems).

Quality criteria for sectioned OEs

For each OE, the efficiency of UNO was determined by staining OE sections for Kirrel2 mRNA via one-color RNA-FISH and quanti-
fying Kirrel2 mRNA intensity within three representative OE sections using Zen Blue software (Zeiss). For each section analyzed,
Kirrel2 mRNA intensities were quantified within four paired regions on each side of the OE. OEs from UNO-treated mice were
excluded from further analysis if the mean Kirrel2 mRNA staining intensity on the open side of the OE was not at least 3-fold greater
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than that on the closed side. All sections were also assessed for left-right symmetry and for intactness. Individual OE sections were
excluded if they were not visually symmetrical or were less than 90% intact. No data were otherwise excluded.

Preparation of cells for single-cell RNA sequencing (scRNA-seq) analysis

OEs were carefully dissected from P28 mice that had been UNO-treated at P14 and divided in half using a clean scalpel. Each OE half
was dissociated into single cells using a slightly modified version of a protocol recommended by 10X Genomics. Briefly, OEs were
carefully minced using a clean razor blade, suspended in Hibernate AB Complete medium (HAB; BrainBits; HAB100) using a 1000 pL
wide-bore pipette tip, transferred to a 15-mL conical tube, and allowed to settle for 1 min, after which excess HAB media was
removed. Tissue was dissociated by incubation in papain solution (2 mL; 2 mg/mL papain [BrainBits; PAP] in Hibernate A-minus
Calcium medium [HA-Ca; BrainBits; HACA100]; 20 min, 37°C) with periodic gentle swirling. Following careful removal of the papain
solution, the dissociated tissue was re-suspended in HAB medium (2 mL), triturated 10-15 times using a fire-polished Pasteur pipette,
and allowed to settle for 20 s. The supernatant containing dispersed cells was transferred to a new 15-mL conical tube, avoiding large
debris, pelleted (200 RCF; 2 min, RT), re-suspended in pre-warmed NbActiv1 neuronal culturing medium (1 mL; BrainBits; NbActiv1-
100), and filtered into a 1.5 mL microcentrifuge tube using a 40-um Flowmi cell strainer (Bel-Art). Following removal of a 300-uL
sample of cells for subsequent analyses, the remaining cells were cryo-preserved by addition of FBS (200 pL) and DMSO
(100 pL) and stored at —80°C until submission for scRNA-seq analysis. Cell samples were evaluated for quality using a trypan
blue exclusion count assay with a hemocytometer and for UNO efficiency using gPCR analysis (see below).

Single-cell 3' RNA library preparation and sequencing

Frozen dissociated OE cell samples were submitted to Genewiz for library preparation and sequencing. Single-cell RNA libraries
were generated using the Chromium Single Cell 3’ v3 Kit (10X Genomics) following Dead Cell Removal (Miltenyi). Cells were counted
using a trypan blue exclusion count assay with a hemocytometer and diluted for loading onto the Chromium Controller. Loading was
performed to target capture of ~10,000 Gel Beads in Emulsion (GEMs) per sample for downstream analysis, and samples were pro-
cessed through the Chromium Controller following the manufacturer’s specifications. Sequencing libraries were evaluated for quality
on the Agilent TapeStation (Agilent Technologies), and quantified using a Qubit 2.0 Fluorometer (ThermoFisher Scientific) and gPCR
(Applied Biosystems) prior to loading onto an lllumina sequencing platform. From each sample, ~10,000 cells were sequenced to a
depth of 15,000 reads/cell using a configuration compatible with the recommended guidelines as outlined by 10X Genomics. Raw
sequence data (.bcl files) generated from lllumina NovaSeq 6000 were converted into FASTQ files and de-multiplexed using the 10X
Genomics’ Cell Ranger mkfastqg command. Subsequent UMI and cell barcode de-convolution and mapping to the genome were per-
formed using 10X Genomics’ Cell Ranger software package (3.0.2) to generate the final digital gene expression matrices and .cloupe
files. Files containing raw and processed data are accessible through GEO SubSeries accession number GEO: GSE157119 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157119). Gene expression data corresponding to cells expressing specific ORs
and Omp or Gap43 were obtained using the Loupe Cell Browser (10X Genomics). Data were filtered to eliminate barcodes associated
with multiple OR genes.

Quantitative PCR (qPCR) analysis of S100a5 and Omp expression in dissociated OE cells

cDNA samples for gPCR analysis were prepared using the QuantiTect Reverse Transcription Kit (QIAGEN) starting from RNA pre-
pared from dissociated single OE cells (150 pL) using the RNeasy Plus Micro Kit (QIAGEN). gPCR experiments were performed using
the QuantiTect SYBR Green PCR Kit (QIAGEN) with a MiniOpticon instrument (Bio-Rad). Primer pairs for S100a5 and Omp (Table S2)
were designed using the Primer-BLAST tool (NCBI), synthesized by Integrated DNA Technologies, and used to quantify S7100a5 and
Omp levels within cDNA pairs corresponding to the open and closed sides of an OE. For each sample, the ratio of S7100a5 (activity-
dependent expression) to Omp (activity-independent expression) was calculated. UNO was considered successful for OE sample
pairs exhibiting an S700a5/0Omp ratio at least 5-fold higher in the open sample compared to the closed sample.

Isolation of transcripts specific to new OSNs by translating ribosome affinity purification (TRAP)

OEs were carefully dissected from P35 Ascl1-CreERT2(+/—)/Ribotag(+/+) mice that had been UNO-treated at P14 and tamoxifen-
injected at P28/P29. Dissected OEs were divided in half using a clean scalpel. Each OE half was placed in a 1.5-mL microcentrifuge
tube and stored at —80°C until use in TRAP. TRAP was performed using a modified version of published protocols (Sanz et al., 2009,
2019; Shigeoka et al., 2016, 2018). Briefly, following the addition of 600 uL of ice-cold homogenization buffer (HB; 50 mM Tris [pH 7.4],
100 mM KClI, 12 mM MgCl,, 1% NP-40, 100 ug/mL cyclohexamide, 1 X protease inhibitor mixture [Sigma; P8340-5 mL], 1 mg/mL
heparin, 200 U/mL RNAsin [Promega; N2115], 1 mM DTT) to each frozen half-OE sample, samples were immediately homogenized
with a mechanical homogenizer (3 min, on ice). Homogenates were incubated (10 min, on ice), gently inverted ~10 times, centrifuged
(5 min, 4°C, 10,000 g), transferred to a new 1.5-mL microcentrifuge tube, centrifuged (10 min, 4°C, 16,000 g), transferred to a new
1.5-mL microcentrifuge tube containing 16.7 uL of HB-washed protein A/G magnetic beads (ThermoFisher; 88803), incubated with
gentle rotation (1 h, 4°C), placed on a magnetic rack on ice to collect beads, transferred to a new 1.5-mL microcentrifuge tube
containing 5 pug of anti-HA antibody (Abcam; ab9110), incubated with gentle rotation (overnight, 4°C), transferred to a new 1.5-mL
microcentrifuge tube containing 33.4 uL of HB-washed protein A/G magnetic beads, and incubated with gentle rotation (4 h,
4°C). Lysate-bead mixtures were placed on a magnetic rack (on ice) to collect beads, and supernatants were removed and
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discarded. Beads were washed 2 x 5 min with HB (200 plL/wash, 4°C, gentle rotation) and 4 x 5 min with high salt buffer (50 mM Tris
[pH 7.4], 300 mM KCI, 12 mM MgCl,, 1% NP-40, 100 pg/mL cyclohexamide, 1 mM DTT; 750 ul/wash, 4°C, gentle
rotation). Ribosome-bound transcripts were eluted from beads by addition of 350 pL of lysis buffer (RLT buffer from QIAGEN RNeasy
kit + B-ME [10 pl/mL]), vortexing (30 s, RT), incubation (10 min, RT), vortexing (30 s, RT), and incubation (5 min, RT). Tubes were placed
on a magnetic rack (RT) to remove beads, and eluates were transferred to new 1.5-mL microcentrifuge tubes. TRAP-isolated tran-
scripts were purified from eluates using the RNeasy Plus Micro kit (QIAGEN; 74034).

RNA-seq of TRAP-isolated transcript samples

TRAP-isolated transcript samples corresponding to the open and closed sides of the OE (two replicates of each) were submitted to
Genewiz for library preparation and sequencing. Libraries were prepared using the Ovation RNA-Seq System V2 kit (NUGEN)
following rRNA depletion. Libraries were paired-end sequenced (2 x 150 bases) on an lllumina HiSeq instrument to a depth of
~60 million fragments/sample. FASTQ files are accessible through GEO SubSeries accession number GEO: GSE157101 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157101). FASTQ files were analyzed using the Galaxy platform (https://
usegalaxy.org) (Afgan et al., 2018). FASTQ files were processed using FASTQ groomer (Blankenberg et al., 2010), and trimmed using
Trim Galore (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) to remove adapters and Trimmomatic (Bolger et al.,
2014) to remove low-quality sequences. Trimmed FASTQ files were aligned to the mouse genome using HISAT2 (Kim et al., 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of OR+, EdU+, active-CASP3+, TUNEL+, and OMP+ cellular abundance

Cell counts corresponding to each individual mouse were determined from images of a series of 5-6 stained coronal sections located
~400 pm apart and spanning the anterior-posterior length of the OE. Counting was performed separately on the right and left side of
each OE section. Counting was performed manually with the experimenter blinded to sample groups and section orientations. The
open and closed sides of OEs from UNO-treated mice were determined after counting was complete using fluorescent signals
corresponding to either Kirrel2 or S100a5 mRNA (on the same sections or on adjacent sections). Cells containing EdU+ nuclei
(Cy3-stained) that were at least 50% overlapping with OR mRNA signals (FITC- or Cy5-stained) were considered EdU+/OR+
OSNs. TUNEL+ cells that were surrounded by OMP+ cells were considered TUNEL+/OMP+.

Quantification of TRAP-isolated transcript levels from RNA-seq data

Quantification of RNA-seq data was performed using the Galaxy platform. HISAT2-produced alignment files were quantified using
featureCounts (Liao et al., 2014) and normalized using Remove Unwanted Variation (RUV) (Risso et al., 2014) based on control genes.
Gene-specific transcript levels were determined from variance-stabilizing transformation (VST)-normalized count files produced by
Deseq2 (Love et al., 2014) using RUV-produced batch factors. Processed TRAP-seq data are accessible through GEO SubSeries
accession number GEO: GSE157101 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157101).

Quantification of cellular OR, S100a5, and Kirrel2 mRNA levels via RNA-FISH

Cellular mRNA levels corresponding to ORs, S700a5, and Kirrel2 within specific OSN subtypes were quantified from background-
corrected staining intensities obtained from images of OEs stained via RNA-FISH. For each OSN subtype, intensities were quantified
(using Zen Blue software; Zeiss) within representative regions of ~20 OSNs from each of three representative paired half-sections
from each of three different mice (total of ~360 OSNs/OR). Background fluorescence levels were determined from an average of
three regions located outside of the olfactory epithelial tissue on each side of each section. OSN subtype-specific S100a5 and Kirrel2
intensities were normalized to the average OSN level on the open side for each section, based on intensity measurements within ~10
rectangular regions located throughout the open side of the OE.

Statistics

For all statistical analyses, a significance threshold of p < 0.05 was used. Statistical analyses of comparisons between the open and
closed sides of OSN counts, OSN-type specific mMRNA levels, and OR transcript levels from TRAP-seq were performed using a two-
tailed paired t test, in which the two sides of each single section or OE was paired. This enabled statistical analyses of differences
between the two sides independent of OSN number and staining variance between sections. For comparisons of samples between
different animals, we used a two-tailed unpaired t test. Correlations were analyzed using Pearson’s correlation coefficient. Data pre-
sented in figures represent mean + SEM.

Sample-size estimation

Results from a previous study (van der Linden et al., 2018) were used to determine an appropriate sample size for comparing the
number of OR-specific OSNs on the open and closed sides of the OE. Previously, we had found that for an OR with a typical expres-
sion frequency (~0.1%) and an effect size of ~2-fold, 12 OE sections taken from four different animals were sufficient to find a highly
statistically significant difference (p < 0.001; two-tailed paired t test). In the current study, the sample sizes used were typically
~3-fold larger than this. To determine total numbers of new (EdU+) OSNs in specific zones and S100a5 levels in OR-specific
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OSNSs, we assumed that a similar sample number would be sufficient, assuming that a sufficiently large number of OSNs could be
sampled per section. To determine an appropriate sample size for comparing the number of OR-specific new (EdU+ & OR+) OSNs,
our preliminary studies found that injection of EdU at P28 (2 doses spaced 2 hours apart) labeled ~3% of OSNs. Due to the smaller
number of cells available to be quantified, we expected that a larger sample size would be needed compared to that needed for sim-
ple OR+ analyses. For comparisons between OE sections from different animals, results from previous analyses (van der Linden
et al., 2018) were again used to determine an appropriate sample size. Previously, we had found that for an OR with a typical expres-
sion frequency (~0.1%) and an effect size of ~2-fold, 20 OE sections taken from four different animals was sufficient to find a highly
statistically significant difference between different animals (p < 0.01; two-tailed unpaired t test).
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