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Abstract

We defined a temporally and transcriptionally divergent precursor cohort in the medial olfactory
epithelium (OE) shortly after it differentiates as a distinct tissue at mid-gestation in the mouse.
This temporally distinct population of Ascl1+ cells in the dorsomedial OE is segregated from
Meis1+/ Pax7+ progenitors in the lateral OE, and does not appear to be generated by Pax7+
lateral OE precursors. The medial Ascl1+ precursors do not yield a substantial number of early-
generated ORNS. Instead, they first generate additional proliferative precursors as well as a distinct
population of frontonasal mesenchymal cells associated with the nascent olfactory nerve. Parallel
to these /in vivo distinctions, isolated medial versus lateral OE precursors /n vitro retain distinct
proliferative capacities and modes of division that reflect their in vivo identities. At later fetal
stages, these early dorsomedial Ascl1+ precursors cells generate spatially restricted subsets of
ORN:Ss as well as other non-neuronal cell classes. Accordingly, the initial compliment of ORNs
and other OE cell types is derived from at least two distinct early precursor populations: lateral
Meisl/ Pax7+ precursors that generate primarily early ORNs, and a temporally, spatially, and
transcriptionally distinct subset of medial Ascl1+ precursors that initially generate additional

OE progenitors and apparent migratory mass cells before yielding a subset of ORNSs and likely
supporting cell classes.
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INTRODUCTION

The earliest compliment of olfactory epithelium (OE) precursors generate olfactory receptor
neurons (ORNS) (Balmer and LaMantia, 2005; Sokpor et al., 2018) for odor detection,
sustentacular cells that ensure OE homeostasis (Brann et al., 2020; Khan et al., 2021;

Liang, 2018), ensheathing cells that facilitate ORN axon growth (Franssen et al., 2007;
Rigby et al., 2020), and OE stem cells that regenerate these cell classes throughout life
(Schwaob et al., 2017). Early OE precursors specification may also influence “zonal” odorant
receptor expression for ORN functional diversity (Coleman et al., 2019; Monahan and
Lomvardas, 2015; Rodriguez, 2013; Sullivan et al., 1995; Zapiec and Mombaerts, 2020).
Early OE precursors as well as their adult progeny are currently thought to be a unitary
population defined by sequential transcription factor expression (reviewed by Beites et al.,
2005; Schwab et al., 2017). Nevertheless, during the initial differentiation of the OE, subsets
of OE precursors have distinct proliferative characteristics and responses to local signals
(LaMantia et al., 2000; LaMantia et al., 1993; Maier et al., 2010; Shou et al., 2000; Shou

et al., 1999; Tucker et al., 2010; Whitesides et al., 1998). We therefore asked whether

there are distinctions among early OE precursors, and how such distinctions might influence
subsequent OE differentiation.

OE precursor identity and fate has been characterized mostly in the adult where these
cells continuously generate ORNSs (Child et al., 2018; Coleman et al., 2019; Guo et al.,
2010; Iwai et al., 2008; Leung et al., 2007; Liberia et al., 2019). Less attention has been

Dev Biol. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paronett et al.

Page 3

given to molecular, spatial and temporal distinctions that influence precursor lineage and
fate during early OE development. Multiple transcription factors have been localized to OE
progenitors, including—but not limited to—Sox2 (Donner et al., 2007; Packard et al., 2016;
Panaliappan et al., 2018; Tucker et al., 2010), Six1 (Chen et al., 2009; Ikeda et al., 2007),
Meisl (Toresson et al., 2000a; Tucker et al., 2010), Pax7 (Murdoch et al., 2010; Stoykova
and Gruss, 1994), and Ascll (Cau et al., 2002; Cau et al., 1997; Gordon et al., 1995;
Guillemot et al., 1993). Disrupted ORN genesis due to loss of function mutations in many
of the genes that encode these transcription factors has been interpreted to support linear
progression of a single class of progenitors that give rise to ORNSs and other OE cell types.
Nevertheless, additional dimensions of OE precursor diversity may result in regional and
molecular distinctions during OE differentiation (Coleman et al., 2019; Yang et al., 2018).
Assessing whether early OE precursors are initially subdivided into spatially or temporally
diverse cohorts with divergent molecular identities, proliferative characteristics and fate, as
is the case in the developing retina (Byerly and Blackshaw, 2009; Shiau et al., 2021), may
provide insight into how OE cellular diversity is established.

We asked whether there are distinct populations of early OE precursors with divergent
times of origin, molecular identities, proliferative capacities and cell fates among what has
previously been assumed to be a fairly homogenous population (Cau et al., 2002; Cau et

al., 1997; Murdoch et al., 2010). We found a temporally, molecularly, and proliferatively
distinct subset of early-generated Ascl1+ precursors restricted to the dorsomedial OE whose
primary immediate progeny are additional precursors as well as cells in the migratory mass
rather than ORNSs. These Ascll+ cells subsequently generate spatially segregated ORNSs and
OE cells types. Thus, as in other cranial sensory organs including the retina (Bassett and
Wallace, 2012), inner ear (Fritzsch et al., 2002), and cranial sensory ganglia (Karpinski

et al., 2016), the OE likely arises from temporally and molecularly distinct precursor
populations with divergent capacities to generate peripheral olfactory sensory neurons and
supporting cells.

MATERIALS AND METHODS

Animals:

All animal procedures were reviewed and approved by the George Washington University
Institutional Animal Care and Use Committee. SoxZCFP (Ellis et al., 2004), Pax /X' (Keller
et al., 2004), Asc/ICE (Battiste et al., 2007), and Ai9:td Tomatd" reporter (Madisen et al.,
2010) alleles were maintained on a C57BI6N background. SoxZreporter or Cre driver alleles
were transmitted paternally and A7d! reporter alleles maternally. Pregnancies were timed by
date of vaginal plug detection after overnight matings as E0Q.5. Single injections of tamoxifen
(10mg/ml; 100pl/dam) were given to pregnant dams carrying Asc/1C"E+/~: Aj9reporterfl/-
litters. One subset of dams received an injection of BrdU (50mg/kg body weight) on E11.5,
2 hours or 5 days prior to embryo collection; another received BrdU in their drinking water
for 48 hours starting at E11.5, ending on E13.5, prior to collecting fetuses as E16.5. Dams
were sacrificed by cervical dislocation. E11.5 and E16.5 embryos/fetuses were fixed by
immersion in 4% paraformaldehyde overnight at 4°C, and fetal membranes collected for

genotyping.
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Tissue processing and immunohistochemical analysis:

Fixed embryos were rinsed in PBS, pH 7.4, transferred to 10%, 20%, then 30% sucrose in
0.1M phosphate buffer (PB) for cryoprotection, embedded in 2.5% agar in 30% PB-sucrose
to position them consistently, and flash-frozen in cryoembedding media (OCT) using

liquid nitrogen-cooled 2-methyl butane. Blocks were sectioned at 10 pm, serial sections
mounted onto slides stored at —20°C before immunostaining. Primary antibodies against
tdTomato/red fluorescent protein (RFP; Abcam, rabbit), Pax7 (Developmental Hybridoma
Studies Bank, mouse), Meis1 (Abcam, rabbit), Ascll (BD Bio, mouse; Chemicon, rabbit),
Six1 (Proteintech, rabbit; Atlas, mouse), eGFP (Abcam), pSMAD (Millipore, mouse), BrdU
(BD, mouse; Novus, rat), PH3 (Cell Signaling; rabbit), pllI-tubulin (Aves, chicken), NCAM
(Millipore, rat), and OMP (Pierce Biotech; chicken) followed by 2° antibodies for single,
double or triple label as described previously (Karpinski et al., 2016). Images were collected
on a Leica Tiling epifluorescence or Zeiss 710 confocal microscope.

Quantitative analysis of OE cell classes in vivo:

We quantified the distribution of OE progenitors and neurons labeled with multiple markers
in the E11.5 OE, divided into 10 sectors, each representing 1/10 of the inner OE perimeter
(Tucker et al, 2010; Figure 1H, inset). To normalize analyses of multiple individual animals
from multiple litters at several locations along the anterior-posterior OE axis, DAPI-labelled
cells were also counted in each sector and frequency of each molecular marker was
calculated as a percentage, rather than absolute number, of cells in each sector.

Pair Cell Assays:

SoxZECGFP reporter expression was confirmed via fluorescence microscopy in E10.5 embryos
and frontonasal processes were micro-dissected (n=4 independent experiments/4 litters). The
OE was isolated from multiple embryos/litter, and pooled into medial and lateral samples.
These samples were dissociated as described previously (Lehtinen et al., 2011; Shen et al.,
2002; Tucker et al., 2010). Equivalent numbers of medial and lateral cells were plated at
low density (35 cells/ul; 14 pl total volume/well) on poly-D-lysine coated Terasaki plates
and similar numbers of wells were analyzed for each. Cultures were incubated for 21 hours
at 37°C with 5% CO», fixed and immunolabeled for Bl11-tubulin or multiple transcription
factor markers (using antibodies summarized above) as well as DAPI to identify nuclei.
Pairs of cells in individual wells were identified based upon DAPI labeling as well as

eGFP fluorescence based upon apposition of two cells, isolated from any other cells. For
each isolated DAPI-labelled pair, expression of eGFP, neural or progenitor markers was
visualized and scored.

RESULTS

A distinct population of lateral OE progenitors

We previously defined a population of Meis1+/Pbx1+/low-Sox2+ slowly dividing
precursors in the lateral OE in the mid-gestation mouse embryo (Tucker et al., 2010).

Pax7+ precursors, which overlap Meis1+ cells (Figure 1A-C), have been identified
immunocytochemically and via Pax7“"-mediated recombination in the lateral OE (Murdoch
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et al., 2010). These Pax7+ precursors (Figure 1D-F) also generate multiple OE cell types
during subsequent OE differentiation (Murdoch et al. 2010). We first asked whether Meis1+
and Pax7+ cells define a single, early OE precursor population. At E10, shortly after the OE
has invaginated from the placodal ectoderm, Meis1+ and Pax7+ cells are found throughout
the lateral OE (Figure 1A). Lateral Pax7+ and Meis1+ cells overlap in most of the lateral

OE at this stage (Figure 1B1-3, asterisks); however, there is a subset of Meis1+/Pax7-
dorsolateral OE cells (Figure 1C1-3, asterisks). By E11.5, most of the presumed progeny of
Pax7+ cells, labeled via Pax7C"e-mediated recombination, remain limited to the lateral OE
(Figure 1D, quantified in Figure 1H1). Most Pax7~"e+ cells (Figure 1D1) can also be labeled
for Pax7+ (Figure 1D2,3). Consistent with limited proliferation and lineage progression for a
substantial proportion of Pax7+/Meisl+ and Pax7C"+ cells by E11.5, acutely labeled BrdU+
cell frequency tends to be lower in ventrolateral OE regions where Pax7"¢+ cells are most
frequent (Figure 1E, see also Figure 1H1,2), and there are few if any Pax7"¢+/BrdU+ cells
(Figure 1E1, 1H2).

We next asked if there was extensive overlap between Ascl1+ cells, which are thought to
be a singular class of rapidly dividing or transit-amplifying OE precursor found throughout
the OE (Cau et al., 2000; Cau et al., 1997; Gordon et al., 1995; Murray et al., 2003), and
Pax7+ precursor-descended Pax7C'e+ cells. At E11.5, most Ascll+ cells are limited to a
dorsomedial domain that is segregated from the region where Pax7+-descended Pax7re+
cells are found in the lateral OE (Figure 1F). A smaller population of dorsolateral Ascl1+
cells are separated from this dorsomedial population and partially coincide with Pax e+
cells (Figure 1F1). In this region we found a small number of Ascl1+/ Pax7"e+/ BrdU+
cells (box, Figure 1F; Figure 1G1-4, asterisks). Pax7°"®/Ascl1+ cells are scarce in most
sectors, suggesting that Pax7+ descended cells at E11.5 are unlikely to generate substantial
numbers of Ascl1+ precursors, especially in the dorsomedial OE. Indeed, few if any Ascll+
cells in the region of maximal frequency (sectors 6,7) are labeled by Pax/<"e-dependent
recombination (Figure 1F, see also Figure 1H1,3).

We quantified these impressions of Pax7+-descended (Pax7C"¢+) versus BrdU+ or Ascl1+
precursor segregation using an unbiased sector analysis to assess regional cell frequencies
relatively independently of size, shape and anterior-posterior location in individual
developing OEs (Tucker et al., 2010). Each individual OE is divided into 10 geometrically
equivalent sectors that correspond to 1/10 of the total length of the inner OE perimeter
(Figure 1H, inset). Sectors are labeled counter-clockwise from the nadir of ventral OE
(Figure 1H, inset, arrow) so that ventrolateral sector 1 is adjacent to ventromedial sector 10.
Thus, sectors 1-4 correspond approximately to the lateral OE, and 5-10 to the medial OE.
We assessed frequency of cells labeled by various markers as a percentage of DAPI+ cells in
each sector to further minimize variation due to differences in sector areas and cell numbers
across the OE. Average cell frequency/sector is presented with error bars (standard error

of the mean) to further reflect variation across multiple samples. At boundary regions that
coincide, approximately, with sectors with maximal labeled cell frequencies (for example
sector 4 and 5; Figure 1D, H) the shape and size of the OE from section to section and
animal to animal can result in intermediate frequency values in the “transitional” sectors
(for example, sector 5, Figure 1H1). This reflects the unbiased nature of the sector method
—it relys only upon OE perimeter measurements that are blind to apparent expression
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boundaries (for example dotted lines and arrows, Figure 1D). This variability is reflected in
average cell frequencies over multiple sections and animals in transitional sectors like sector
5 (see Figure 1H1); the nature of the unbiased morphometric analysis results in do mean
values that cannot fully reflect the far more distinct boundaries seen in individual images.

Pax7“"e+ cell frequency is highest in dorsolateral OE (sectors 3,4; Figure 1H1). There is
also a local concentration of Pax7C™+ cells in the ventromedial OE (sector 9; asterisk,
Figure 1H1), that mirrors Pax7+ cells seen in this region at E10 (see Figure 1A and inset),
which overlaps the ventromedial OE domain from where the vomeronasal organ will form.
In contrast, BrdU+ and Ascl1+ cell frequency is maximal in dorsomedial sectors (sectors
6,7; Figure 1H2,3; shaded region). In addition, there is a modest local increase in Ascll+,
but not BrdU+, cell frequency in the ventromedial OE (sector 9; Figure 1H3, asterisk),
apparently coincident with the local increase of Pax7¢™+ cells (compare Figures 1D, F, E
& H1 asterisks). To confirm the impression that Pax7~"e+ cells, Brdu+ cells, and Ascl1+
cells are mostly distinct populations, we quantified the frequency of PaxA"e+/BrdU+ and
Pax7°"e+/Ascl1+ cells (yellow points/lines, Figure 1H2, 1H3). The frequency of both types
of double-labeled cells is low across all OE sectors. Nevertheless, there is a small but
detectable population of Pax7C"e+/BrdU+ cells in the lateral OE (3-4%, sectors 3, 4; Figure
1H2), and a modest increase of Pax7C"e+/Ascl1+ cells in sector 5 of the dorsomedial OE
(4% versus 0-1% in most other sectors), perhaps reflecting occasional double-labeled cells
seen at the dorsolateral/dorsomedial OE transition (see Figure 1F1, 1G1-4). Despite this
modest overlap, Pax7C"e+ versus BrdU+ and Ascll+ OE precursor populations are mostly
segregated in the lateral versus dorsomedial OE, respectively.

A distinct population of dorsomedial OE precursors

Previous observations suggest that Ascl1+ cells are distributed fairly continuously
throughout the developing OE, and that they divide rapidly as well as asymmetrically to
facilitate subsequent OE neurogenesis (Cau et al., 2000; Cau et al., 1997; Guillemot et al.,
1993; Murray et al., 2003). Thus, the regionally segregated Ascl1+ cells we identify at
E11.5 may be distinct from Ascl1+ cells seen throughout the OE at later embryonic/fetal
ages. To further define the identity and immediate fates of these early OE Ascl1+ cells we
used a tamoxifen-dependent conditional Cre-recombinase driven by the endogenous Asc/1
promoter (Asc/ICERT) We gave pregnant dams tamoxifen at E10.5 and then determined
the identities and distribution of temporally defined progeny of Ascl1+ cells at E11.5
(Figure 2). E10.5 Asc/1C®-ERT_recombined cells (referred to hereafter as “Asc/1CeE+
cells”) accumulate in the dorsomedial OE at E11.5 (sectors 6,7; Figure 2A, arrows; see

also Figure 2H1). This region is distinct from lateral OE regions (sectors 2 through 4)
where Pax 7"+ (see Figure 1 and also Figure 2H1). Asc/1C7¢E+ cells overlap Ascl1+ cells
(Figures 2B, see also Figure 2H2); however, they are not equivalent populations (Figure
2B1-6). In the OE region where Asc/1C"¢-E+ and Ascl1+ cells reach maximum frequency
(sector 7; Figure 2H1,2), Ascl1C"®E+ cells (19% of DAPI+ cells) are slightly more frequent
than Ascl1+ (11%) or Ascll+/Asc/ICE+ cells (6%,). Apparently, Asc/IC®E+ cells derived
from Ascl1+ cells, are segregated in register with additional Ascl1+ cells in the dorsomedial
OE.
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We further defined the relationship between Asc/1C7¢E+ cells and other molecularly distinct
OE precursor cell types. Segregation of Asc/IC¢E+ cells from Meisl+ OE precursors
(Tucker et al., 2010) is similar to that for Asc/1CE+ cells and Pax7"e+ cells (Figure 2C;
see also Figure 1, and compare Figure 2H1 with 2H3). We next assessed the relationship
between the dorsomedial Asc/1C™E+ cells and cells likely related to ectodermal placodal
precursors that initially give rise to the OE (Horie et al., 2018; Schlosser et al., 2014), most
of which express multiple members of the Six family of transcription factors (Chen et al.,
2009; Ikeda et al., 2010; Ikeda et al., 2007; Karpinski et al., 2016). Six1+ cells are retained
primarily in the E11.5 lateral OE as well as in a medial region that seems to overlap sector
7, where Asc/ICE+ cells reach their maximum frequency (Figure 2D; see also Figure
2H4). Some, but not all of Asc/IC®E+ cells are Six1+ (inset. Figure 2D). Thus, although
subsets of Asc/IC"E+ cells share characteristics with additional classes of OE precursors,
they appear to be a mostly distinct population.

We next asked if Ascl1Cre+ cells have distinctive proliferative properties. To evaluate
whether the Asc2C™E+ cells are actively proliferating, we assessed their relationship to
acutely labeled BrdU+ cells. The frequency of acutely labeled BrdU+ cells is elevated in
the dorsomedial regions where Ascl1€eE+ cells are seen (sectors 5 - 8, Figure 2E, 2H5;
see also Figure 1); however, only a subset of Asc/IC¢E+ cells (approximately one third;
see Figure 2H5) are also acutely labeled by BrdU (Figure 2E, 2H5). We also asked whether
AsclICE+ cells coincide with a concentrated population of actively mitotic precursors.
Phospho-Histone 3 (PH3)+ presumed actively mitotic cells (von Bohlen und Halbach, 2011),
which are not seen in ventral OE (sectors 1 & 10), constitute a small, fairly stable fraction
of dorsolateral and dorsomedial OE cells (Figure 2F, 2H6). There is no clear relationship
between the mostly apically located PH3+ cells and Asc/IC¢E+ cells. Apparently, although
subsets of Asc/IC"E+ cells are actively proliferating, their proliferative states are neither
singular nor uniform.

Inductive signaling molecules are associated with the primary axes of the developing OE:
retinoic acid is a primarily lateral signal while Fgf8 acts as a medial signal (LaMantia

et al., 2000; LaMantia et al., 1993; Maier et al., 2011; Tucker et al., 2010; Whitesides

and LaMantia, 1996). It is not clear, however, whether Bmp4 or other Tgfp signals,
implicated generally in ORN neurogenesis via regulation of Ascl1 at slightly later stages

of OE differentiation (Shou et al, 1999; 2000), differentially activate distinct subsets of OE
precursors. Bmp4 is localized to the mesenchyme as well as epithelium of the ventral aspect
of the olfactory prominences (Bhasin et al., 2003; Rawson et al., 2010). In addition, other
Tgfp family members are available within the OE itself (Gokoffski et al., 2011; Wu et al.,
2003). To assess whether Bmps or other Tgfp signals might differentially influence OE
precursor subsets, we analyzed the distribution of phosphorylate (p)SMAD 1/5/8 expressing
cells ()SMAD+; Figure 2G), since these pPSMADs are key intermediates for Tgfp signals

in neural progenitors (Dincer et al., 2013; Hegarty et al., 2013). pPSMAD+ cell frequency

is elevated in regions where Ascl1+ and Asc/1C™E+ cells are also most frequent (Figure
2G, 2G1-3, 2H7). This increase of pPSMAD1/5/8+ cells in the medial versus lateral OE
suggest that medial OE cells, including those descended from Ascll+ precursors may be
differentially responsive to locally available frontonasal Bmps or other Tgfp signals.
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Early generated Ascl1C™®E+ cells and initial differentiated OE neurons

We next asked whether E11.5 medial Asc/ICE+ precursors generate nascent ORNs
recognized by expression of BllI-tubulin, a selective marker for early generated ORNS
(Roskams et al., 1998). Presumed ORNSs, identified based upon cytology as well as
Bl11-tubulin expression, are seen occasionally in the domain where Asc/7C™eE+ cells are
found. Their frequency, however, appears lower in this region than flanking dorsomedial,
dorsolateral, and mid-ventrolateral regions (Figure 3A1-2). In addition, fl11-tubulin+
presumed ORNS are either rare or excluded from ventromedial and ventrolateral OE regions
where Pax7+ precursors are concentrated (see also Figure 1). Many of glII-tubulin+ cells
have apically oriented dendrites and dendritic knobs further reinforcing their presumed
ORN identity (Figure 3B1-3, Figure3C, arrows). pll1-tubulin+ presumed ORNSs appear
more frequently in OE regions beyond the Asc/I€E+ domain (Figure 3A1-2, C). A few
Bl11-tubulin+ cells are Asc/IC"-E+ and appear to be ORNSs; however, most Asc/1C™E+ cells
are not pllI-tubulin+ (Figure 3A1, B1-3). The relationship between the OE region where
AsclICeE+ cells are most frequent, the complimentary region where Pax7+ and Pax7°"
cells are primarily found, and pllI-tubulin+ presumed ORNSs suggests that there may be at
least two regionally and molecularly distinct precursor zones in the OE. One zone likely
consists of Pax7+/Meis1+ derived precursors that are more likely to generate early ORNs,
while the other descends directly from Ascl1+ OE cells and is less likely to generate early
ORN:Ss.

We next assessed the distribution of NCAM+ presumed ORNSs, which are thought to be
actively extending an axon into the ON (Miragall et al., 1989; Yamashita et al., 1998). In
individual sections through the E11.5 OE from multiple embryos, NCAM+ cells appear
to be excluded or rare in the domain where Asc/7C"¢-E+ cells are concentrated (Figure
3D1,2, and see below). The cytology of NCAM+ cells in the dorsolateral, ventromedial
and dorsomedial OE (Figure 3E) suggests that many are ORNSs. In the regions flanking
the dorsomedial Asc/1€¢-E+ domain, apparent NCAM+ ORNSs with apical dendrites and
dendritic knobs can be seen (Figure 3F1-3). These presumed ORNSs, however, have apical
and basal NCAM+ epithelial cells as neighbors. We did not find NCAM+ presumed
ORNs within the Asc/1€¢E+ domain (Figure 3D1,2 and supplemental Figure). Instead,
we see occasional NCAM+/Asc/1C7¢E+ epithelial cells at apical and mid-levels of the OE
(Figure 3G1-3). Apparently, the neurogenic capacity of the medial Asc/7C"E+ cells, and
presumably Ascl1+ precursors from which they likely descend, is distinct from that of
dorsolateral/dorsomedial/ventromedial Pax7+/Meis1+ precursors.

We quantified the distribution of Asc/IC"®E+ NCAM+ and Asc/ICeE+/NCAM+ double-
labeled OE cells in a series of sections labeled for both markers across multiple OEs at
varying anterior-posterior (A-P) levels to further assess the spatial relationship between
these populations (Figures 3H,1). When the distribution of Asc/1¢¢E+ and NCAM+ cells is
expressed as a percentage of all cells (DAPI+; see Methods) in each sector (Figure 3H), the
two populations are not in register, and the double-labeled population is consistently below
1%. Variation in OE size and differences in shape along the A-P axis over multiple animals
makes it difficult to quantify precisely the apparent absolute exclusion seen in individual
sections (see Supplemental Figure 1). In some sections there appear to be appreciable
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numbers of NCAM+ cells in the dorsolateral OE (Figure 3A1,2 and D1,2, see also
Supplemental Figure 1); for example, in the region of the dorsolateral OE corresponding
to the morphometrically defined sector 4. Mean values tend to either diminish or enhance
apparent boundaries seen in individual sections, and the average frequency of NCAM+
cells in sector 4 is fairly low across the entire sample (Figure 3H, ). These data reflect
relationships between distribution of distinct cell classes (e.g. Ascl1Cre-E+ versus NCAM
+) and overall probabilities of detecting each class in a particular OE region. The sectors
cannot be interpreted as absolute divisions. Nevertheless, peak Asc/1¢¢+ cells frequency
is seen in sector 7 versus NCAM+ cells in sector 9 with a secondary NCAM peak

in flanking sector 6; Figure 3H). Consistent with a bias toward segregation of the two
populations, NCAM+ cell frequency is substantially lower in sector 7 where Asc/1¢eE+
cells reach highest frequency. An analysis of absolute numbers, rather than proportions, of
Ascl1¢E and NCAM+ cells in each sector (Figure 31) yields a similar distribution. The
absolute numbers of NCAM+ cells in transitional sectors like sector 8 (more dorsomedial,
where fewer NCAM+ cells are seen) versus sector 9 (more ventromedial, where more
NCAMH+ cells are seen) reinforces the impression that there is a distinction between the
distribution of the Asc/1C"E+ apparent precursors and NCAM+ presumed early generated
ORNs in the E11.5 OE.

OE precursor diversity and cellular diversity in the frontonasal mesenchyme

Previous observations suggest that cells from the differentiating OE migrate into the
frontonasal mesenchyme (fnm) during early olfactory pathway formation (LaMantia et al.,
2000; Miller et al., 2010; Rawson et al., 2010). There is no evidence of Ascll expression in
the fnm in mid-gestation mice (Guillemot and Joyner, 1993; Parras et al., 2002; Toresson et
al., 2000b; Ware et al., 2016). Thus, we asked whether Asc/ICeE+ cells, likely derived from
Ascl1+ OE precursors, contribute to the fnm. We found a small population of Asc/1C"¢-E+
cells in the E11.5 fnm, distal to the OE, in an aggregate (Figure 4A, and jnsel) that
resembles the migratory mass—cells from the OE that interact with early growing ORN
axons (Miller et al., 2010; Miragall and Dermietzel, 1992; Miragall et al., 1989; Morse et al.,
1998; Schwarting et al., 2007; Whitesides and LaMantia, 1996). Two early ORN markers,
Bll1-tubulin and NCAM, are also diagnostic markers for migratory mass cells (Miller et

al., 2010; Miragall and Dermietzel, 1992; Miragall et al., 1989). Thus, we assessed the
coincidence of BllI-tubulin, NCAM and Asc/I€"-E+ cells in the E11.5 fnm. Bl11-tubulin+
cells and processes are associated with Asc/IC"E+ fnm cells (Figure 4B-G). Asc/1CTeE
labeling is limited to perinuclear cytoplasm surrounding fnm cell nuclei (Figure 4A, C1, D1,
El, F1, G1, 11, J1). pllI-tubulin labels small ORN axon fascicles as well as apparent single
axons (Figure 4C2, D2, E2, F2, and G2). In some cases, Bll1-tubulin+ processes may belong
to BllI-tubulin+/Asc/1C"E+ fam cells (Figure 4E2, F2). Asc/1C™E+ fnm cells also coincide
with NCAM+ cells and processes (Figure 4H and /nset, Figure 41,J). As for pl1lI-tubulin,
NCAM labels single axons as well as small fascicles that do not fully overlap Asc/1CTe-E+
fnm cells (Figure 411-3, J1-3). The near absence of NCAM+/Asc/1°"¢-E+ presumed ORNs
in the OE (see Figure 3 and supplemental Figure) makes it unlikely that the Asc/1C"¢-E+
cells, even those that are also NCAM+ (Figure 4J1-3), coincide with axons from Asc/1C"¢-E+
presumed ORNS.
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The accumulation of Asc/IC¢E+ fnm cells with multiple characteristics of migratory mass
cells suggest that Ascl1+ OE precursors contribute to the frontonasal mesenchyme (fnm),
further defining the fnm as a mosaic of cells with distinct molecular identities, derivations,
and signaling capacities (reviewed by LaMantia, 2020). At E11.5, most medial as well

as some dorsolateral fnm cells express Six1 (Figure 5A), while most lateral as well as

some dorsomedial fnm cells express Pax7 (Figure 5B). Migratory mass cells, including
Ascl1CE+ cells, express neither Six1 nor Pax7 (Figure 5A, B, insets). Dorsal medial fnm
cells, including those adjacent to the OE region where Ascl1+ cells are found, do not express
Ascl1 (Figure 5C) express Six1 (Figure5D, see also Figure 5B insef). AsclICE+ cells
associated with the migratory mass are distinct from both Six1+ cells (Figure 5E1-2) as well
as the small number of Pax7C"e+ cells found in the medial OE (Figure 5F1,2). NCAM+
cells as well as apparent single or small fascicles of NCAM+ axons can be seen intercalated
among Pax7°"e+ fnm cells at the boundary of the lateral and medial fnm (Figure 5F1,2).

We assessed quantitatively the registration of NCAM+ axons and cells with Pax7C"e+ fam
cells using a Pearson correlation analysis of individual pixels labeled for each marker on

the original images without processing to enhance brightness and contrast or diminish
background. We found a mean correlation of 0.095 + 0.08 (Pearson correlation coefficient;
n=4), suggesting that NCAM+ ORN axons and Pax7<"®+ cells are independent entities.

In contrast, there is substantial, but not absolute, registration of NCAM+ and Asc/1C"¢-E+
fnm cells and processes (Figure 5D1-2, 5E1-3). When the coincidence of Asc/1C¢E+

and NCAM+ cells and processes is compared statistically based upon frequency of pixel
superimposition as above, the mean correlation, 0.806 £ 0.03 (n=5) is substantial, suggesting
a robust relationship between the two. Apparently, Ascl1+ OE precursors contribute to the
fnm, in parallel with subpopulations of neural crest derived cells (Anchan et al., 1997;
Barraud et al., 2010; Forni et al., 2011; Osumi-Yamashita et al., 1994).

We next asked whether Asc/IC"¢E+ fnm cells are distinguished by additional characteristics
associated with cells in the early migratory mass or with Asc/ZC"¢E+ cells in the
dorsomedial OE at E11.5. The initial cells that populate the migratory mass are thought

to proliferate little, if at all (Miller et al., 2010; Palaniappan et al., 2019). Thus, we assessed
the proliferative state of Asc/IC™®E+ cells in the medial dorsal fam based upon acute BrdU
labeling. The limited population of Asc/I°"E+ cells in the medial dorsal fnm is not labeled
by acute BrdU exposure for 2 hours prior to collecting embryos on E11.5, in contrast with
robust BrdU labeling of cells in the OE as well as subsets of cells in the lateral and medial
fnm (Figure 5G and insel). In addition, we found a spatially limited subset of pPSMAD+ cells
in the fnm that coincide with Asc/1C"¢E+ cells and processes (Figure 5H). This restricted
fnm population includes pPSMAD+/Asc/1CE+ cells, as well as cells labeled for one of

the two markers only (Figure 511,2, 5J1-3). Asc/1C"¢"E labeling is seen in the peri-nuclear
cytoplasm and proximal processes of presumed migratory mass cells in which the nucleus is
pSMAD+(Figure 5K1-3). When one compares the marker profile of known migratory mass
cells, Ascl1Cre-E+ cells in the fnm, and the majority of fnm cells (Figure 5L), it is apparent
that Asc/1C7¢E+ fnm cells and migratory mass cells are likely an overlapping sub-population
of medial fnm cells associated with the nascent ON.
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Identity and mode of division of distinct E11.5 OE progenitor lineages

The temporal and spatial diversity of early OE precursors and their progeny suggests that
medial versus lateral OE precursors differ in their molecular or proliferative characteristics.
To further assess such differences, we used a pair cell assay (Shen et al, 2002; Tucker et al,
2010; Lehtinen et al, 2011; Karpinski et al, 2021) to distinguish molecular identities, modes
of division and fates of isolated E11.5 medial versus lateral OE precursors. A Sox2CFP
reporter expressed throughout the developing OE but not in the fnm (Ellis et al, 2004;
Tucker et al, 2010) identifies neural precursors from the dissected E11.5 medial and lateral
OE (Figure 6A). Subsets of SoxZCFP+ isolate precursor pairs from the medial as well as
lateral OE express Six1 (Figure 6B), Pax7 (Figure 6C), Ascll (Figure 6D), and BlI1-tubulin
(Figure 6E). Thus, these OE precursors retain several aspects of their OE identity, including
the capacity to generate presumed neurons.

We analyzed labeled pairs in two ways: first, as a proportion of a/l pairs medial or lateral
in which at least one cell is SoxZCFP+ (a small number of pairs are Sox2CFP- most
likely from fnm not fully dissected from the OE samples). Medial OE precursors appear
more proliferative based on recovery of more SoxZ2CGFP+ medial versus lateral Sox2CFP+
pairs after plating equivalent dissociated cell numbers (medial=1589 total SoxZ2CGFP

pairs; lateral=829 SoxZCFP+ pairs; n=4 independent experiments). The percentage of all
SoxZCFP + medial versus lateral pairs labeled for at least one of markers analyzed in vivo,
however, did not differ significantly (Figure 6F1). Next, we analyzed medial vs. lateral
Six1+, Pax7+, Ascl1+ and BllI-tubulin+ pairs as a proportion of SoxZCFP+ medial versus
lateral pairs, respectively. Six1+ medial pairs were proportionately more frequent (17%
medial, 13% lateral; p<0.04; Fisher Exact; Figure 6F2) and Pax7+ lateral pairs were more
frequent (4% medial, 14% lateral; p<0.00001; Fisher Exact; Figure 6F2). In contrast, Ascl1+
and pl1l-tubulin+ pairs, presumably yielded by precursors with a neurogenic bias do not
differ in frequency (Figure 6F2). We next analyzed Six1+, Pax7+, Ascl1+ or BllI-tubulin+
pairs as a proportion of all pairs, medial and lateral, that express at least one marker, thus
excluding SoxZCFP+ pairs with unknown second order molecular identity. Pax7+ lateral
pairs are more frequent (13% medial, 38% lateral; p<0.00001; Fisher Exact; Figure 6F3),
as are Ascl1l+ medial pairs (17% medial, 10% lateral; p<0.03; Fisher Exact; Figure 6F3).
Together, these results are consistent with enhanced presence of Pax7+ precursors and
progeny in the lateral OE and elevated frequency of Ascll+ precursors and their progeny in
the medial OE.

Subclasses of OE precursors, despite an overall equivalence of medial versus lateral
symmetric and asymmetric divisions, are also biased toward symmetric versus asymmetric
division. Six1+ medial as well as Six1+ lateral precursors divide symmetrically significantly
more frequently (64% vs. 36 % medial /63% vs. 37% lateral symm. vs. asym.; p<0.0001,
medial; <0.03, lateral pirs; Fisher Exact; Figure 6G1). Pax7+ medial precursors divide
asymmetrically significantly more frequently (67% asymmetric; p<0.03; Fisher Exact;
Figure 6G2). Medial and lateral Ascl1+ precursors divide symmetrically or asymmetrically
with approximately equivalent frequency (Figure 6G3). The neurogenic yield (B111-tubulin+)
from SoxZCGFP+ medial and lateral asymmetric and symmetric divisions is equivalent
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(Figure 6G4). Thus, OE precursor proliferation and modes of division reflect medial versus
lateral OE position and molecular identity.

E11.5 Ascl1C®E + OE precursors and their E16.5 neuronal and non-neuronal progeny

We next asked whether the E10.5-recombined (E10.5-R) Asc/1C"¢E + temporal/lineage
cohort gives rise to spatially-restricted differentiated OE cell classes at E16.5, as the OE
grows and acquires a more mature turbinate morphology (Figure 7A1-4). At E16.5, E10.5-R
AsclICeE+ cells are found primarily in the more OE anterior portion. From the most
anterior (Figure 7A1,2) to mid-anterior levels (Figure 7A3,4), E10.5-R Asc/IC¢E+ cells are
distributed discontinuously (Figure 7AL, insef), and they are most prominent in the ventral
mid-anterior E16.5 OE (Figure 7A2,3). Posterior to this region, a patchy ventral distribution
returns in medial turbinates (Figure 7A4). The cytology of E10.5-R Asc/1C"¢E+- derived
cells varies in the E16.5 OE (/nsets, Figure 7B-D). Some have morphological characteristics
of ORNs, others resemble sustentacular cells, and far less frequently, basal cells (Figure
7B,C), based upon OE location and cytological features (Salazar et al., 2019; Schwob,
2002). There are few, if any, E10.5-R Asc/ICE+ cells in the respiratory epithelium,
identified based upon its distinct cytology (Figure 7D). In addition, there are individual
E10.5-R Asc/1€eE+ cells in lamina propria, adjacent to the OE, as well as subsets of
AsclICE+ processes (Figure 7C, asterisks; Figure 7E, arrowheads). To assess retention

of proliferative capacity versus neurogenesis of E10.5-R Asc/1CE+ cells, we gave dams
carrying E10.5-R Asc/1C"-E litters BrdU in their drinking water for 48 hours starting

at E11.5 and assessed heavily labeled OE cells in their E16.5 fetuses. If a substantial
number of E10.5-R Asc/IC"E+ cells generate ORNSs between E11.5 and E13.5, then E16.5
AsclICE+/BrdU+ ORNS should be fairly numerous. If, however, E10.5-R Asc/1C"e-E+
cells divide more frequently before generating post-mitotic ORNSs, few Asc/IC™E+ E16.5
ORNs would be BrdU+ due to serial dilution of the label as the Ascl1+ progenitors divide.
Our data favors the latter possibility; we found very few E10.5-R Asc/IC¢E+ cells in the
E16.5 OE are BrdU+ (Figure 7F1-3). This is consistent with the suggestion that E10.5-R
AsclICE+ precursors generate additional precursors (see also Figure 2E and Figure 2H5)
after they emerge as a distinct population by E11.5 and for the next two days after, and
subsequently generate a subset of ORNSs and additional apparently differentiated OE cell
classes.

To assess neuronal versus non-neuronal cells within the E10.5-R Asc/1C™¢E+ cohort,

we double-labeled E10.5-R Asc/1C™eE+ cells at E16.5 for NCAM and OMP. NCAM
distinguishes actively differentiating ORNs, while OMP is likely associated with ORNs
whose axons have reached the olfactory bulb (Graziadei et al., 1980). NCAM+ ORN
apical dendrites and knobs are intercalated among E10.5-R Asc/IC"E+/NCAM- cells with
dome shaped apical domains and apically positioned nuclei (Figure 7G, insef). We did

not detect E10.5 R Asc/IC"¢-E+/NCAM+ ORNSs at E16.5; however, occasional E10.5 R
Ascl1C¢E+/NCAM- cells are found among the more substantial population of NCAM+
presumed ORNs (Figure 7H). There is partial registration of NCAM+ axon fascicles and
AsclICeE+ cells and processes in the lamina propria (Figure 711-3, arrowheads). These
fascicles reflect the confluence of smaller NCAM+ fascicles or single NCAM+ axons that
are not Asc/IC"¢E+ (Figure 711-3, arrows). OMP+ cells appear less frequently in the E16.5
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OE (Figure 6J), and Asc/IC"¢-E+/OMP+ presumed ORNs represent a small subset of OMP+
ORNSs (Figure 7J1, see also 7L, O, and P). Adjacent to the OMP+ and OMP+/Asc/1C"¢E+
presumed ORNS are additional Asc/1€"-E+/OMP- cells with apical domes and apical
nuclei (Figure7K-Q). Subsets of OMP+/Asc/IC"-E- distal dendrites and dendritic knobs
are segregated from E10.5-R Asc/ICeE+/OMP- cells with apical domes and apical nuclei
(Figure 7P1-3, Q1,2, arrowheads). Finally, we assessed the relationship between E10.5-R
AsclICeE+ and OMP+ cells or processes in the lamina propria (Figure 701-3). We found
no OMP+ cells in the lamina propria, and there is less overlap of OMP+ fascicles and
AsclICeE+ cells than that for NCAM+ cells and processes (compare Figure 7R, R1-2
with 7H, 711-3). Instead, subsets of Asc/IC"E+ cells are occasionally adjacent to OMP+
axon fascicles (Figure 7R, R1,2). This analysis of OE neuronal markers, cytology, and cell
position distinguishes three classes of E10.5-R Asc/IC™E + cells at E16.5 (Figure 7S): 1)
NCAM+ or OMP+ cells with apical dendrites and dendritic knobs in the mid-OE that are
presumed ORNs. 2) NCAM- and OMP- cells with apical domes and apical nuclei that are
presumed sustentacular cells. 3) NCAM+, OMP- cells in the lamina propria adjacent to
NCAM+ as well as OMP+ axon fascicles—Kkey properties of olfactory ensheathing cells.

A distinct population of E10.5 Ascll precursor-derived cells in the lamina propria

E16.5, E10.5-R Asc/1CE+ cells in the lamina propria are closely associated with subsets
of NCAM+ and OMP axons. These cells are seen in the lamina propria proximal to
AsclICE+ cells in the E16.5 OE (see Figure 7), as well as adjacent to the VNO, where
they surround fascicles of NCAM+ axons (Figure 8A,B and /nsel). This population of
AsclICE+ cells is in an identical position to cells identified previously as olfactory
ensheathing cells (Barraud et al., 2010; Forni et al., 2011; Perera et al., 2020). NCAM+
axon fascicles coincide with chains and aggregates of Asc/1C"E+ cells in the lamina
propria as they extend toward larger fascicles (Figure 8C, see also Figure 8a insel). In

cross section, apparent processes of Asc/ICE+ cells define septa that divide sub-fascicles
of NCAM+ ORN axons (Figure 8D, E1-3). Discrete bundles of NCAM+ ORN axons and
AsclICE+ cells and processes are often distinct (Figure 8F1-5). While some NCAM+ axon
fascicles are apparently fully invested by Asc/1€"E+ cells and processes, other NCAM+
fascicles and Asc/IC¢E+ cells and processes are not in complete registration (Figure 8F2,3,
arrows), and Asc/1°"E+ cell processes extend beyond individual axon bundles (Figure
8F4,5). The relationship between E10.5-R Asc/IC"E+ cells and OMP+ axons at E16.5 is
distinct from that with NCAM+ axons (Figure 8G-J). Asc/I°"E+ cells and processes are
not OMP+ (Figure 8G,H). Instead, these cells form capsules that envelop multiple fascicles
that include OMP+ axon as they exit the OE. OMP+ ORN axons appear to be intercalated
with presumed OMP- axons within single fascicles (Figure 8H; arrowheads). Some OMP+
fascicles are enveloped by E10.5-R Asc/1C"E+ cells and processes while adjacent fascicles
are not (Figure 811-3; compare asterisks to arrowheads/arrow). Finally, fenestrated lamellar
extensions of single Asc/IC¢E+ cells invest small fascicles of OMP+ axons (Figure 8J1-3).
The distinctions between the relationship between Asc/ICE+ cells, NCAM+ and OMP+
axon fascicles suggests that a subpopulation of E10.5-R Asc/IC"¢E+ olfactory ensheathing
cells may interact with subsets of ORN axons.
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DISCUSSION

Precursor cells in the early differentiating OE are distinguished by temporal as well as
regional, molecular and proliferative characteristics (Figure 9A,B). We found a primarily
dorsolateral population of Pax7+/Meis1+ precursors whose Pax7“"e+ progeny initially
appears biased to generate additional Pax7+ precursors and ORNs. We also identified a
novel population of early generated dorsomedial Ascl1+ precursors that are not derived from
Pax7+ precursors. A distinct cohort of these Ascl1+ precursors is labeled by conditional
transcriptional lineage tracing via Asc/1C"®ERT at E10.5. One day later, at E11.5, they
remain as a spatially limited cohort of primarily proliferative precursors in the dorsomedial
OE. Their non-proliferating progeny appear to be associated with the migratory mass
adjacent to the coalescing ON in the fnm. At later fetal stages, these temporally, molecularly
and regionally distinct Ascl1+ precursors generate subsets of medial and ventral ORNSs as
well as presumed sustentacular and ensheathing cells in the more anterior OE. Thus, from
the outset of its differentiation, the OE comprises parallel precursor populations with distinct
temporal and molecular signatures that bias their capacity to generate subsets of ORNs as
well as other OE cell classes.

Cellular, molecular and genetic analysis of early OE precursors

Analysis of the early developing OE is complicated by its dynamic morphology, small size,
and cellular diversity. The prevailing impression from many studies, including from our
laboratory, has been that early OE precursors comprise unitary classes that progress through
a singular lineage defined by expression of diagnostic transcription factors to generate
ORNSs and other OE cell types (reviewed by Beites et al., 2005; Moody and LaMantia,
2015; Schwob et al., 2017). We integrated constitutive and conditional transcriptional
lineage tracing of two OE precursor populations to assess this impression: those expressing
Pax7 (Murdoch et al, 2010) or Ascl1 (Cau et al., 2000; Cau et al., 1997; Gordon et

al., 1995; Guillemot et al., 1993; Murray et al., 2003). We combined this analysis with
quantitative assessment of additional transcription factors, proliferative activity, signaling,
and cell identity (Figure 9A). OE progeny have been identified previously by constitutive
Pax7°"¢ (Murdoch et al., 2010), a SixZ enhancerC® (Sato et al., 2015) or conditional
/s/1C7eERT recombination (Taroc et al., 2020). Our combined /n7 vivo and in vitro analyses
of temporally, molecularly and regionally defined OE precursors in the mouse provide

a complimentary view of OE precursor identity, lineage and fate to those defined by
transcriptional lineage tracing in the mouse or electroporation of reporter and dominant-
negative or gain-of-function constructs in chick embryos, where the nascent OE is accessible
for such manipulation (Maier et al., 2010; Palaniappan et al., 2019). Our experiments
cannot, however, account for broader molecular diversity among OE cells captured by
transcriptomic analysis (Brunskill et al., 2014; Perera et al., 2020; Poopalasundaram et al.,
2016).

Conditional fate mapping of OE progenitors at varying intervals has been used to evaluate
aadult OE neurogenesis or regeneration (Iwai et al., 2008; Leung et al., 2007; Packard et
al., 2011). No published studies to our knowledge, however, have focused upon precursor
identity over short intervals in the developing OE. The suggested central role of Ascll as a
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regulator of transit amplifying terminally dividing ORN progenitors derived from upstream
precursors (Cau et al., 2002; Guillemot et al., 1993; Murray et al., 2003; Tucker et al.,
2010) led us to focus on Asc/1C™eERT conditional recombination for a dynamic view of
OE precursor identities after two relatively short survival periods. Similar approaches have
been used to assess temporally discrete Ascll+ precursors and progeny in the spinal cord,
cerebellum, and cerebral cortex (Allaway et al., 2020; Battiste et al., 2007; Kim et al.,
2008; Sudarov et al., 2011; Vue et al., 2014). We also attempted conditional recombination
using Pax7C"¢ERT jn the E10.5 OE. Recombination was seen in lateral fam at E11.5, as
expected based upon Pax7 localization (LaMantia et al., 2000; Stoykova and Gruss, 1994).
We did not, however, identify Pax7C"¢E+ OE cells at E11.5 or E16.5 using two distinct
Pax7°"eERT Jines (Lepper et al., 2009; Lepper and Fan, 2010; Murphy et al., 2011). This
may reflect incomplete Cre expression from the Pax7locus in distinct cell types or low
recombination probability in slowly proliferating OE progenitors. Our findings from one
temporally distinct, molecularly and positionally defined lineage cohort will need to be
extended to better understand OE precursor diversity and its consequences.

Molecular versus temporal OE precursor diversity

Most analyses define OE precursor diversity primarily by expression of molecular
determinants—particularly bHLH transcription factors like Ascl1, Ngn2, Hes1, and NeuroD
(reviewed by Kam et al., 2014). Less attention has been paid to temporal diversity.

The E10.5-R Asc/1€"E+ precursor population we identify could not be recognized or
followed based upon molecular marker expression. Time, in this instance, has substantial
consequences for otherwise indistinguishable precursors and their progeny (Figure 9B).
During the course of early OE differentiation, signals from neural crest-derived mesenchyme
or adjacent cranial ectoderm (Bhasin et al., 2003; Forni et al., 2013; LaMantia et al., 2000;
Szabo-Rogers et al., 2009; Whitesides et al., 1998), the OE itself (Gokoffski et al., 2011;
Maier et al., 2011; Maier et al., 2010; Sabado et al., 2012) and amniotic fluid at the apical
OE surface (Chau et al., 2015) are available to subsets of OE precursors. Thus, at any time
during OE morphogenesis, any single OE precursor is likely influenced by a positionally
distinct, concentration-dependent signaling matrix that establishes or constrains subsequent
proliferation or differentiation. Nasal morphogenesis and growth may change this signaling
matrix over time, continuously “updating” identities in temporal/spatial lineage cohorts.

Spatial restriction of the Asc/7C"¢E+ OE transcriptional lineage cohort we identified here,
as well as enhanced expression of pPSMAD among these cells, suggests that subsets of

OE progenitors may be specified within a signaling matrix that includes Bmps from both
OE-intrinsic and extrinsic sources (Chau et al., 2015; LaMantia et al., 2000; Maier et al.,
2010; Panaliappan et al., 2018). The localization of Bmps, especially Bmp4, in fnm and
cranial ectoderm (LaMantia et al., 2000; Shou et al., 2000), Bmp4’s differential effects

on OE neurogenesis (LaMantia et al., 2000; Maier et al., 2010; Panaliappan et al., 2018;
Zhu et al., 2016) and enhanced frequency of pPSMAD+ cells in E10.5-R Asc/1C"¢-E+
dorsomedial precursors are consistent with previous observations that Bmps or other Tgff
signals influence OE neurogenesis and differentiation. Additional signals, including Retinoic
Acid, Sonic hedgehog, Fgf8, Wnts and Notch may also influence temporally and spatially
distinct OE precursor cohorts (Balmer and LaMantia, 2004; Herrick et al., 2018; Lassiter et
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al., 2014; Maier et al., 2011; Rawson and LaMantia, 2007; Schwarting et al., 2007; Tucker et
al., 2010; Whitesides et al., 1998). Recent work shows that subsets of Fgf20+ OE precursors,
further regulated by Whnt signals, guide OE turbinate morphogenesis (Yang et al., 2018).
Thus, serial signaling via multiple diffusible signals may integrate position and time to
dynamically specify OE lineage cohorts by signaling state rather than singular expression of
any particular molecular determinant.

Temporally distinct OE precursor cohorts and OE cellular diversity

Temporally distinct OE precursor cohorts may contribute to the regional or “zonal”
organization of ORNs distinguished by monoallelic odorant receptor expression and
segregated OB projections (Buck, 1996; Mori et al., 2000; Ressler et al., 1993; Vassar et
al., 1993; Zapiec and Mombaerts, 2020). E10.5-R Asc/IC"¢-E+ precursor progeny identified
at E16.5 includes a subset of ORNSs limited to OE regions that correspond approximately to
Zone 1 (reviewd by Mori et al., 2000) or the more recently defined Zolf24/Z0lf16 (Zapiec
and Mombaerts, 2020). The E10.5-R Asc/ICE+ lineage cohort may generate a “pioneer”
population of Zone 1 ORNSs to establish a template for additional zonal ORNSs, or even non-
neuronal cells, as they are added or regenerated. Whether ORNSs generated by temporally
distinct Asc/1C"¢E+ precursors endure beyond fetal life, or a small number of precursors
from this cohort continue to generate distinct OE cell types during OE maturation or
ongoing regeneration remains to be determined. A more detailed understanding of temporal
diversity of OE precursor lineages and cellular diversity is clearly necessary to better predict
consequences of OE pathogenesis targeted to distinct cell classes (Cooper et al., 2020) and
to optimize OE regeneration and functional recovery.

An early cohort of migratory mass cells are likely generated by the Asc/I°"E+ OE lineage
cohort (Figure 9). The absence of Ascll expression from the fnm, which is largely derived
from neural crest (Karpinski et al., 2016; Osumi-Yamashita et al., 1994; Serbedzija et al.,
1992) and the subset of E10.5-R Asc/1C"¢-E+ fam cells at E11.5 suggest that early migratory
mass cells are not generated solely by fnm neural crest (Barraud et al., 2010; Forni et al.,
2011; Katoh et al., 2011). Instead, our current /7 vivo data are consistent with /n vitro and
in vivo observations that an initial population of migratory mass cells is generated primarily
from olfactory placodal ectoderm (Karpinski et al., 2016; LaMantia et al., 2000; Miller et
al., 2010; Rawson et al., 2010). E10.5-R Asc/IC"E+ OE precursors generate substantial
populations of E16.5 OE cells that express neither NCAM nor OMP. These cells include
presumed sustentacular and ensheathing cells with distinct relationships with subsets of
growing (NCAM+) as well as more mature (OMP+) ORN axons. Thus, sustentacular or
ensheathing cell identity may be restricted in register with lineage-related ORN cohorts.
Such a relationship, in concert with developmental and activity-dependent mechanisms,
might facilitate subsequent high-fidelity regeneration of ORNS, their axons (Gogos et al.,
2000), and adjacent ensheathing cells based upon lineage-related affinities.
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Highlights
At least two multipotent precursor classes in the nascent olfactory epithelium

Timing, location, and divergent transcription factor expression defines
precursors

Ascll defines a temporally distinct medial olfactory epithelial precursor
cohort

Early Ascll medial precursors are biased to generate cells in the migratory
mass

Early Ascll precursors generate all cell types in the maturing olfactory
epithelium
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Figure 1:
Distribution and identities of early Pax7+ olfactory epithelial (OE) progenitors. A) Pax7+

cells (immunolabeled; red), coincide with Meis1+ cells (immunolabeled; green) in the E10.0
lateral OE (coronal section; d=dorsal, m=medial). A small population of Pax7+/Meis1- cells
is also seen in the ventromedial OE (dotted lines, box, large asterisk). Pax7 is also seen

in mesenchymal cells of the lateral frontonasal mesenchym (fnm). B1_3) Registration of
Pax7+ (red label, green asterisks; pane/ 1) and Meis1+ (green label, red asterisks; panel 2)
cells in the ventrolateral OE (merged; panel 3). Cq.3) A subset of dorsolateral Pax7+ cells
(panel 1) are co-labeled for Meisl+ (panel 2). Single-labeled Meis1+ cells are indicated

by white asterisks (merged; pane/3). D) Cells labeled by a Pax7C"e-recombined floxed
tdTomato reporter (Pax7C'e+) in the OE as well as fnm at E11.5 (coronal section). Pax7“"e+
cells are most frequent in the lateral OE and frontonasal mesenchyme (fnm). The dashed
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line across the dorsomedial OE and the arrows on either side of it indicate the variability
likely between boundaries seen in individual sections the morphometric assessment of the
distribution of Pax7~"e+ cells (see panel 1H). There is also a small domain of Pax7"e+

cells in the ventromedial OE, mostly ventral to the region where the vomeronasal organ
presumably will form (vno?; arrowheads, large asterisk). The dotted line (also shown in
panels E & F) indicates the dorsomedial OE region where Pax X"+ cells are rarely seen

at E11.5. D1.3) Registration of Pax7"+ (red) and Pax7+ (green) cells in E11.5 lateral OE
and fnm. E) Relationship of Pax7°"+ cells to proliferating OE precursors labeled acutely
with BrdU, which are most frequent in the dorsal OE. E1) Lateral OE Pax7ce+ cells are
distinct from BrdU+ cells. F) Dorsomedial Ascl1+ cells are mostly segregated from lateral
Pax7°"e+ OE cells (dotted line); however, occasional Pax7Ce+/Ascl1+ cells are seen in the
dorsolateral OE (boxes F1, G1.4), coincident with the region where BrdU+ cells are more
frequent in the dorsolateral OE. Pax7"e+ and Ascl1+, but not BrdU+, cells also appear
more frequently (arrowheads, large white asterisk) in the ventromedial region adjacent to
the presumptive vno. F1) In the dorsolateral OE, a subset of Pax 7"+ cells are also Ascll+
(arrowheads); however, other Ascl1+ cells are Pax7°e- (asterisks). G1.4) In the dorsolateral
OE, occasional Pax7°"+ cells (arrowhead, G;) are also Ascl1+ (arrowhead, G,) and BrdU+
(arrowhead, G3; merged image, arrowhead G,). H) Relative frequency of Pax7™e+ (Hy),
BrdU+ (Hy) and Ascl1+ cells (Hs3), all as a proportion of total DAPI+ cells, measured in

10 linearly equivalent sectors (/nset, see Methods & Results for additional explanation) with
axial positions indicated by the color code and key. The arrow indicates the OE ventral nadir,
where sector 1 begins (lateral) and sector 10 ends (medial). Numbers of embryos and OEs
counted for each marker are shown. Error bars reflect standard error of the mean for each
point. Light green shading across the graphs indicates dorsomedial sector 6 and darker green
indicates sector 7 where BrdU+ and Ascl1+ cells are more frequent.
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Figure 2:
A distinct zone of highly proliferative Ascl1+ descended precursors in the E11.5 OE. Far

left: the schedule of tamoxifen injection and embryo collection used to generate the data. A)
After initiating recombination with a single E10.5 tamoxifen injection, there is a population
of Ascl1C7E+ cells (arrows) concentrated in the dorsomedial OE. B) Ascl1+ (protein)

cells are mostly limited to the dorsomedial OE region where Asc/1C™¢E+ cells are also
concentrated. B1.3) Dorsolateral Ascl1+ cells (boxes 1,3) are distinct from Asc/ICeE+ cells
(box 2). B4.g) There are dorsomedial OE cells that are both Ascl1+/Asc/1°"¢E+ (boxes

1,2) and Ascl1+/ Asc/ICE — (box 3). C) Asc/IC™E+ cells are segregated from Meis1+
lateral OE progenitors. D) Six1+ cells are substantially more frequent in the lateral OE,
including in the region where Pax7C"e+ cells are found. Some Asc/1C7¢E+ cells are also
Six1+ (insef). E) Dorsomedial Asc/1C"E+ cells coincide with a dorsomedial region where
actively proliferating BrdU+ cells are more frequent (arrows). E1.3) Asc/IC®E+ cells are
also BrdU+. F) PH3+ (Phospho-Histone 3), presumably actively mitotic, cells are distributed
fairly uniformly and at low frequency across the OE. G) Phosphorylated SMAD 1/5/8
(pPSMAD)-labeled nuclei are found primarily in apical Asc/1¢¢E+ dorsomedial OE cells.
G1.3) pPSMAD+ cells are infrequent in the ventrolateral OE (G;), and more frequent in the
dorsomedial and extreme ventromedial OE (G, G3). pPSMAD+ cells are more frequent in
the most apical (ap) as well as most basal regions of the OE. G,.¢) An apical Asc/ICeE+
dorsomedial OE cell with a pPSMAD+ nucleus. H) Quantitative analysis of multiple OE

cell markers, relative to Asc/ICE + cells using the sector analysis method (see Figure

1H). H,) Relation of Asc/1C"E marked cells (red) relative to Pax7°"e cells (blue; data
replotted from Figure 1H). In subsequent graphs, a “ghost” image of the Ascl1Cre-E+

cell distribution, scaled to the cell frequency of the additional cell population, is shown

by the red hatched curve. H,_7) Quantification of Meis1+, Six1+, Ascll+, BrdU+, PH3+,
and pSMAD+ cells, relative to Asc/1C"E+ cells (red “ghost” curve). Hatched red and
green bars indicate maximal frequency for the relevant cell classes. Yellow points (Hz, 5.7)
indicate percentages of cells double labeled for Asc/1C"¢E+/ Ascl1+(protein), or BrdU+, and
pSMAD+ cells.
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Figure 3:
The relationship between the distribution of early differentiating olfactory receptor neurons

(ORNS) and Asc/ICE+ precursors. A1 o) Early generated ORNS, labeled for the early
neuronal marker BllI-tubulin (green, Az, A), are distributed throughout the dorsolateral
and dorsomedial OE. The frequency of BllI-tubulin+ presumptive ORNSs appears to be
attenuated in the region where Asc/1C"¢E+ cells “(red, A;) are found (dotted line). Boxes
indicated regions enlarged in panels B and C. B1.3) Subsets of plli-tubulin+ ORNs with
apically (ap) oriented dendrites are Asc/1C"¢E+ (asterisks). C) lll-tubulin+ ORNS (0)

in more lateral regions are not Asc/ZC"E+. D, 5) Relationship between the distribution

of NCAM+ ORNSs and Asc/1C7¢E+ cells in the E11.5 OE. NCAM+ cells are mostly
excluded from the region where Asc/IC"-E+ cells (red, D4) are most frequent (dotted

line). The regions boxed in D, are enlarged in panels E, F and G. E) NCAM+/Asc/re-E-
cells in the dorsolateral OE have essential characteristics of ORNs (0), including apically
oriented apparent dendrites and apparent dendritic knobs (arrow). They are often adjacent to
NCAM+/Asc/1€eE- apical (a) and basal (b) epithelial cells. (e). F1.3) At the dorsal margin
of the region where Asc/IC"-E+ cells are most frequent, NCAM+/Asc/IC"eE- cells are seen
with cytological characteristics of ORNs (0) including a dendritic knob at the apical OE
surface (arrow). There are also NCAM+ (e) and Asc/1C™¢E+ (*) epithelial cells, some with
apical processes (arrowhead). G1.3) NCAM+/Asc/ICE+ as well as Asc/ICE+/NCAM-
cells are seen in the apical and mid-OE (arrowheads) in the the region where Asc/IC™eE+
cells are concentrated. H) Sector plot of NCAM+ cell frequency (% DAPI+ cells/sector,
green circles), with the distribution of Asc/ICE+ cells (red curve) for comparison. The
sectors with peak frequency of NCAM+ and Asc/IC"-E+ cells are indicated with hatched
horizontal green and red bars, respectively. 1) Sector plot of absolute numbers of NCAM+
(green circles), Asc/1C7¢E+ (red curve) and NCAM+/ Asc/ICE+ double-labeled cells
(yellow circles).
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Blll-tubulin

Figure 4:
AsclICeE+ cells are associated with the developing olfactory nerve (ON) and migratory

mass. A) Asc/ICE+are seen concentrated in the medial OE and in subset of frontonasal
mesenchymal (fnm) cells (box and /nsel) that are morphologically and cytologically
reminiscent of the cells of the migratory mass that forms in parallel with the initial
outgrowth of the axons of early generated ORNSs. Asc/IC®E+ cells are not seen in other
regions of the fnm. B) The distribution of BllI-tubulin+ cells as well as their processes in

the OE and fnm and their relationship to Asc/1C"E+ cells. BlII-tubulin+ cell frequency
declines in the OE region where Ascl1Cre-E+ cells are concentrated. pllI-tubulin+ cells and
process coalesce in the fnm to form fasciles (arrowheads, box C), as well as aggregating in
the migratory mass to contribute to the nascent ON (box D) Cy.3) Asc/IC®E+ cells (Cq)

are in register with more extensively labeled BlI11-tubulin+ axon fascicles (C,) that extend
from the OE toward the migratory mass and ON. The registration is not complete (yellow
label indicates overlap, C3). D1-3) The perinuclear cytoplasm of migratory mass cells is
labeled to identify apparent Asc/1C"e-E+ migratory mass cells (D1). BllI-tubulin+ cells and
processes coincide with the Asc/1C7¢E+ cells, but are not completely in register (compare
arrowheads in Dy 7). Ej.3, F1-3) Single AsclICE+ cell bodies (asterisk, E, F1) are also
labeled for BllI-tubulin (red asterisks, E; 3; F2.3). These cells have leading or trailing
processes (arrowheads) that are labeled for BllI-tubulin (E; 3; F2-3) but not AsclICE, Gy.3)
Aggregates of Asc/1CE+ cell bodies (G, asterisks) are adjacent to apparent small fascicles
or single BlI-tubulin+ axons (arrowheads, G 3) that appear to coalesce into a larger fascicle
as they reach the aggregated Asc/ICE+ cells. H) NCAM labels a subset of dorsolateral
and ventromedial OE cells, including a sub-population of presumed ORNSs that are actively
extending axons into the fnm toward the nascent ON. NCAM also labels the Asc/1C"¢E+
cells associated with the migratory mass. The lack of a significant number of Asc/1C"¢-E+
presumed ORNSs makes it highly unlikely that the Ascl1Cre-E labeling is due to axons rather
than labeling of the perinuclear cytoplasm of Ascl1Cre-E+ cells in the fnm, including those
in the migratory mass (box and /nsel). 11_3) A fascicle of NCAM+ axons, including either

a small fascicle or single NCAM+ axon (large arrowhead, 1;) and some NCAM+ fnm cells
(small arrowhead) appear to coalesce in the fnm where they coincide with, but do not totally
overlap a chain of Asc/7CE+ fnm cells (I,) that aggregate in register with the NCAM+
axons (arrows, 11.3) to join the nascent ON. J) In some migratory mass aggregates, there are
subsets of Asc/IC"E+ fnm cells (J1, arrowheads) that are intercalated with larger apparent
NCAM+ axon fascicles (arrows, J;.3) as well as NCAM +/Asc/I€E- presumed migratory
mass cells (asterisks).
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7/

7
7/

Distinctions in identity and lineage of ON-associated frontonasal mesenchyme (fnm) cells.
A) Six1+ fnm cells are concentrated in the medial and dorsolateral fnm, but attenuated in the
lateral ventral fnm. In the dorsomedial fnm however, there are regions where Six1+cells are
not seen (box and Jnser), presumably where the olfactory nerve (ON*) are found. B) Pax7+
(protein) cells are concentrated in the lateral fnm. In the mediodorsal fnm where fascicles

of the olfactory nerve are presumably growing (ON*) there are few, if any Pax7+ cells. In
this mediodorsal region where Pax7+ cells are absent, Asc/1C"E+ cells accumulate (box,
Inset, ON*). C) Cells in the fnm adjacent to the OE region where Ascll1+ (protein) cells

are found do not express Ascll. D) Six1+ cells predominate in the medial fnm. There are,
however, a small population of Asc/IC"¢E+/Six1- cells that accumulate in the fam region
where the olfactory nerve is seen. F1.,) NCAM+ axons and cells of the nascent olfactory
nerve (ON; C1) and migratory mass are seen at the boundary of the medial and lateral

fnm, distinct from a subset of Pax7'¢+ cells (arrowheads Fy, 5). G) Asc/ICE+ cells in

the medial fnm are not acutely labeled by BrdU, in contrast to Asc/ZC"-E+ (arrows) or
Ascl1C¢E _ (arrowheads)cells in the OE as well as a subset of Asc/1C"¢E- cells in the

fnm. H) Asc/I€"E+ cells in the presumed olfactory nerve (ON*) and migratory mass (box;
enlarged in H »), as well as in the dorsomedial OE (arrows), are also pSMAD+. These

cells are segregated within the fnm in the region where the olfactory nerve (ON*) typically
coalesces as it extends toward the ventral forebrain. Hq.o) pSMAD+ cells define a restricted
fnm subpopulation. pPSMAD+ nuclei (H4) tend to be aligned in the region of the presumptive
olfactory nerve (ON*) and migratory mass; however, there are also pSMAD- cells in this
region (arrowheads). Many pSMAD+ fnm cells in the region of the presumptive ON are also
AsclICE+ . 31 3) An accumulation of Asc/ICE+ cells with pSMAD- nuclei (asterisks)
and Asc/IC¢E+ cells with pPSMAD+ nuclei (arrows) define a limited region of the fnm that
presumably corresponds to the coalescing ON (dotted outline). K;_3) Nuclei of Asc/1CTe-E+
cells in this region are pPSMAD+ (asterisks). L) Molecular and proliferative marker profiles
of migratory mass (mm; NCAM+ cells shown), medial fnm Asc/1¢-E+ cells, and medial
fnm cells (m-fnm). The profiles of migratory mass and medial fnm Asc/7¢"E+ cells are
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identical. Diagonal, colored hatching indicates labeling for the relevant marker, dotted
shading indicates lack of labeling.
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Figure 6:
Molecular identity and OE medial versus lateral position influence modes of precursor

proliferation and division. A) A SoxZCFP reporter transgene labels lateral and medial OE
cells in a graded fashion. Symmetric and asymmetric divisions of B) Six1+/SoxZ2CFP+
precursor cell pairs recorded and scored in this analysis; C) Pax7+/Sox2CFP+ cell pairs;

D) Ascl1+/SoxZCFP+ cell pairs. E) Symmetric and asymmetric neurogenic divisions from
SoxZCFP+ progenitors identified with BI1I-tubulin. F) Normalized frequency of medial
versus lateral cell pairs. F1) The frequency of medial versus lateral pairs labeled by
SoxZCFP and any of the four additional markers does not differ significantly. F») The
frequencies of Six1+ and Pax7+ pairs as a proportion of all SoxZ2CFP+ medial versus lateral
cell pairs differ significantly (asterisks, Six1+ M > Six1+ L, p < 0.04; Fisher-Exact; Pax7+
M < Pax7+ L, p < 0.001, Fisher-Exact). F3) Pax7+ pairs are significantly more frequent
among lateral pairs (asterisk. p < 0.0001; Fisher-Exact) and Ascl1+ pairs are more frequent
among medial pairs (asterisk, p < 0.03, Fisher-Exact) when frequency of medial versus
lateral pairs is compared for each marker class as a proportion of all medial or lateral
SoxZ2CFP+ pairs labeled for any of the four markers. G) Normalized frequency of symmetric
versus asymmetric dividing cell pairs from the medial and lateral OE. G1) For medial and
lateral Six1+ pairs, there are significantly more symmetric divisions (p < 0.0001 medial;
0.03, lateral; Fisher Exact). G,) There are significantly fewer symmetric divisions among
lateral Pax7+ pairs (p<0.03, Fisher Exact); however, the frequency of symmetric versus
asymmetric divisions for medial Pax7+ cell pairs do not differ significantly. G3) There is no
significant difference in symmetric versus asymmetric divisions for medial or lateral Ascl1+
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pairs. G4) There is no significant difference in neurogenic symmetric versus asymmetric
divisions (BllI-tubulin+) for medial or lateral pairs.
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Figure 7:
Distribution and identities of E10.5 recombined (E10.5-R) Asc/IC"E+ precursor cohort in

the E16.5 OE. A;.4) Series of sections showing the distribution of E10.5-R Asc/1C7eE+
cells in the E16.5 OE. The dotted lines between arrowheads indicate regions where apparent
sustentacular/supporting cells and their processes predominate, primarily in the more ventral
aspect of the anterior OE at the transition from apparent respiratory epithelium. The

dotted lines between asterisks indicate regions where apparent E10.5-R Asc/7C"¢-E+ ORNs
predominate, primarily in dorsal anterior OE regions. The areas boxed in A1-4 are enlarged
in B-E. B) A region where E10.5-R Asc/IC"¢-E+ apparent sustentacular/supporting cells (s,

Dev Biol. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paronett et al.

Page 34

arrowhead), based upon their morphology (see also panel G, inset; panels K-M & K1-My),
are most frequent. Many Asc/IC"¢E+ apparent sustentacular cells have apical extensions
that end in club-like processes at the apical (&)/lumenal surface. Other E10.5-R Asc/1C"¢-E+
cells are seen at more basal positions (4). C) A region where apparent Asc/7¢¢-E+ ORNs
(arrowheads), based upon their morphology including dendrites that extend toward the
apical/lumenal surface, predominate. In the lamina propria (Ip) reporter labeling (asterisks)
likely reflects ORN axon fascicles and/or ensheathing cell processes that coalesce after the
axons exit the OE. D) There are no E10.5-R Asc/IC"E+ cells in the apparent respiratory
epithelium (RE). E) In the lamina propria distal to the OE, E10.5-R Asc/1C"¢E+ cells

and processes accumulate. E10.5-R Asc/IC"E+ cells (arrowheads), including some that are
adjacent to apparent accumulations of processes (asterisks) that may comprise ORN axons
as well as processes of E10.5-R Asc/1C"E+ cells in the lamina propria. F) After chronic
BrdU exposure from E11.5 through 13.5 via maternal drinking water, BrdU+ nuclei are
E10.5-R Asc/1CE + cells (F4) very rarely have nuclei heavily labeled for BrdU (F2.3).
G-1) Infrequent E10.5-R Asc/1C7¢E+ cells (box, H) whose morphology suggests that they
are ORNSs are seen among the far more numerous NCAM+ presumptive ORNSs. In addition,
E10.5-R Asc/1C"-E apical processes (box, *) that resemble the apical domains of OE
sustentacular/supporting cells (inset, S?) are interdigitated between NCAM+ apical dendrites
and dendritic knobs (inset, arrowheads). H) E10.5-R Asc/1C¢E+ cell bodies (arrows) are
NCAM- and are surrounded by NCAM+ apparent ORN cell bodies in the mid-level of the
OE. A palisade of heavily labeled DAPI+ nuclei (arrowheads) is seen in the apical OE. In
the lamina propria (Ip), E10.5-R Asc/1C®E+ cells and processes appear to coincide with
NCAM-+ ORN axon fascicles (arrowheads). 11.3) Small fascicles or individual NCAM+
axons (arrows) exit the OE, extend through the lamina propria and coalesce adjacent to,

or overlapping, E10.5-R Asc/IC"E+ cells (asterisks) and processes (arrowheads) that are
both NCAM+ and NCAM-. J) E10.5-R Asc/1C7¢E+ cells are found among OMP+ ORNSs
in the E16.5 dorsal anterior OE. J;) Occasional Asc/I°"¢E+ ORNs are also OMP+. Dual
labeling extends to their apical dendrites and dendritic knobs (inset. *). K) Asc/1C7¢E+ cells
include a population whose nuclei are aligned at the apical aspect of the OE (arrowheads)
and whose apical domains have a dome or club-like morphology (asterisks). L) Cytological
and positional distinction between an Asc/1C"¢E+ cell with an apical nucleus (arrowhead)
and a dome-shaped apical domain (asterisk) and OMP+ ORNs (0) in the mid-level of the
OE whose apical dendrites and dendritic knobs (arrows) also extend to through the apical
OE and into the OE lumen. M) An OMP+ dendritic knob (arrow) from an OMP+ ORN

(0) with its cell body in the mid-OE Ny ») Asc/2C¢E+ cells with apically positioned nuclei
(example indicated with arrowhead) and an apical/lumenal dome-shaped domain (asterisk)
are distinct from NCAM+ cell bodies in the mid-OE. (o) that are actively extending an

axon toward the OB. O, Py ») Subsets of OMP+ ORN cell bodies are also Ascl1CeE+

(0+), amid OMP+/Asc/IC"E-ORNSs in the mid-OE. These cells and their apically directed
processes are distinct from the dome-shaped Asc/1C™E+ cells whose heavily labeled DAPI+
nuclei form a palisade in the apical OE (arrowheads). OMP+/Asc/1°"¢-E- ORN apical
dendrites and dendritic knobs (arrows, P1, P,) are distinct from Asc1C"®-E+/OMP- cells with
apically localized nuclei and dome-shaped apical domains (arrowheads, asterisks, P1). Q1 2)
AsclICeE+ cells with apically localized nuclei and dome-shaped apical domains (asterisks,
Q1,2) are adjacent to OMP+ labeled dendritic knobs (arrows, Q1 2). Ry 2) In the lamina
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propria adjacent to regions where OMP+ ORNSs as well as Asc/I1C"¢-E+ ORNs are found,
there are accumulations of OMP+ axon fascicles (dotted lines, arrows, Rj 7), some of which
have associated with them Asc/IC"¢E+ cells with multiple processes (asterisk, arrowheads,
R1,2). S) Three classes of E10.5-R AsclICeE+ cells (left) are seen in the E16.5 OE and
adjacent lamina propria. Class 1 cells have cell bodies in the mid-OE, apically oriented
dendrites, and dendritic knobs. They are found among NCAM+ presumed ORNs and a
subset of these Asc/IC"E+ cells express OMP. Class 2 cells are found in the apical OE,
have heavily labeled DAPI+ nuclei, apical domes, and do not express NCAM or OMP.
Class 3 cells are found in the lamina propria, some express NCAM, but none express OMP.
Diagonal colored hatching indicates Asc/1C"-E (red), DAPI (blue) or NCAM/OMP labeling;
black diagonal hatching indicates OE/lamina propria position for each cell class, and dashed
shading indicates properties that each class does not have.
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Figure 8:
E10.5- Asc/ICE + cells envelop distinct classes of ORN axons in the lamina propria and

coalescing olfactory nerve at E16.5. A, B) Asc/ICE+ cells intercalated between the OE,
the nasal septum (ns), the vomeronasal organ (vno), the respiratory epithelium (re) and

the olfactory epithelium (oe). These cells surround fascicles of NCAM+ axons presumable
from NCAM+ VVNO receptor neurons (A, brackets, insef) as well as apparent fascicles that
include a small population of presumed OMP+ axons from (B). C) Fascicles of NCAM+
axons coalesce in the lamina propria (Ip) dorsally (boxes, panels D, E, F). D) Some fascicles
have multiple NCAM+ bundles bounded by septae (arrowheads) of presumed E10.5-R
Ascl1CE+ ensheathing cells whose DAPI+ nuclei are also seen within and at the margin of
these fascicles (asterisks). E1.3) NCAM+ axons gathered into a single multi-domain bundle
in the lamina propria are surrounded by DAPI+ nuclei (E;) in region where fewer axons

are seen (arrowheads). The DAPI+ nuclei belong to E10.5-R Asc/1C"¢E+ cells (E5) whose
processes fill the entire where the NCAM+ axon fascicles are seen. These processes (E3)
make septa (arrowheads) that divide the bundle of NCAM+ axons into smaller fascicles.
F1.5) Linear fascicles of NCAM+ ORN axons (Fy; bracket, arrows, F») extend through

a more broadly distributed population of E10.5-R Asc/1C"¢E+ cells with DAPI+ nuclei

and processes (arrowheads, F3). E10.5-R Asc/IC"E+ cells that are not NCAM+ (asterisks,
F45) have processes (arrowheads, F4 5) that are coincident with NCAM+ axon fascicles.

G) OMP+ E10.5-R Asc/1C"eE- ORN axons constitute subsets of larger ON fascicles that
are bounded by E10.5-R Asc/ICE+ cells and processes. H) Multiple OMP+ ORN axon
fascicles (arrowheads) surrounded by E10.5-R Asc/ICe-E+ cells and processes (asterisks).
11-3) Multiple OMP+ ORN axon fascicles (arrowheads, 11 3) do not have adjacent enveloping
E10.5-R Asc/1°"E+ cells. In contrast, some OMP+ ORN axon fascicles (arrow, Iy 3)

are surrounded by an aggregate of E10.5-R Asc/IC¢E+ cells (asterisks, 123). J1:3) A

single E10.5-R Asc/1C7¢E+ cell (J1) with a DAPI+ nucleus (left, asterisk) has a single
lamellate fenestrated process (arrowheads, J;) that envelops multiple small OMP+ ORN
axon fascicles (Jo, arrowheads, J3).
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Figure 9:
Temporal, molecular and regional and distinctions between OE precursors suggest at least

two primarily independent early OE lineages. A) A summary of focal regional expression

of transcription factors expressing distinct markers with regional differences in cell
proliferation, molecular correlates of signal transduction, and differentiated neurons at the
onset of OE differentiation (E11.5). The hatched lines indicate sectors where the two highest
frequencies of each cell class are recorded (see Figures 1, 2 and 3). There is also a fairly
distinct population of cells in the ventromedial OE that express Pax7, are labeled by Pax7°e
recombination, express Ascll protein, and have enhanced frequency of pSMAD+ nuclei
(see Figure 1, 2; finer hatching and asterisks). Transcriptionally fate-mapped populations
characterized here, Pax7“"e+and Asc/1°"¢E+ cells are largely segregated (dark salmon and
teal boxes), suggesting they reflect two mostly independent lineages derived from distinct
regions of the early differentiating OE. B) A proposed schematic of precursor identity and
progression for early populations of lateral (dark and lite salmon) and medial (light and dark
green) OE precursors. Early precursors that are primarily Six+/Meisl+ are most likely to be
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found in the ventrolateral OE (dark salmon) and either quiescent or minimally proliferative
(slow). These precursors generate Pax7+ progeny (light salmon, middle left) and divide
slowly to yield initial ORN cohorts o, primarily in the dorsomedial and ventromedial OE
(salmon shading, left). Some of these cells may yield a small number of Ascl1+ dorsolateral
precursors (light salmon, dotted arrow, right); however, our data does not suggest that these
precursors generate appreciable numbers of Pax7C"e+/Ascl1+ progeny. A second population
of Ascl1+ medial precursors occupy the lower dorsomedial and upper ventromedial OE.
They are more proliferative (“fast”, reflecting higher BrdU+ cell frequency), more likely to
be pSMAD-+, and appear to give rise to a spatially restricted population of Ascl1-derived
OE Asc/1C7E+ precursors that generate a minimal ORNs as well as more frequent apparent
migratory mass cells (MM) by E11.5, and then a subset of ORNs, apparent sustentacular
(SC) and ensheathing cells (EC) identified based upon a matrix comparison of OE position
and marker expression (see Figure 7) at E16.5 (teal; center). Finally, a small population of
Pax7+/Ascl1+ precursors in the extreme ventromedial OE (far right, smaller hatching) may
generate additional early ORNs (salmon shading, right) in an OE region of the that will
presumably contribute to the VNO.
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