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Abstract: The olfactory epithelium contains two basal stem cell populations that facilitate the 
normally life-long ability for neuronal regeneration that is required for maintaining our sense of 
smell. Horizontal basal cells (HBCs) are generally quiescent and only become active after direct 
injury to the epithelium that kills more than just the olfactory sensory neurons (OSNs). Globose 
basal cells (GBCs) lie apical to HBCs and are solely responsible for the generation of olfactory 
neurons in the undamaged epithelium. Understanding how these two neurogenic stem cell 
populations are regulated as OSNs are replenished is hampered by a lack of robust culture 
models. Here, we report the development of a 3-dimensional organoid model that recapitulates 
the neurogenic cascade while maintaining both HBCs and GBCs in culture. We use this model 
to demonstrate that despite their relative quiescence, HBCs form a critical niche for the 
emergence and composition of the organoid. 
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Introduction: 
The mammalian olfactory epithelium (OE) enables our sense of smell through a 

population of olfactory sensory neurons (OSNs) found in the epithelium, which is normally huge 
in number and composed of a multitude of odorant receptor-defined types. OSNs are in direct 
contact with the outside environment, rendering them vulnerable to injury and exhibiting variable 
lifespans. Accordingly, olfactory neurogenesis is normally lifelong, capable of maintaining the 
full complement of OSNs and regenerating a normal or near-normal population of neurons after 
injury.  Thus, sensory function can be maintained and even restored, which contrasts with the 
more limited ability of the central nervous system for regeneration. Underlying the capacity of 
the OE for robust neurogenesis is the persistence of two multipotent stem cell populations within 
the OE. Horizontal basal cells (HBCs) lie directly atop the basement membrane and are a 
dormant population of reserve stem cells. Globose basal cells (GBCs), on the other hand, dwell 
apical to HBCs and are the active and highly heterogeneous population, including true tissue 
stem cells, responsible for the homeostatic maintenance of the tissue 1. The human OE also 
contains these two stem cell populations and can continually generate OSNs throughout life 2.  
However, injuries such as viral infection, exposure to environmental toxins, or even aging itself 
can compromise the neurogenic process 3–8. Indeed, our sense of smell diminishes with age, 
likely through the gradual loss of OSNs and GBCs 3,5,9,10. No clinically validated therapeutic 
intervention has yet been developed to treat olfactory dysfunction 11, and this has, in part, been 
due to the lack of a robust in vitro model of the OE that preserves its cellular and architectural 
complexities. 

In other tissues, the development of tissue-faithful organoids has been the next 
generation of culture models that have significantly contributed to our understanding of the 
structure, development, and communication within tissues and mimic in vivo composition and 
structure 12. In the OE, prior work used embryonic tissue and purified adult stem cells; however, 
they do not recapitulate the complexity of the OE in full 13–16. Here, we establish a robust 
organoid model of the murine OE that recapitulates adult neurogenesis in vitro and use it to 
demonstrate that HBCs, despite their own quiescence, act as a necessary niche component for 
GBCs. 
 
Results: 
 Previous work has shown that LGR5+ GBCs are multipotent in vivo, that GBCs can be 
cultured in vitro, and finally, that LGR5+ GBCs embedded in Matrigel can be induced to form 
organoids 14,15,17,18. Despite these successes, the structures that were generated in the cultures 
lacked the characteristic organizational structure found in the OE. We wondered whether the 
usual interactions between cells in situ can function to organize the assembly of a more 
complex tissue. Accordingly, instead of culturing purified GBCs, we tested whether a 
combination of the many cell types that exist in the adult tissue could resolve into a more 
organized structure. 

To that end, the olfactory mucosa of adult mice, comprising both OE and the lamina 
propria was separated from the adjacent respiratory tissue 13 and then dissociated using papain. 
We reasoned that the fibroblasts of the lamina propria might overtake the epithelial cells in 
culture, so we discarded those cells that had adhered to tissue culture plastic within 1 hour of 
plating and cultured the remainder in media containing WNT signaling components 17,19,20. 

By day 6 in culture, neurite-like projections emanated from 3-dimensional structures that 
were attached to the bottom of the well (Fig. 1A). Given the appearance of these projections, we 
immunostained for canonical markers of olfactory sensory neurons (GAP43, UCHL1, and 
TUBB3A/Tuj1), as well as those characteristic of GBCs (SOX2, NEUROD1) and HBCs (KRT5) 
(Fig. 1B-1F). The immunostaining reveals organoids contain HBC-like cells (KRT5+/SOX2+) 
associating with upstream GBC-like cells (KRT5-/SOX2+), neuronally committed/neuron-
producing downstream NeuroD1+ GBC-like cells (KRT5-/SOX2+/NeuroD1+), and immature 
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olfactory sensory neuron (iOSN)-like cells (KRT5-/SOX2-/Tuj+/GAP43+/UCHL1+). Indeed, all 
the projections emanating from the organoids stain for Tuj1, UCHL1, and GAP43, indicating 
they were neurites extended from neuron somata. 

To confirm the cellular identifications, we performed single-cell RNA sequencing of our 
organoid cultures and identified 12 distinct cell clusters (Fig. 1G). Unsurprisingly, mesenchymal 
cells were found in the cultures, along with several distinct Krt5+ basal cell populations. Of 
these, one in particular expressed high levels of the canonical basal cell marker Trp63, which 
we label here as “Trp63 basal”.  Another basal cell cluster was distinguished by high levels of 
the squamous marker Krt13, which we term “squamous basal.” Of note, despite performing 
stringent microdissection of olfactory epithelium, and explicitly removing the respiratory 
epithelium, we still recovered ciliated cells (Foxj1, Krt18), suggesting either they were 
contaminants through the dissection process or that olfactory stem cells demonstrated plasticity 
and generated these in our culture model (Fig. 1H). The latter would be consistent with known 
reports of respiratory metaplasia found deep within the olfactory epithelium after severe injury or 
with age 3,10,21. Encouragingly, we also found several clusters of cells that recapitulated the 
stepwise path of adult neurogenesis found in the olfactory epithelium 1. Specifically, we 
identified an actively dividing, Sox2+, Ki67+ multipotent stem GBC population, transitioning into 
neuronally specified, Ascl1+ GBCs, evolving into Neurod1+ neuronal progenitor GBCs, finally 
culminating in a Gap43+ immature OSN (Fig. 1I). Thus, besides mature OSNs that require an 
olfactory bulb for survival, our organoid model contains the full spectrum of cells within the adult 
neurogenic path in the olfactory epithelium, including quiescent HBCs and active GBCs.  

As both multipotent HBCs and GBCs are found in adult OE tissue, the organoids that 
form in the mixed culture possibly arose from one or both of these cell populations. It is known 
that GBC numbers increase during regeneration and reduce with age 3,5,10,22. Thus, we tried to 
optimize the efficiency of organoid generation in our model using two different approaches: 
using lesioned OE or adolescent OE as the starting material.  

In the first approach, we used methimazole-induced direct OE injury to stimulate the 
expansion of multipotent GBC stem cells 4,23–25. OE was harvested and put in the culture at 
different time points following a single intraperitoneal injection of methimazole and evaluated for 
the subsequent formation of Tuj1+ OSNs. We found that when OE is harvested at 4 and 5 days 
after injury, significantly higher quantities of Tuj1+ OSNs were generated when compared with 
the control (Fig. S2D, p < 0.05).  To contextualize the results, the dynamics of the stem and 
progenitor cell populations following methimazole injury were analyzed using 
immunofluorescence (Fig. S1) and qRT-PCR of a time course following injury (Fig. S2A-C).  

We confirmed that methimazole injury ablates nearly all mature cells of the OE by day 1 
post-injection. Surprisingly, BSND+ ionocytes (also known as IP3R3+ microvillous cells 26,27) 
survived injury and were found interspersed with the remaining HBCs and GBCs even at day 1 
post-methimazole. HBCs were the primary proliferating cell population found in the tissue until 
day 5 post-injury when a basal monolayer of HBCs was reinstated in the OE; at this timepoint, 
Sox2+ GBCs are the primary proliferating population. The sequential emergence of cell types in 
situ matched the cell state transition results revealed by the single cell analysis within our 
organoid cultures: we found that neuronally fated Ascl1+ and Neurod1+ GBCs emerged around 
day 3 post-injury and reached a maximum by day 5 post-injury. In agreement with our organoid 
data, 4-5 days post-methimazole injury, there was higher expression of genes for multipotent 
stem cell (Lgr5, c-kit, Trp63), neurogenic markers (Ascl1 and Neurog1), and the non-neurogenic 
marker of ionocytes, Foxi1. 

For the second approach, we tested whether younger adolescent mice, since they have 
a higher prevalence of stem cell progenitors, including LGR5+ GBCs, would be more efficient at 
organoid formation 15. Surprisingly, we found no significant difference in the generation of Tuj1+ 
OSNs in the cultures formed from tissue harvested from younger mice (Fig. S2E; p=0.298).  
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Though post-methimazole injury conditions produced significantly more Tuj1+ OSNs, we 
elected to use uninjured adult donor animals for the remainder of the experiments to model 
normal epithelial homeostasis more accurately. Given the highly suggestive morphology of the 
HBC “cap” found in many of these organoids, the various HBC-like populations identified in the 
single-cell RNA sequencing of our cultures and previously published results using only GBCs 17, 
we wondered whether these HBCs derived from the donor tissue significantly contributed to the 
organoids. To test this hypothesis, KRT5-CreER;LSL-TdTomato mice were injected with 
tamoxifen prior to tissue harvest to lineage trace pre-existing HBCs in the starting material and 
visualize their contribution to the cultured organoids. Strikingly, while HBCs were again found in 
the vast majority of organoids (85%), lineage-labeled, TdT+ HBCs did not contribute to the 
neuronal cell populations and remained as HBCs in vitro (Fig. 2). Indeed, during all of our 
experiments (9 distinct experiments), we observed only a single HBC-derived cell that had 
differentiated into a non-KRT5+ cell. Finally, we found little or no evidence for dedifferentiation 
of GBCs into HBCs under these conditions, as 92% of all KRT5+ HBCs were derived from 
lineage-labeled HBCs. 

Despite the complete lack of HBC differentiation in the organoids, their consistent 
appearance in the majority of organoids led us to hypothesize that they could act as a niche or 
play some role in the formation of these organoids. To test for a role in the formation of the 
neurogenic organoids, we mixed purified populations of HBCs with purified populations of 
neuronally specified GBCs. HBCs were isolated using tamoxifen-induced KRT5-CreER;LSL-
TdTomato animals, while Ascl1+ GBCs and Neurog1+ GBCs were isolated on the basis of 
Ascl1-TdTomato and Neurog1-eGFP signal, respectively. As expected, HBCs, when cultured 
alone, remained HBCs and did not form any Tuj1+ cells. Ascl1+ GBCs alone produced only a 
handful of Tuj1+ OSNs, with the majority of cells failing to survive. Surprisingly, in the presence 
of HBCs, Ascl1+ GBCs produced significantly more Tuj1 immunofluorescence than either cell 
population alone (p<0.05, Fig 3F). Interestingly, Neurog1+ GBCs were incapable of proliferating 
or surviving, with or without HBC co-culture (Fig 3D-E). This is consistent with Neurog1+ GBCs 
being a more downstream, limited neuronal progenitor population 28–30.  

These experiments, utilizing mixtures of purified cells as starting material, support the 
hypothesis that HBCs play a role in the formation of the organoids. To determine whether this 
was mediated through physical contact or secreted factors, we used a transwell system to 
permit only the free flow of media and soluble factors through the membrane while preventing 
contact between the different cell types. We seeded dissociated OE on the top layer of the 
transwell membrane and confirmed that this transwell system supported organoid growth and 
neuronal differentiation (Fig. 4A and D). In comparison, when we depleted HBCs from the 
seeded cells using FACS, we observed no differentiation or survival (Fig. 4B and E). However, 
when HBCs were plated in the bottom chamber of the transwell, we saw a modest rescue of 
differentiation and survival but not a complete recapitulation of the organoid structures formed 
when they were physically in contact with each other (Fig. 4C and F). Taken altogether, this 
suggests that HBCs maintain a niche for neurogenesis through both physical interaction and 
soluble factors released into the media. Finally, we depleted HBCs from dissociated OE using 
FACS purification, plated the remainder into standard chamber wells, and found that, indeed, 
organoids and neuronal differentiation occurred only in the presence of the HBCs (Fig 4 I and 
J). Thus, in this organoid culture system, HBCs form a niche that regulates GBC survival, 
maintenance, and neuronal differentiation in both a cell contact- and secreted manner.  
 

Discussion: 
The olfactory epithelium, beyond its critical role in maintaining our sense of smell 

throughout life, is a robust source of two distinct neural stem cell populations. One exhibits all 
the key markers of dormant reserve epithelial basal stem cells, while the other is highly 
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heterogeneous and resembles canonical neural stem cells found in the central nervous system 
1. Understanding the complex relationship between these two stem cell populations and what 
maintains their presence when most other neural stem cells disappear from the CNS and PNS 
after development would not only impact our ability to develop therapies for the loss of smell 
(anosmia) but could be a key to understanding and harnessing adult neurogenesis. To this end, 
many groups have attempted to create in vitro models of the olfactory epithelium in pieces and 
as a whole. Embryonic tissue has been shown to grow ex vivo, even generating OSNs, while we 
and others have shown that HBCs and GBCs can be cultured individually 13–15,30. Even more 
recently, groups have generated organoid cultures of the OE using selected GBC populations 
17,22,31. These models have significant advantages compared to studying the OE in vivo.  
However, they all possess critical weaknesses that hamper their use in understanding and 
harnessing the stem cell dynamics found within the OE – they require hard-to-get, limited tissue 
samples, cannot expand significantly or only expand purified populations that do not exhibit high 
differentiation efficiencies, create disorganized or random swaths of cells, or require sorting of 
relatively rare starting populations.  

Here, we describe a 3-dimensional organoid culture that is agnostic to the age of the 
mouse, requires no purification of starting material, recapitulates the entire neuronal 
differentiation pathway, and clearly self-organizes, even generating outward axonal projections. 
Notably, the model does not contain sustentacular or duct/gland cells, as WNT agonism is used 
explicitly to push the neurogenic fate. While we recapitulated HBC stem cell quiescence in this 
model, similar to their behavior in vivo, we were surprised to find that they were critical to 
organoid formation by acting as a niche for the GBCs. Of note, past work studying age-related 
anosmia in both murine and human tissue demonstrates that GBCs exhaust first, resulting in an 
aneurogenic/aneuronal OE, that may progress to respiratory metaplasia, potentially arising from 
the retained HBCs 3,5,9,10,22. Given our data, along with past observations, we speculate that the 
OE might maintain a nearly lifelong neurogenic capacity through the delicate balance of these 
two disparate stem cell populations, and disease or aging may dysregulate this balance. While 
elucidating these mechanisms would be difficult in vivo, our new in vitro model enables us to not 
only perform complex genetic and small molecule manipulations but also reconstitution assays. 
The mixing experiments reported here are an example of the power of the reconstitution assay, 
which has yielded a novel model of the OE demonstrating the interdependence of the two adult 
neuro-competent stem cells. Furthermore, an extension of this platform to human brush 
biopsies would allow toxicity testing, disease modeling, aging, and testing treatments. Future 
work will be needed to extend this model to human tissue, improve the efficiency and passaging 
of organoid culture, identify the conditions necessary for stable maturation of OSNs, and identify 
conditions that support co-induction of the other cell types of the OE. Our single-cell RNAseq 
data also demonstrates a high level of heterogeneity in the KRT5+ basal cells found in our 
culture. Whether this represents a previously unappreciated level of true heterogeneity that is 
made detectable in tissue culture or is a tissue culture artifact remains to be seen. Finally, 
based on our identification that quiescent HBCs appear to form a niche for GBCs, it remains to 
be seen whether GBCs, in return, provide a neurogenic niche for HBCs and whether this 
interplay exists in vivo.  

https://paperpile.com/c/VvWzee/AlKX
https://paperpile.com/c/VvWzee/QAUn+PrfT+VNI1+NsHt
https://paperpile.com/c/VvWzee/inFV+a8Fk+TQ3m
https://paperpile.com/c/VvWzee/6kws+inFV+7KtT+s6gc+J0rN


Materials and Methods: 
 
Animals 
Wild-type adult C57/BL6 mice (WT) were purchased from Jax, stock #000664, and used 

for the organoid characterization experiments. Wild-type adult CD1 mice (CD1) were purchased 
from Charles River, stock #022, and used for the methodology improvement experiments (aging 
and methimazole). Animals of both sexes were used in nearly all the experiments and were 
generally between 6-16 weeks of age. The only exception to this was in the methodology 
optimization experiments where all mice were male and between 3-6 weeks old. All mice were 
maintained following IACUC guidelines, with ad libitum rodent chow and water. The heat and 
humidity were controlled with a 12:12 hour light-dark cycle. The Committee approved all protocols 
using animals for the Humane Use of Animals at Tufts University School of Medicine. 

K5-CreERT2 (K5CreERT2), transgenic mice that were generously provided by P. Chambon 
via R. Reed 32, were bred to the Cre reporter (B6.Cg-Gt(ROSA)26Sortm9(CAG-TdTomato)Hez/J; 
stock #007909, which expresses Tdtomato in HBCs after tamoxifen administration 33. Ascl1-
TdTomato mice were in-house 34, MMRRC 043552, and expressed TdTomato in the Ascl1+ GBC 
stage. Neurog1-GFP BAC transgenic mice generated through the GENSAT Project were obtained 
from Jackson Labs, stock #017306 35. Ascl1-TdTomato; Neurog1-eGFP dual reporter mice were 
obtained by breeding the Ascl1-TdTomato and Neurog1-eGFP mice together to simultaneously 
label the upstream Ascl1+ GBCs and the downstream Neurog1+ GBCs.  

Tamoxifen (diluted in corn oil, 20mg/ml, CAS 8001-30-7, Spectrum® Ref. CO136, Lot. 
2KA0296) was injected intraperitoneally at 150mg/kg, and tissue was collected 5-7 days after 
tamoxifen injection. Methimazole (CAS: 60-56-0, diluted in PBS at 10 mg/ml) was injected 
intraperitoneally at 50 mg/kg, and tissue was collected between 1 and 14 days to obtain a time 
course. 

 
Tissue processing for cell culture 
The animals were euthanized by CO2 inhalation, followed by a transcardiac flush of 10-

20ml of 1x PBS (pH 7.4). The olfactory epithelium was harvested from the septum and both 
turbinates, avoiding the respiratory epithelium 13. Tissue was minced in 500µL of HBSS 1X (with 
calcium chloride and magnesium chloride, Gibco ref. 24020-117) before 500 µl of Papain (40U/ml 
in EBSS) and 500 µl of activation buffer (0.067 mM beta-mercaptoethanol, 1.1 mM EDTA, 5.5 
mM Cystein-HCl, in EBSS) was added to the tissue and incubated for 30 minutes with agitation 
at 37°C. Samples were filtered through a 40µm mesh, pelleted at 500g for 5 min), and washed 
twice with HBSS 1x or DMEM/F12 1x (with 1x primocin and Y27632 10µM, Gibco® ref. 11320-
033, lot. 2522615). The final pellet obtained was resuspended and cell-sorted or went straight to 
culture after counting. All steps are done on ice and performed as quickly as possible to avoid cell 
death. 

 
Tissue processing for sections 
The animals were euthanized by CO2 inhalation, followed by a trans cardiac flush of 10-

20ml of PBS 1x (pH 7.4) and 20 ml of fresh, ice-cold 4% paraformaldehyde. The nose was 
dissected, and the turbinates and septum were kept together. The tissue was kept in 4% PFA 
under vacuum for 1 hour, followed by a wash with PBS 1x and left overnight in decalcification 
solution (Saturated EDTA, 4ºC). The tissue was washed and left overnight in 30% sucrose and 
frozen in Scigen Tissue-Plus™ O.C.T. Compound (#23-730-571) using liquid nitrogen. Samples 
were stored at -80ºC until they were cut into 12μm coronal sections on a Leica cryostat. 

 
Bulk RNA isolation 
The animals were perfused with 10 ml of PBS1X and the nasal turbinates were dissected 

on ice, then They were homogenized with 500 μL of Trizol. After 100μL of Chloroform was added 
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and vortex. After incubation of 3 minutes in RT, it was spun down for 10-15 min for debris 
separation, and the supernatant was collected. RT incubation of 5 to 10 minutes after the addition 
of 300μL of RNAse-free isopropanol was done and another spin (30 minutes, 4ºC, 500g). The 
pellet was washed with RNAse-free 70% ethanol and resuspended in DEPC-treated water. cDNA 
was generated using Invitrogen SuperScript IV VILO Master Mix with ezDNase (#11766050) 
following the manufacturer’s instructions.  

 
Fluorescence-activated cell sorting (FACS) 
Flow cytometry was performed on a FACS Aria II (BD Biosciences). Debris was excluded 

using forward and side scatter area and doublets were excluded using a stringent two-step gating 
based on forward and side scatter height versus width. Fluorescence-minus-one (FMO) controls 
guided gating schemes. Negative controls were used to gate away autofluorescence. The 
K5CreERT2 + HBC population and Ascl1-TdTomato GBC population were selected by the Tdtomato 
signal, and Neurog1-eGFP+ GBCs by the FITC signal. CD54/ICAM-1 sorting of HBCs was 
assessed and yielded non-viable HBCs, likely due to the blocking nature of the antibody on a 
surface adhesion receptor (data not shown). 

 
Cell culture 
Dissociated olfactory epithelial tissue was either FACS purified or plated into a tissue-

culture-treated plate in DMEM/F12 media containing primocin for 1 hour to remove fibroblasts. 
Afterward, the supernatant was collected, centrifuged, and diluted in DMEM/F12 media before 
counting and plating into chambers. Depending on the conditions used, different cell numbers 
were used per chamber (2 wells: Lab-Tek #177380; 8 wells: Lab-Tek #177402; 4 wells: Lab-Tek 
#177399 or 8 wells: NEST #230108; 4 wells: NEST #230104), the specific cell number used for 
each experiment are described below. 

For standard organoid culture and immunostaining, we used wild-type mice and plated 
75,000 cells per well of an 8-well chamber slide. For single-cell RNAseq, 1.5 million cells were 
plated into 2-well chambers. For lineage trace experiments using K5CreERT2 lineage-traced mice, 
75,000 cells were plated per well of an 8-well chamber slide. For the reconstitution experiments, 
10,000 FACS-purified HBCs (K5CreERT2 mice, selected for TdTomato) and 10,000-67,000 Ascl1 
and Neurog1 GBCs (eGFP+) were plated into each well. For the cell-contact transwell 
experiments, 75,000 cells of HBC-depleted cells were plated on the top chamber. 12,000 HBCs 
were plated on the bottom chamber or mixed in with the HBC-depleted cells. For the final chamber 
well experiment, either 75,000 of the HBC-depleted cells were plated, or 12,000 HBCs were 
additionally added to this population for the positive control. 

For the reconstitution experiments, 1:1 and 1:5 mixing ratios of HBCs to Ascl1-GBCs were 
tested and yielded no statistically different results p=0.48. For Neurog1-GBC reconstitution 
experiments, a 1:5 ratio was used. 

Aging experiments used CD1 mice and were plated at a concentration of 75,000 cells/ well 
of an 8-well chamber slide. The methimazole experiments also used CD1 mice, but loading per 
well was determined using a dilution curve between 25,000 to 100,000 cells/well depending on 
the day after methimazole. 
 

Growth media: DMEM/F12 (Gibco #11320-33) was supplemented with recombinant 
murine R-spondin 1 (200 ng/ml, Prepotech #315-32); recombinant murine Noggin (100 ng/ml, 
Prepotech #250-38); recombinant murine Wnt-3a (50 ng/ml, Peprotech #315-32); Y27632 (10 
µM, TOCRIS #1254); N2 (1%, Gibco #17502-048); B27 (2%, Gibco #17504-044); GlutaMAX 100x 
(1% vol/vol, Gibco #35050-061); HEPES 1M (10 mM, Gibco #15630-080); Cultrex Stem Cell 
Qualified Reduced Growth Factor Basement Membrane Extract (4% vol/vol with 9mg/ml of 
protein, Bio-techne #3434-005-02). 17. Media was gently changed every other day, with care taken 
not to aspirate the Cultrex gel that forms on the bottom of the well. 

https://paperpile.com/c/VvWzee/a8Fk


 
Single-cell RNAseq 
Chamber wells containing organoids were washed with ice-cold PBS and dissociated 

using TrypLE and Dispase until a single-cell suspension was achieved. Single-cell RNAseq 
libraries were generated using the Evercode WT Mini v2 kit (Parse #ECW02010) following 
manufacturer instructions. Libraries were sequenced using a Novaseq with a PE200 kit, cycles 
distributed as R1:146, I1:6, and R2:86. FASTQ files were processed using the Parse 
bioinformatics pipeline and then analyzed using Scanpy 36. Standard filtering of min_genes=200 
and min cells=2 was performed, and doublets were removed using Scrublet 37. FASTQ files and 
processed read counts are deposited at GEO accession: GSE257536. A reviewer token is 
provided for reviewer access: ohavceeshxybfcn 

 
Immunofluorescence 
On D7 of culture, wells were washed with cold 1x PBS and fixed for 5 minutes with 4% 

PFA (made in 1x PBS, pH 7.2 to 7.3), washed with 1x PBS followed by 15 minutes incubation 
with PBST (1x PBS, 0.05% Tween 20). Primary antibodies were incubated for 1h at RT or 
overnight at 4ºC with gentle agitation, followed by 3 washes of PBST and incubation with 
secondary antibodies for an hour at RT. Table 1 shows the primary and secondary antibody 
dilutions in blocking buffer (1X PBS, 1% BSA, 0.3% Triton). The slides were mounted in 
fluoromont G and kept at 4ºC or -20ºC for more extended storage. 

 
Primary antibodies 

 

Name 
Abbreviati
on on the 
paper 

Host 
Brand/ 
reference 

Target 
Dilutio
n  

Recombinant Anti-
GAP43 antibody 
[EP890Y] 

GAP43 Rabbit 
Abcam / 
ab75810 

Immature 
neurons 

1:300 

Purified anti-Tubulin β 
3 (TUBB3) Antibody 
(clone TUJ1) 

TUJ1 Mouse 
Biolegend / 
801202 

Immature 
neurons 

1:3000 

UCHL1/PGP9.5 
Polyclonal antibody 

PGP Rabbit 
Proteintech / 
14730-1-AP 

Immature and 
mature 
neurons 

1:800 

SOX2 Monoclonal 
Antibody (Btjce) 

SOX2 Rat 
Invitrogen / 
14-9811-82 

HBCs and 
multipotent 
GBCs 

1:400 

Human/Mouse 
NeuroD1 Antibody 

NeuroD1 Goat 
R&D systems 
/ AF2746 

GBC INP 1:200 

Purified anti-Keratin 5 
Polyclonal Chicken 
Antibody 

K5 Chicken 
Biolegend / 
905904 

HBCs 1:2000 

https://paperpile.com/c/VvWzee/0IbI5
https://paperpile.com/c/VvWzee/LdTQE


Mouse anti-Mash-1  Ascl-1 Mouse 
BD 
bioscience / 
556604 

Ascl-1 GBCs / 
gbc TA-OSN 

1:100 

rat anti-KI67 KI67 Rat 
eBioscience / 
50245564 

Dividing cells 1:200 

Rabbit anti-
Neurogranin 

NRGN Rabbit 
Sigma / 
AB5620 

microvillar 
cells 

1:200 

Rabbit anti-BSND BSND Rabbit 
Abcam / 
ab196017 

ionocytes 1:300 

Goat anti-OMP OMP Goat 
Wako / 544-

10001-WAKO 
mature OSNs 1:300 

Various secondary 
antibodies 

 Donkey 
Jackson 
Immuno 

 

1:400 
(recon
stituted 
in 
glycero
l) 

 

Data analysis 
Images were captured on a Zeiss 880 confocal microscope. Image analysis was 

performed using FIJI/ImageJ (version 1.53). Image preparation and figure assembly were 
performed in Adobe Illustrator (v 27.5). Only image brightness and contrast were altered in all 
photographs and applied to the entire image uniformly. For the % pixel by area, images were 
initially thresholded using the Otsu algorithm positive images before the calculated settings were 
reused for all data in a given experiment performed together on a single day. Thresholds were 
recalculated for each independent replicate. 

Numerical data was analyzed using GraphPad Prism 10.1.0. All data was tested for 
normality distribution using the Shapiro-Wilk test. All datasets passed the normality test and were 
analyzed using ANOVA, followed by Dunnett’s post-hoc test. Statistical difference was considered 
when p<0.05. The results are expressed as median (SE). For the methimazole qRT-PCR data, 
we used the delta-delta CT method for normalization and plotted the data as log2 fold-change. In 
certain experiments, we normalized the results, measured as a percentage Tuj1+ area, by the 
original cell input to control for differences in initial plating densities. These were then scaled by 
100,000 to generate arbitrary units (a.u.). This was done for the mixing, contact, and methimazole 
experiments.  
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Figure 1: Organoid characterization. (A) Representative brightfield of organoid on the seventh 
day of culture. (B-C) Immunostaining of a representative organoid for iOSNs (Gap43), HBCs 
(KRT5), and GBCs (SOX2+, KRT5-). C is a high max inset of B. (D-F) Representative 
immunostaining of organoids for other neurogenic markers. UCHL1 marks all neurons, and 
NEUROD1 marks immediate neuronal progenitors. (G) UMAP representation of single-cell RNA 
sequencing of the organoid culture. (H) Stacked violin plots of key marker genes allowing cluster 
annotation. (I) Focused UMAP expression plots in the dotted area shown in G, representing the 
neurogenic cascade found in the organoids. 
  



 
 

Figure 2: HBC lineage trace. (A) Representative immunostaining of an organoid derived from a 

KRT5-CreER;LSL-TdTomato lineage trace mouse that was tamoxifen-induced in vivo prior to 

culture. (B) Percentage of organoids with HBCs labeled and unlabeled with TdTomato. N=9 

distinct experiments performed on separate days using different mice.  

  



 

 

Figure 3: Reconstitution experiments. (A) Immunostaining of HBCs cultured alone; (B) Ascl-1-
GBCs alone; (C) HBCs with Ascl1-GBCs; (D) Neurog1-GBCs alone and (E) HBCs and Neurog1-
GBCs. (F) Quantification of the Tuj1+ area normalized for cell input (a.u.) of HBCs, Ascl1-GBCs, 
and the two together. (ANOVA comparison p=0.0057,*p<0.05,**p<0.01) Dots represent distinct 
biological inputs plated spread over 3 different days using different mice (HBCs=4, Ascl1-
GBCs=5, mixture=10). 
 

  



 

 

Figure 4: Secretion vs contact-dependency experiments. (A) Immunostaining of entire transwell 
membranes of positive control (HBCs and negative population reconstituted), (B) HBC depleted, 
(C) HBCs seeded on the bottom chamber). (D-F) High mag insets of regions shown in A-C. (G) 
Quantification of the % area covered by Tuj1 in the transwells. (H) Quantification of the % area 
covered by Tuj1 in the chamber wells. (I) Representative immunostaining of the positive control 
(reconstituted HBCs and negative population), and (J) the HBC-depleted population seeded into 
chamber wells as a control. In all HBC-depleted conditions, note the near complete lack of 
detected signal. Experiments were done on two distinct days, FACS purified from a pool of mice. 
Two technical replicates each.  
 



 

Figure S1. Characterization of methimazole-induced injury. Representative immunofluorescent 
staining for primary cell types found in the OE in a time course of tissue regeneration after 
methimazole injury. OMP marks mature OSNs, UCHL1/PGP9.5 marks mature and immature 
OSNs, KRT5 marks HBCs, BSND marks ionocytes/IP3R3+ microvillar cells, NRGN marks 
TRPM5+ microvillar/tuft cells, luminal SOX2 marks Sus cells, basal SOX2+ cells that are KRT5- 
are GBCs, KI67 marks dividing cells, ASCL1 marks neuronally committed upstream GBCs and 
NEUROD1 marks neuronally committed progenitor GBCs. In the right-most panels, DAPI is 
omitted except for D1 and D2 post-injury for clarity due to color overlap. 
 



 

Figure S2. Optimization of the organoid model. q-RT PCR of OE tissue samples collected at time 
points post methimazole injury, profiling the gene expression of (A) multipotent stem cell markers, 
(B) neurogenic markers, and (C) non-neurogenic markers relative to control. (D) Quantification of 
the efficiency of neurogenesis in the organoid system using tissue harvested at different 
methimazole injury time points, measured as Tuj1+ area normalized for cell input (a.u.). ANOVA 
comparison p = 0.001, **p < 0.05 compared to control). (E) Quantification of the Tuj1+ area 
generated by cells isolated from mice of different ages, normalized for cell input (a.u.). ANOVA 
comparison p = 0.298). qRT-PCR n=1 mouse each timepoint, technical triplicates. Post-Mtz 
experiments were replicated a minimum of 3 times on distinct mice, with each dot representing a 
different mouse. Aging experiments were replicated twice, with each dot representing a different 
mouse.  
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