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ABSTRACT 

Neurons in the murine olfactory epithelium (OE) differ by the olfactory receptor (OR) 

they express as well as other molecular phenotypes which are regionally restricted. These 

patterns can be precisely regenerated following epithelial injury, suggesting that spatial cues 

within the tissue can direct neuronal diversification. Nonetheless, the permanency and 

mechanism of this spatial patterning remains subject to debate.  Via transplantation of stem and 

progenitor cells from dorsal OE into ventral OE, we demonstrate that in mice of both sexes non-

autonomous spatial cues can direct the spatially circumscribed differentiation of OSNs.  The vast 

majority of dorsal transplant-derived neurons express the ventral marker OCAM (NCAM2) and 

lose expression of NQO1 to match their new location.  Single cell analysis also demonstrates that 

OSNs adopt a fate defined by their new position following progenitor cell transplant, such that a 

ventral OR is expressed after stem and progenitor cell engraftment.  Thus, spatially constrained 

differentiation of OSNs is plastic, and any bias toward an epigenetic memory of place can be 

overcome.  
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SIGNFICANCE STATEMENT 

Spatially restricted differentiation of olfactory sensory neurons is both key to normal 

olfactory function and a challenging example of biological specificity.  That the stem cells of the 

olfactory epithelium reproduce the organization of the olfactory periphery to a very close 

approximation during lesion-induced regeneration begs the question of whether stem cell-

autonomous genomic architecture or environmental cues are responsible.  The plasticity 

demonstrated after transfer to a novel location suggests that cues external to the transplanted 

stem and progenitor cells confer neuronal identity.  Thus, a necessary prerequisite is satisfied for 

using engraftment of olfactory stem and progenitor cells as a cellular therapeutic intervention to 

reinvigorate neurogenesis whose exhaustion contributes to the waning of olfaction with age.  
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INTRODUCTION 
 
 Stem cells in the olfactory epithelium (OE) are multipotent, with the ability to give rise to 

all cell types in the OE including the olfactory sensory neurons (OSNs) (Chen et al., 2004; Leung 

et al., 2007).  While this multipotency has long been recognized, the degree of stem cell 

plasticity is as yet poorly defined with respect to the diversification of olfactory neurons – an 

essential qualification for using these easily accessed, neurocompetent stem cells in regenerative 

medicine.  For example, several genes are expressed by spatially restricted subsets of OSNs, 

including the enzyme NADPH:quinone oxidoreductase (NQO1), which is limited to OSNs in the 

dorsomedial part of the OE (Gussing and Bohm, 2004), and the olfactory cell adhesion molecule, 

which is limited to a complementary, ventrolateral part of the OE (OCAM, a.k.a 

RNCAM/NCAM2/mamFasII; OCAM will be used here to refer to the protein expression while 

NCAM2 will designate the corresponding mRNA)(Yoshihara et al., 1997; Alenius and Bohm, 

1997; Paoloni-Giacobino et al., 1997; Hamlin et al., 2004).  Exemplifying diversity to a most 

striking degree is the pattern of expression of members of the olfactory receptor (OR) gene 

family across the population of OSNs.  Because OR expression is monogenic (and monoallelic), 

a vast array of OSN types is defined by the OR that is expressed, differentiating each type from 

the others (Chess et al., 1994; Serizawa et al., 2003; Lewcock and Reed, 2004).  Of particular 

relevance here, the vast majority of ORs are limited in their expression to neurons in a swathe 

occupying a narrow strip of the transverse axis of the epithelial plane that parallels and extends 

the full anteroposterior axis of the OE (Ressler et al., 1993; Vassar et al., 1993).  With regard to 

axon targeting, rhinotopy characterizes the region-to-region patterning of OSN targeting onto the 

olfactory bulb, and OR identity determines the convergence onto glomeruli within that regional 

limitation (rev. by Kamiyama and Luo, 2006; Treloar et al., 2010; Takeuichi and Sakano, 2014).  
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The mapping of epithelium onto olfactory bulb and sets of OSNs onto glomeruli contributes to 

sensory encoding by the olfactory system (Mori et al., 2006; Wilson and Mainen, 2006). Given 

the importance of spatial patterning in the OE, this study asks whether stem cells of the OE are 

“hard-wired” to encode epithelial location or if stem cells from one region of the OE give rise to 

OSNs that reflect where they engraft rather than their original territory.  Addressing this issue is 

an important consideration when trying to treat olfactory dysfunction by transplanting 

stem cells; it is likely that graft-derived neurons would have to recapitulate the complex 

diversification of mature OSNs with respect to location and receptor type (as well as 

targeting the bulb) with fidelity to avoid distortion of olfactory perception and restore 

proper olfactory functioning. 

  Inherent to this investigation is the concept that local spatial cues could influence OSN 

gene choice and play instructional roles in OSN differentiation. Evidence for the existence of 

instructional spatial cues in the OE come from experiments demonstrating both that OR patterns 

are precisely restored following olfactotoxin-triggered epithelial lesion and subsequent neuronal 

regeneration in adult rodents (Iwema et al., 2004; Holbrook et al., 2014), and that neuronal 

progeny of transplanted cells accomplish region-specific targeting at the olfactory bulb (Chen et 

al., 2004).  These studies demonstrate that complex epithelial patterning can be regenerated in 

adult animals.  The variable severity of injury and the irregularity of stem and progenitor cell 

sparing as a consequence of lesion suggest that cues external to the epithelium perdure through 

adulthood and enforce epithelial patterning. Nonetheless, these data do not prove one way or 

another whether olfactory stem and progenitor cells are irreversibly committed/determined 

(Slack,1991) as to location of origin.  The unique epigenetic state of OR genes in the OE 

(Magklara et al., 2011; Lyons et al., 2013, 2014) makes the question of memory of place 
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particularly relevant, as they likely determine the subset of OR genes that are accessible to an 

OSN when it becomes post-mitotic. 

To investigate the degree of commitment of OE stem and progenitor cells, we 

transplanted cells that are harvested from the dorsal region of the OE into ventral OE and 

determined whether the neuronal progeny shifted to express markers characteristic of the host 

region, or if commitment as to location is irreversible. Our results demonstrate that stem and 

progenitor cells of the OE are plastic with respect to both OR expression as well as the choice 

between OCAM vs. NQO1, and that this plasticity is reduced by generalized inhibition of histone 

deacetylases (HDACs), suggesting that modifications of an existing epigenetic state are essential 

for plasticity and that the epigenetic landscape is influenced by regional specifiers. Lastly, we 

demonstrate that the transition from the expression of multiple to a single OR is subsequent to 

and independent of the expression of the olfactory marker protein (OMP), which is the usual 

proxy for full OSN maturation.  
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MATERIALS AND METHODS 

Animals and Breeding. WT male mice used in lesion, transplantation, and reference 

tissue for immunohistochemistry and in situ hybridization were F1 intercross B6129SF1 mice 

bred from C57BL/6J and 129S1/Sv1MJ mice in house or were ordered from Jackson 

Laboratories (stock #101043). A constitutive TdTomato-expressing mouse line was generated by 

breeding R26Rfl(stop)TdTomato strain (Jackson Laboratories stock # 007909) with the germ line 

constitutive Sox2-Cre driver (Jackson Laboratories stock #008454); both had been backcrossed 

to a C57BL/6J background. Neurog1-eGFP BAC mice generated through the GENSAT Project 

were obtained from Jackson Labs and OMP-GFP mice were generously provided by Dr. Peter 

Mombaerts (Potter et al., 2001); these two lines on a mixed B6129S background were separately 

bred to the constitutive TdTomato mice. All mice were maintained on ad libitum rodent chow 

and water and were housed in a heat- and humidity-controlled, AALAC-accredited vivarium 

operating under a 12:12-h light:dark cycle. All protocols for the use of vertebrate animals were 

approved by the Committee for the Humane Use of Animals at Tufts University School of 

Medicine. 

Olfactory Lesions. Methyl bromide: Animals were passively exposed to MeBr gas for 8 

h as previously described (Schwob et al., 1995). Briefly, 10-week-old B6129SF1 mice were 

exposed to 170 ppm MeBr in pure air. Unilateral lesions were performed by plugging the left 

naris with a 5-mm piece of PE10 tubing and the lumen of the tube was obstructed with a knotted 

5.0 suture thread and superglue (Cheung et al., 2014). Olfactory bulbectomy (OBX): OMP-GFP 

mice were anesthetized with a double cocktail of ketamine (6.25 mg/kg) and xylazine (12.5 

mg/kg) and given buprenorphine (0.1 mg/kg) at induction. Animals were immobilized in a 

stereotactic head mount above a 37°C heating pad for thermal homeostasis and a single incision 
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was made on shaved, disinfected skin to expose the overlying frontal bone. A bone drill was used 

to expose the right olfactory bulb; the bulb was removed by aspiration and oxycel was placed 

into the empty cavity to achieve hemostasis. Lastly, the overlying skin was sutured; mice were 

given 1 ml of sterile saline subcutaneously and placed on a warm pad for recovery. During the 

acute postoperative period, mice were administered buprenorphine as needed for analgesia. 

Tissue processing. At the indicated time points, mice were anaesthetized by intra-

muscular injections of a triple cocktail of ketamine (37.5 mg/kg), xylazine (7.5 mg/kg), and 

acepromazine (1.25 mg/kg). Anaesthetized animals were transcardially flushed with PBS and 

perfused with 4% PFA (4% PFA, 0.1M monobasic and dibasic phosphates, ph7.4) for transplant 

animals and in situ hybridization or with 1% PLP (1% PFA, 0.1M monobasic and dibasic 

phosphates, 90mM Lysine, 0.1M Sodium periodate) for all other immunohistochemistry. The 

tissue was post-fixed under vacuum for 2 hours, rinsed in PBS and decalcified in saturated 

EDTA overnight, transferred to 30% sucrose overnight for cryoprotection and finally embedded 

in OCT compound (Miles Inc., Elkhart, IN) and frozen in liquid nitrogen. 10 or 20 μm coronal 

sections were generated on a Leica cryostat and mounted on Ultraclear Plus charged slides 

(Denville Scientific) and stored at -20°C until needed.  

Tissue dissociation for transplantation. Animals were anaesthetized with intra-

muscular injection of triple cocktail (see above) and perfused with cold Low-Ca2+ Ringers 

solution (140mM NaCl, 5mM KCl, 10mM HEPES, 1mM EDTA, 10mM glucose, 1mM sodium 

pyruvate, pH7.2). The OE was dissected and placed in 3ml Low-Ca2+ on ice. After mincing the 

tissue, 3ml of 0.05% Trypsin-EDTA was added to the slurry followed by a10-minute incubation 

at 37°C. The tissue was pelleted at 2000xg and the Trypsin-EDTA was discarded and replaced 

by an enzyme cocktail (100 U/ml collagenase, 250 U/ml hyaluronidase, 75 U/ml DNase I, 0.1 
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mg/ml trypsin inhibitor, 5U/ml papain; from Worthington Biochemical, Roche, and Sigma) in 

Regular Ringer solution (140 mM NaCl, 5mM KCl, 10mM HEPES, 1mM EDTA, 10mM 

glucose, 1 mM sodium pyruvate, 1mM CaCl2, 1mM MgCl2, pH7.2). The tissue was incubated in 

enzyme cocktail for 30 minutes followed by filtration through a 35μm mesh, centrifugation, and 

resuspension in DMEM for transplantation with 50 μl suspended cells per host animal. For 

experiments with the HDAC inhibitor: 10 μM Oxamflatin (Santa Cruz cat #205960) was spiked 

into the cell suspension and incubated at 37°C for 1.5 hours. 

Transplantation. Transplantation was performed as previously described (Schnittke et 

al. 2015). In brief: Host animals were exposed to MeBr gas 24 hours prior to transplantation; on 

the day of transplantation, host animals were anaesthetized with 50 μl 0.05 mg/ml ketamine and 

0.1 mg/ml xylazine double cocktail and maintained with 10 μl Ketamine/Acepromazine double 

cocktail: 13.33 mg/ml ketamine and 0.66 mg/ml Acepromazine. Once under full anesthesia, the 

anterior neck was shaved and disinfected and a tracheotomy was performed. The palate was 

elevated by inserting a 3 cm piece of PE-100 tubing into the oropharynx/rostral esophagus to 

close the nasopharyngeal passage and 50 μl of resuspended cells (dissociated from donor animals 

as described above) were flushed into the naris through PE-10 tubing. Mice were positioned at a 

45° angle, alternating sides every 30 minutes for 3 hours. After this time, the solution was 

removed from the nasal cavity, the tracheotomy was sutured, the mice were given subcutaneous 

saline injections and were placed on a recovery warm pad. Three weeks later the animals were 

sacrificed.  

Immunohistochemistry. Primary antibody source, dilutions, and working conditions are 

located in Table 1. Before immunostaining, rubber cement was applied around each section, 

dried onto the slide for 15 minutes on a hot plate, and the slides were rinsed in PBS to remove 
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OCT. Slides were then subjected to antibody-specific pretreatments including: incubation in 

0.005% Trypsin-EDTA for five minutes, incubation in 3% hydrogen peroxide in methanol for 

five minutes, incubation in 0.01M citrate buffer (pH 6.0) for 30 minutes at 84°C, and steaming in 

0.01 M citrate buffer for 10 minutes in a commercial food steamer. Sections were blocked with 

10% donkey serum/5% non-fat dry milk/4% BSA/0.1% TritonX-100 in PBS and incubated 

overnight in primary antibody. The next day the staining was visualized using an array of 

methods as indicated in Table 1. 

Fluorescence activated cell sorting (FACS). Olfactory epithelium was dissociated as 

described above except the cells were resuspended in 1X HBSS containing 25 mM HEPES, 10 

mM EDTA, and 0.5% BSA. Cells were sorted on a Legacy MoFlo (Cytomation/Beckman-

Coulter) on the clonal setting. Cells were collected in 1.5 ml tubes for bulk sorts or in PCR tubes 

for single cell analysis.  

Western Blotting. Dissected OE was flash frozen in liquid nitrogen, suspended in lysis 

buffer (1 M Tris pH 7.5, 0.5 M EDTA, 1X protease and phosphatase inhibitors [ThermoFisher 

cat #79440], 20% Triton X-100, 0.5 M NA3VO4, 2 M NaCl) at 60 μl/mg of tissue, and sonicated 

until the tissue was homogenized. A bicinchoninic acid assay (BCA) protein assay was used to 

determine protein concentrations; stocks of 2 mg/ml were made up in 1X LDS sample buffer 

(ThermoFisher cat #B0008) and 1X reducing agent (ThermoFisher cat #B0009) and frozen at -

80°C until used for Western blotting. Samples were denatured at 95°C for 5 minutes and loaded 

at 40 μg/lane for gel electrophoresis and PVDF transfer using the Bolt Mini Blot Module 

(ThermoFisher cat #B1000). The membranes were blocked in 1X TBST (20 mM Tris, 0.15 M 

NaCl, 0.1% Tween-20) with 5% Carnation Instant Non-fat Dry Milk for one hour at room 

temperature. Primary antibodies were incubated overnight at 4°C at the following concentrations: 
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NQO1, 1:1000 (Abcam 80588); OCAM, 1:6,000 [Rabbit RB-8 antiserum (Schwob and Gottlieb, 

1988)]; beta-actin 1:1,000 (ThermoFisher cat #MA5-15739). The following day, membranes 

were washed in 1X TBST/5% milk 6 times for 5 minutes and secondary HRP conjugated 

antibodies (Jackson ImmunoResearch) were incubated at 1:1000 for 1 hour at room temperature. 

After two 30-minute washes, the membrane was incubated in ECL substrate (ThermoFisher cat 

#34080) and developed.  

 Horizontal basal cell (HBC) culture. Olfactory epithelium was dissected in a clean 

hood and placed in culture dissociation media (Pneumacult Ex, Stemcell Tech cat #05008; 1X 

Gem21, Gemini Bio cat #400-161; 1X N2 Neuroplex Supplement, Gemini Bio cat #400-163; 1X 

collagenase/hyaluronidase, Stemcell Tech cat #07912). The tissue was minced, vortexed, and 

placed on a rotator at 37°C for 1 hour. Cells were pelleted and resuspended in 5 ml 0.25% 

Trypsin-EDTA (Stemcell Tech cat #07901) with trituration, followed by the addition of 10 ml 

1X HBSS containing 25 mM HEPES, 10 mM EDTA, and trypsin inhibitor (MP Biomedicals cat 

#101113). After a second round of pelleting, 1 ml Dispase (StemCell Tech cat #07912) and 

100μL DNase1 (StemCell Tech cat #07900) were added to the pellet with tituration. Again, 10 

ml HBSS was added and the cells were filtered through a 40-micron mesh. Cells were pelleted a 

final time and resuspended in plating media (Pneumacult Ex, 1X Gem21, 1X N2 Neuroplex 

Supplement, 100ng/ml RSPO-1 [Sinobiological, human recombinant]; 50 ng/ml Noggin 

[Sinobiological, human recombinant]; 10 mm ROCK inhibitor [Sigma catalog number Y27632]). 

A more detailed description of the HBC culture model is in preparation for publication (Peterson 

et. al, 2018, in revision). Cultured HBCs were treated with 10 μM HDAC inhibitor Oxamflation 

(Santa Cruz cat #205960) for 6 hours followed by a brief wash in PBS, fixation, and staining for 

acetyl-Histone 3 Lysine 9 (H3K9ac) (Millipore catalog number 07-352). 
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 Single cell RT-PCR and OR identification. Single OMP-GFP (+)/CAG-TdT (+) cells 

were isolated from transplant host animals by FACS. Cells were sorted directly into 50μl lysis 

buffer (DNase/RNase-free water [Invitrogen catalog number 10977], 0.005% NP-40 [Roche 

catalog number 1332473, 0.02% RNase Inhibitor [ThermoFisher catalog number 10777019]) in 

0.5μl tubes and placed into a 65°C incubator for 2 minutes. In no-RT control experiments, the 

cell lysis was split into 2, 25μl aliquots, which were brought back to 50μl with water. From this 

point, Clontech’s SMARTer Pico PCR cDNA Synthesis Kit (catalog number 634928) for single-

cell RT-PCR was used (for the no-RT experiments, we added water instead of the reverse 

transcriptase). The resulting cDNA was used for many PCR experiments, including PCR for β-

actin, TdTomato, OMP, Tuj1, GAP43, Sox2, and olfactory receptors (ORs). In this study we 

used the degenerate OR primer pair P26/P27 (Malnic et al., 1999). OR PCR products were 

TOPO cloned (Invitrogen TOPO TA cloning kit, catalog number 450640) into TOP10 cells 

(Invitrogen catalog number C4040-03) and plated on LB-ampicillin plates for blue/white 

screening. White colonies were selected for minipreps and sequencing.  

 In situ hybridization. Probe preparation: Probe templates were OR gene-specific PCR 

products containing T3/T7 overhangs. In vitro transcription was performed using either T3 RNA 

Polymerase (Sigma, catalog number 110311; protocol as described by manufacturer) or T7 RNA 

polymerase (NEB, catalog number E2040; protocol as described by manufacturer). Hybridization 

protocol. Slides were removed from storage at -80°C and air-dried at room temperature for 30 

minutes. Tissue was rehydrated in DEPC-PBS for 4 minutes, incubated in 1% Triton X-100 for 4 

minutes, permeabilized with 0.05 mg/ml Proteinase K (Thermofisher, catalog number AM2546) 

in 0.5M Tris-HCl/0.1M NaCl/0.1M EDTA pH8 for 4 minutes, rinsed twice with DEPC-PBS 

followed by DEPC-water, and air-dried at room temperature for at least 1 hour. 150 μl DIG-RNA 
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probe was applied to each slide at 2 mg/ml in 50:50 formamide/hyrbridization solution (Sigma, 

catalog number H7782) and was sealed with a parafilm coverslip. Hybridization occurred 

overnight in a sealed humid box (containing 50:50 formamide/5X SSC) at 55°C. The following 

day, slides were washed twice in 2X SSC at room temperature for 30 minutes and twice in 0.1X 

SSC at 70°C for 30 minutes. Prior to signal detection, slides were equilibrated in Tris Buffer 

(0.1M Tris-HCl, 0.15M NaCl pH7.5) for 2 minutes at room temperature and blocked in TNB 

(made as described by the manufacturer, PerkinElmer catalog number FP1012) for 30 minutes at 

37°C. Anti-DIG-AP (Jackson ImmunoResearch, catalog number 200-052-156) diluted at 1:1000 

in TNB was incubated on the slides for 3 hours at room temperature. Finally, following three 

washes in Tris Buffer (10 minutes each), slides were rinsed in predevelopment buffer (100mM 

Tris, 100mM NaCl, 50 mM MgCl2 pH9.8) and developed in 1:1 predevelopment buffer (adjusted 

to have the same final concentrations listed above)/10% PVA, 0.1X BCIP (50 mg/ml in DMF), 

0.1X NBT (100 mg/ml in 70% DMF) overnight at 37°C. 

RNA-sequencing. Two fluorescent reporter mouse lines were used for FACS isolation of 

single cells of interest: OMP-GFP (3 weeks post bulbectomy), and OMP-GFP/pan-TdT (for 

dorsal to ventral OR transplant experiments). FACS isolated cells were captured on a 5-10 m 

mRNA Seq IFC (Fluidigm, catalog number 100-5759) and visually inspected to positively 

identify single cell capture prior to lysis and cDNA synthesis according to manufacturer’s 

instructions. Three RNA spike-ins were added to the lysis buffer for further batch effect 

correction. cDNA was quantified using Invitrogen’s Quant-iT high sensitivity DNA Assay kit 

(catalog number Q33120) prior to library construction using Illumina Nextera XT Library Prep 

Kit (catalog number FC-131-1024), following manufacturer’s instructions and Fluidigm 

modifications. Single cell libraries were tagged with unique barcodes using Nextera XT Index 
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Kit V2 B, C, D (catalog number FC-131-2002, FC-131-2003, FC-131-2004, respectively), and 

pooled prior to Agencourt AMPure XP Bead cleanup. The library was quantified using Quant-iT 

and size distribution determined using a Fragment Analyzer (Advanced Analytical Technologies, 

Inc.) prior to sequencing at ~3M 100 bp paired-end reads per cell on an Illumina HiSeq2500 

running in High Output v4 mode. Demultiplexed reads were FASTQC trimmed prior to mapping 

using RSEM on the Tufts High Performance Computing Cluster. Batch effects were removed 

using Bayesian methods implemented in the R package ComBat. This was followed by 

hierarchical clustering and visualization of clusters using the dimension reducing algorithm t-

SNE, implemented in the R package Rtsne. Determination of the cutoff points for OMP and 

GAP43 expression was performed using the R package OptimalCutpoints, using the Youden 

Index Method (Youden, 1950; Schisterman et al., 2005; López-Ratón et al., 2014). The results of 

these calculations matched the results from visual and K-means clustering methods. For OR 

expression cutoffs, a similar method was used, however the multinomial logistic regression was 

used instead as multiple cutoffs were calculated, one of baseline noise as an initial filter, and the 

other for true high expression of a specific OR. The final result of this is a cutoff of 1139 

transcripts per million (TPM) for OMP, 47 for GAP43, and 357 for ORs to be counted as 

"positive." 

Imaging and Quantification. Images were taken with a Spot RT2 color digital camera 

attached to a Nikon 800 E epiflourescent microscope, a Zeiss 510 confocal microscope, and, as 

mosaics, on a Keyence BZ-E710 fluorescence microscope. Images were first processed using Fiji 

software to adjust color palette, balance and contrast applied to the entire image prior to figure 

assembly in Adobe Photoshop CS5.1 where images were cropped and set. Quantification was 

done on the Zeiss 510 confocal microscope in multi-track mode to allow for simultaneous 
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scanning of TdT, NQO1, and OCAM. All TdT (+) OSNs were counted for each host animal 

from 20 micron sections across the entire anterior to posterior OE. TdT (+) OSNs counted were 

classified as either NQO1 (+) or OCAM (+) and the percentage of each was calculated from the 

total OSNs (TdT/NQO1 (+) plus TdT/OCAM (+) cells).  

Experimental Design and Statistical Analysis. All results were computed and graphed 

using Prism software; percentages of NQO1 (+) and of OCAM (+) cells were averaged across 

animals and error bars represent standard deviation of the mean. Counts for transplants were 

derived from the entire set of sections obtained from anterior to posterior OE. For the HDAC-

inhibitor experiments: Chi-square with Yates correction was performed to determine significance 

between groups. For RNAseq based comparisons regarding single vs multiple ORs, a Z-test of 

proportions with Yates correction was used. In all experiments, donor mice were mixed sexes, 

while male mice were used as transplant recipients as the methyl bromide lesion is highly 

variable in female mice. 

 

RESULTS 

OSNs generated by olfactory epithelial stem and progenitor cells harvested from the dorsal 

OE assume OCAM expression after engraftment in ventral OE. 

 To determine whether and to what extent cues external to olfactory stem and progenitor 

cells direct the expression of spatially restricted aspects of OSN phenotype, unsorted epithelial 

cells from the dorsal, NQO1 (+) epithelium of TdTomato (+) (TdT) C57BL/6 mice were infused 

intranasally into host mice of the same strain (Fig 1A). Because MeBr exposure damages ventral 

OE in this strain of mice, but leaves the dorsal OE substantially intact, engraftment following 

transplantation is limited to the ventral region of the epithelium (Chen et al., 2004).  The host 
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epithelium is allowed to regenerate for three weeks (Fig. 1A), providing sufficient time for 

neuronal maturation (Schwob et al., 1995) and recapitulation of the differential expression of 

OCAM and its limitation to the ventral epithelium (Fig. 1B-C).   

Clusters of graft-derived cells vary in size markedly.  The vast majority of them are small 

(10 cells or less), but some are 50 cells or more (Fig. 2H).  We did not directly determine 

whether the clusters are clonally derived.  However, previous studies using transplants of 

unsorted cells have shown clonality after transplantation (Chen et al., 2004).   

The epithelium of the host mice was stained with antibodies to OCAM and NQO1 to 

determine the phenotype of the neuronal progeny of the transplanted stem and progenitor cells 

with respect to the marker for the donor region (NQO1) vs. host region (OCAM).  In the dorsal-

to-ventral transplants, an average of 85 ± 5% (SEM) of all graft-derived OSNs expressed 

OCAM, the neuronal marker of the host region (Fig. 2A, F) and 15 ± 5% expressed NQO1, the 

neuronal marker of the donor region (Fig. 2B, F). As a control, 97% of all ventral-to-ventral 

transplants expressed OCAM after transplantation (Fig. 2C, F). In all sections, robust NQO1 

staining in the dorsal recess demonstrated that a lack of NQO1 staining was never due to antigen 

destruction or immunostaining errors (Fig. 2D). The dorsal and ventral dissections were not 

contaminated by the opposing tissue as Western blots of the tissue harvested from the dorsal 

epithelium demonstrated a prominent immunopositive band for NQO1 and lacked detectable 

OCAM (Fig. 2E). Conversely, the ventral tissue contained minimal NQO1 protein by Western 

blot but displayed a pronounced immunopositive band for OCAM (Fig. 2E).  In order to 

investigate further the preponderance of OCAM (+) OSNs, as compared to NQO1 (+) OSNs 

when dorsally derived progenitors engraft in ventrolateral OE (Fig. 2F), cluster location, size, 

and type – specifically clusters that were comprised exclusively of neurons vs. those composed 
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of complex mix of neurons and non-neuronal cells –  were assayed for differences in outcome.  

Clusters that contained some NQO1 (+) graft-derived cells were distributed throughout the 

epithelium and evinced no preference for epithelium near the NQO1/OCAM boundary (Fig. 1G).  

In addition, both neuron-only and complex clusters ranging in size from tens of cells to hundreds 

of cells contained NQO1 (+) neurons (Fig. 2H). It should be noted that the whole dorsal or whole 

ventral olfactory mucosa was dissociated and then infused without any selection as to cell type.  

That approach is justified because only the GBC population is capable of generating OSNs after 

engraftment when isolated from the uninjured OE (Chen et al., 2004; Schnittke et al, 2015); 

selective isolation of mature and immature OSNs, sustentacular and duct/gland cells and 

horizontal basal cells cannot (ibid).  Nonetheless, as a further control to be sure that mature 

OSNs could not engraft and survive after transplantation, olfactory marker protein (OMP)-GFP 

(+) OSNs were FACS-isolated and indeed, proved to be incapable of engraftment (Fig. 3A-D).  

Further, both NQO1 and OCAM are expressed by OSNs (mature, and mature plus immature 

neurons, respectively) and not engraftable stem and progenitor cells (Fig. 3E-J). 

 The axonal projections from the graft-derived OSNs were determined by mapping the 

distribution of TdT (+) fibers across the bulb.  Neurons derived from ventrally-engrafted dorsal 

stem and progenitor cells reach the bulb, entered glomeruli in the ventral, OCAM (+) region of 

the olfactory bulb, and co-localized with the pre-synaptic marker vesicular glutamate transporter 

2 (V-GLUT2) (Fig. 4).  

 

Adaptation to the ventral OE as measured by OCAM expression is decreased by small 

molecule inhibition of HDAC 
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 Given the growing literature on the importance of epigenetic modifications in selection 

and expression of ORs, and the corresponding generation of OSN diversity (Magklara et al., 

2011; Lyons et al., 2014), we investigated the role of histone deacetylases (HDACs) in the 

assumption of a ventral phenotype by OSNs derived from dorsal epithelial stem and progenitor 

cells.  HDACs were the target of choice because (1) HDACs, which remove transcriptionally 

activating acetyl groups (Rodd et al., 2012), play critical roles in stem cell pluripotency and 

differentiation (Foti et al., 2013; Yang et al., 2014, 2015; Qiao et al., 2015), (2) HDAC2 is 

expressed by globose basal cells (GBCs) (Coleman et al., 2017), and (3) the pan-HDAC 

inhibitor, Oxamflatin, is demonstrably active on a population of olfactory stem cells in culture.  

With regard to the latter, addition of Oxamflatin to the horizontal basal cells in vitro leads to the 

accumulation of acetylated lysine 9 residues on histone 3 (H3K9Ac) (Fig. 5C, D).  For the 

transplant experiments, cells isolated by dissociation from the dorsal OE were incubated with 

Oxamflatin in suspension prior to intranasal infusion and engraftment into the ventral OE of host 

animals. As a consequence of treatment with the pan-HDAC inhibitor, a statistically significant, 

four-fold greater percent of graft-derived OSNs expressed the dorsal marker NQO1 in the 

OCAM (+) territory of the host OE and not OCAM, by comparison with the vehicle control 

experiments (Fig. 5E).  The percentage derived from the vehicle control closely matches the 

results presented earlier (cf. Figs 2F, 5E).  Notably, HDAC inhibition did not completely block 

the assumption of a ventral identity by the graft-derived OSNs, suggesting that inhibition was 

incomplete or other mechanisms are involved. 

 

OSNs generated by transplanted stem and progenitor cells from dorsal OE also express 

ORs that are characteristic of the engraftment location in ventral OE. 
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 OR expression is the most profound example of spatially regulated gene expression in the 

OE, given the restriction of each OR to a relatively narrow anteroposterior-oriented stripe of 

epithelium, such that the epithelium can be subdivided along its transverse axis into a large 

number of overlapping stripes (Iwema et al., 2004; Miyamichi et al., 2005).  Most ORs fall to 

either the NQO1- or OCAM-side of their complementary boundary.  The regulation of NQO1 

and OCAM expression by graft location raises the question of whether OR expression is also 

regulated by graft location following transplant.  In other words, do OSNs developing in a 

location that is novel relative to the origin of their parental stem and progenitor cells also 

differentiate in line with their new position?   

In this case, the transplantation experiments used the dorsal epithelial cells of OMP-

GFP/constitutive pan-TdT donor mice.  Three weeks after engraftment and differentiation, 

transplant-derived OSNs were FACS-isolated from ventral OE on the basis of dual fluorescent 

labeling, followed by single cell RT-PCR identification of the OR that is expressed.  The 

localization in normal OE of the amplified OR was determined by in situ hybridization (Fig. 6A). 

We validated both the purity of cells transplanted as well as the sensitivity of our FACS isolation 

post-transplant (Fig. 6B-G).  

In the first cohort of graft-derived OSNs, harvested 3 weeks after transplantation, 

classification as a donor-derived OSN required single cell RT-PCR amplification of OMP (to 

assure isolation of OSNs), TdTomato (to assure graft-derivation), and actin (to assure cDNA 

quality as the actin primers span an intron) (Fig. 7A). Single cells that met these criteria were 

subject to further RT-PCR for OR amplification using primers P26/P27 (Malnic et al., 1999) 

(Fig. 7A), and a 400 bp band, which corresponds to the expected size, was obtained from 6 out of 

30 cells.  In some cases, digests of the OR product produced multiple bands that summed to the 
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size of the uncut band, suggesting that the cells express a single OR (e.g., Dorsal 5, Fig. 7B).  

However, for other OSNs in this initial group, the sum of the digested fragments exceeded the 

size of the original band (e.g., Dorsal 1, Fig. 7B) suggesting that this neuron expresses more than 

one OR despite expressing OMP (Fig. 7A, Table 2).  To assess the multiplicity more directly, the 

PCR-amplified product was topo-cloned and then 10 clones were sequenced to define the 

dominant and secondary ORs expressed, which are listed in Table 2.  A multiplicity of ORs has 

been noted for bona fide OMP (-), immature OSNs isolated from uninjured epithelium (Hanchate 

et al., 2015; Tan et al., 2015).   

In a second cohort of graft-derived OSNs also harvested at the 3-week time-point, digest 

patterns for the amplified ORs following single cell RT-PCR suggest that multiple receptors 

were expressed per cell in many of the cases (Fig. 8A, D).  In sequencing the products from each 

cell, we confirmed that more than half of the cells contained greater than one OR (Table 2).  

Accordingly, we performed additional PCR reactions for the immature neuronal marker GAP43, 

as well as the general neuronal marker TUBB3 (class III , or neuron-specific, tubulin) and the 

GBC/horizontal basal cell/sustentacular cell marker Sox2 as a negative control for non-neuronal 

cells (Fig. 8).  The majority of the graft-derived OSNs expressed OMP, TUBB3, and GAP43 

(Fig. 8B); the co-expression of GAP-43 and OMP, which are usually taken to be markers of 

olfactory sensory neuron immaturity and maturity, respectively, suggests that OSNs expressing 

multiple ORs (Fig. 8D, Table 2) are maturing but not fully mature at the time of harvest despite 

the onset of OMP expression; Sox2, which marks several non-neuronal cell types, was not 

amplified (Fig. 8C).  

Control experiments designed to validate our single-cell RT-PCR technique included the 

FACS-isolation of single OMP-GFP (+) neurons from normal, unmanipulated animals and whole 
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epithelial mRNA as positive controls and Sox2-eGFP (+) non-neuronal cells as a negative 

control (Fig. 9). First, we found that the OMP-GFP (+) cells were strongly positive for both actin 

and OMP by PCR amplification and that the Sox2-eGFP (+) cell was strongly positive for actin 

but not OMP (Fig. 9A).  The faint OMP band in the Sox2-eGFP (+) cell is likely due to genomic 

contamination and amplification of the intron-less OMP gene. Second, as a positive control for 

our single cell RT-PCR procedures, ORs were amplified from the OMP-GFP (+) single cells 

isolated directly from the normal, unmanipulated OE using degenerate OR primers P26/P27 

(Malnic et al., 1999); these OR products were restriction enzyme digested. The digest products 

summed to the weight of the original uncut band, highly suggestive that a single OR was 

amplified from single OMP-GFP OSNs isolated from the normal OE (Fig. 9B1). Third, the 

sequences of the amplicons correspond to the region extending from TM4 to TM5 as expected 

from the primer pair (Fig. 10C) (Malnic et al., 1999).  In addition, the digest patterns predicted 

from the amplicon sequence match the band sizes observed (Fig. 9B2). Fourth, no amplification 

for either actin or ORs was observed in either pooled or single OSNs when the samples were 

processed without RT (Fig. 9D).  Finally, neither actin nor OR products were amplified from a 

FACS sheath fluid collected at the time of the OSN sort (Fig. 9D). In aggregate, these control 

experiments demonstrate that our protocol has the sensitivity and specificity to identify ORs 

expressed in single, OMP (+) OSNs.  

Subsequent to harvest and sequencing of the amplicons, the pattern of expression of the 

OR in the normal epithelium of unlesioned animals was assessed with respect to dorsal vs. 

ventral localization.  The assignment of the OR to dorsal vs. ventral OE was based either on in 

situ hybridization carried out for this paper (Fig. 10A-C) and/or with reference to published ISH 

carried out for that OR (Table 2).  In addition, the data were analyzed with reference to a recent 
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publication (Tan and Xie, 2018) that carried out a fine dissection of the OE into 12 small pieces, 

completed bulk RNAseq analysis to identify all of the ORs expressed in each piece and then used 

computational means to localize each of the identified ORs along the axis from dorsomedial 

(Zone 1.0) to far ventrolateral (zone 5.0) in the epithelium, i.e., using the nomenclature of 

Miyamichi et al (2005).  In this formulation of epithelial organization, the transition from Zone 1 

to Zone 2 corresponds to the boundary defined by NQO1/OCAM (Miyamichi et al., 2005).  It is 

notable that the correlation between the ISH results and computational localization is strong; of 

the 35 unique ORs that were identified and localized by ISH either by us or by others, only 2 of 

them show a discrepancy between the ISH localization and the computational assignment as 

ventral vs. dorsal, respectively. Moreover, in both of those instances, MOR256-47 (Olfr317, cell 

designated Ventral 3 in Table 2) and MOR139-3 (Olfr57, cell designated 10 in Table 3) ISH 

labels OSNs immediately ventral to the NQO1/OCAM border. 

Of the single cells from the first two cohorts that satisfied the criteria for OR analysis, we 

found that all of the OSNs harvested following ventral-to-ventral transplants and subjected to 

single cell RT-PCR (n = 4) expressed a ventrally-expressed OR as the dominant OR and as one 

or more minority ORs as well, when the latter was present.  Of the neuronal progeny generated 

by the dorsal-to-ventral transplants and subjected to single cell RT-PCR analysis (n = 8), 4 of the 

8 harvested OSNs expressed either a single dominant OR or multiple ORs found only in the 

ventral OE (in one instance, assigned by reference to Tan et al, 2018), and 4 of the 8 expressed 

multiple ORs where at least one was found in the dorsal OE and at least one was normally 

expressed ventrally (as determined by either ISH or computational analysis by Tan and Xie, 

2018) (Fig. 11; Table 2).  
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A third cohort of dorsal-to-ventral transplants survived for 4 weeks after transplantation 

before harvesting single cells, which allowed graft-derived OSNs additional time to mature more 

fully, and subjecting them to single cell RNA-seq analysis.  For this experiment, FACS-isolated 

individual OSNs (sorted using the same strategy as before) were chip-captured using the 

Fluidigm C1 Autoprep IFC system and processed for Illumina-based single cell RNA-seq (see 

Lin et al., 2017, for a fuller rendering of the methodology and the data). With the longer survival, 

it was still the case that some of the individual OSNs expressed more than one OR at a 

significant level (as defined in the Materials and Methods), albeit a smaller percentage (30% at 

4-weeks vs. 66% at 3-weeks survival post-transplant; Table 3 vs. Table 2, respectively).  The 

single cell sequence analysis also allowed the characterization of the level of expression of 

NQO1 vs. NCAM2.  Of the 16 cells where the mRNA level for either one or the other marker 

reached detectability, 14 expressed NCAM2.  For one of the 14 NCAM2 (+) cells, NQO1 was 

also detectable.  The other two of the 16 cells expressed detectable levels of NQO1 along with a 

dorsal OR (cell designated 2 in Table 3) in one case, and an OR that localized just ventral to the 

NQO1/OCAM2 boundary. 

In aggregate, 19 of the 20 graft-derived OSNs subjected to single cell RNAseq analysis 

expressed one or more ORs found in ventral OE (by ISH or – in one instance – by computational 

localization as described in the preceding paragraph), and only 1 of the 20 expressed a dorsal OR 

only (Fig. 10D, Table 3).  It is worth noting that we observe apparent over-representation of 

three OR genes (Olfr140, Olfr168, and Olfr16) in our small sample of transplant-derived cells 

(Tables 2, 3). These three ORs are phylogenetically diverse, express in different subregions of 

the MOE, and reside in different OR clusters (and therefore, are likely regulated by different 

enhancers). A larger sample size is required to substantiate this apparent bias as systematic. A 
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potential explanation for such a bias is that OR genes might exhibit different sensitivities to 

chromatin reprogramming; for example, 5 specific OR genes were observed as significantly 

over-represented in OSN populations in the absence of the G9a chromatin regulator (Lyons et al., 

2014).  Summarizing the single cell RT-PCR and single cell RNA-seq experiments, 27 of the 28 

OSNs analyzed following a dorsal-to-ventral OE transplant expressed a ventral OR(s) either 

alone (n = 20) or in combination with a dorsal OR and/or NQO1 (n = 7).  Thus, for the vast 

majority of graft-derived OSNs, their differentiation has shifted as a consequence of the novel 

ventral location in the epithelium.   

 

Expression of multiple ORs in OMP (+) OSNs 

 The relatively high frequency at which OMP (+) OSNs express multiple ORs in the 

injured-recovering OE after transplant contrasts with the previously published results obtained 

by single cell RNA-seq from normal OE (Hanchate et al., 2015; Tan et al., 2015; Scholz et al., 

2016).  The decline in the incidence with which more than 1 OR is harvested per OMP (+) OSN 

with the longer survival period suggests that transplantation per se is not responsible for the 

multiplicity. Rather, the expression of multiple ORs by OMP (+) OSNs may correspond to an 

intermediate point in the gradual progression to full maturity.  Indeed, after olfactory bulbectomy 

and at certain times after epithelial lesion, a substantial pool of OSNs express immunodetectable 

OMP and GAP-43 (Schwob et al., 1992, 1995) as well as the corresponding mRNAs (Heron et 

al., 2013; Saraiva et al., 2015).  The current results confirm the finding that some OSNs express 

both of the corresponding mRNAs (Fig. 8).  That this reflects a usual aspect of OSN 

differentiation is also suggested by the small number of OMP (+) OSNs from normal OE that 

express multiple ORs (Hanchate et al., 2015; Tan et al., 2015; Scholz et al., 2016). These same 
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studies found that the frequency of multiple OR expression is higher in immature OSNs 

(Hanchate et al., 2015; Tan et al., 2015).   

The OR repertoire of OMP (+) OSNs can be further assessed by examining OSNs from 

bulbectomized mice.  OSNs die around or shortly after initiating OMP expression and 

elaborating a full complement of cilia when born after the olfactory bulb has been ablated 

(Schwob et al., 1992).  Thus, the birth, differentiation, and death of OSNs is more tightly 

synchronized in the OE of bulbectomized mice as compared with the normal epithelium, such 

that a large percentage of the OSNs are contemporaries and can be captured just after the onset 

of OMP expression (Schwob et al., 1992).  Furthermore, and obviously, neurons born after 

bulbectomy cannot contact or synapse on their normal CNS target.   

Accordingly, in order to establish more definitively that OR singularity emerges after the 

onset of OMP expression, OMP-GFP (+) OSNs were FACS-isolated from mice that had been 

subject to olfactory bulbectomy 3 weeks prior, captured on a Fluidigm IFC, and subjected to 

single cell RNA-seq as before.  Cells were classified as OMP (+) if OMP levels exceeded 1139 

transcripts per million (TPM), a cutoff determined using the R package OptimalCutpoints 

implementing the Youden Index Method (Youden, 1950; Schisterman et al., 2005; López-Ratón 

et al., 2014). Using this criterion, we found that 54% of the sequenced cells contained transcripts 

for multiple ORs (21/39) while the remainder (46%) expressed a single OR gene (18/39) (Fig. 

11). There was an inverse correlation between the OMP level and the likelihood of identifying 

multiple ORs.  Comparing the current results to the previously reported single cell RNA-seq 

(Hanchate et al., 2015; Tan et al., 2015; Scholz et al., 2016), the percentage of OMP (+) OSNs 

that express multiple ORs is significantly higher in the epithelium of bulbectomized mice and are 

not statistically different from immature OSNs from normal OE (Fig. 12A).  That greater than 
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50% of OSNs are found to express more than one OR despite reaching the conventional 

milestone for maturity, namely OMP expression, suggests that many if not all OSNs may pass 

through an intermediate, multiple OR stage on their way to full maturity.  That the timing of 

OMP expression normally corresponds to contact with the olfactory bulb and that OSNs after 

bulbectomy cannot form synapses with their normal targets suggest that contact with the bulb 

may play a role in singular OR expression/stabilization, but restriction to expression of a single 

OR can emerge absent such contact.  We cannot rule out an alternative explanation that the 

OSNs expressing more than one OR gene are destined to die absent complex lineage tracing 

experiments, such as were used to establish the phenomenon of OR gene switching (Shykind et 

al., 2004; Lewcock and Reed, 2004).  Nonetheless, that such switching occurs is not inconsistent 

with the hypothesis that OSNs can express more than one OR as they pass through to full 

maturity.  
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DISCUSSION  

 The work presented here demonstrates that non-autonomous cues instruct the 

differentiation of OSNs with respect to several spatially distributed traits: the expression of the 

markers NQO1/OCAM as well as the restricted expression of ORs. Transplantation experiments 

demonstrate that stem and progenitor cells harvested from the dorsal OE and engrafted into the 

ventral OE are capable of generating neurons that express characteristics that are typical of the 

host, i.e., ventral, part of the epithelium; indeed, that is the predominant outcome with respect to 

expression of both the regional markers and the specific ORs.  Therefore, the stem and 

progenitor cells and/or the differentiating neurons respond to spatial cues that are local to the 

ventral epithelium.  Furthermore, plasticity, at least with respect to spatially restricted 

NQO1/OCAM expression, depends on HDAC activity, at least in part, as ex vivo incubation with 

an HDAC inhibitor decreases the percentage of graft-derived neurons adapting to the host OE 

region.  Finally, as a follow-up to an observation of OR multiplicity in graft-derived OSNs, 

single cell RT-PCR and single cell RNAseq data demonstrate that ostensibly mature, OMP (+) 

OSNs are capable of expressing multiple ORs.  That the incidence of multiplicity is increased as 

a chronic consequence of olfactory bulbectomy, when the proportion of OSNs that have lately 

begun to express OMP is higher than in the uninjured setting, suggests that contact with the 

olfactory bulb may influence the emergence of OR singularity.  However, axonal contact with 

the bulb is not required for singularity since some OSNs reach the point of expressing only a 

single OR in the absence of the bulb.  Thus, the stage at which OSNs express OMP and multiple 

ORs is likely to reflect the gradual emergence of OR singularity at full maturation. 

 That spatial cues drive neuronal diversification in the OE is based on the patterning of 

various aspects of neuronal phenotype across the epithelial plane (Norlin et al., 2001; 
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McClintock, 2010; Peluso et al., 2012, Schwob and Gottlieb, 1986; Ressler et al., 1993; Vassar et 

al., 1993; Gussing and Bohm, 2004). In addition, the spatial patterning of the OE with respect to 

NQO1/OCAM labeling and OR expression recovers after epithelial lesion to be indistinguishable 

from the uninjured side, as might be expected, given ongoing neurogenesis and the requirement 

for perceptual stability throughout life (Iwema et al., 2004).  However, the tissue locus for the 

spatial code is unidentified.  Two alternatives have been proposed: either that a morphogenetic 

gradient is laid down permanently external to the stem and progenitor population or that a 

gradient is transiently established during development that serves to lay down a permanent set of 

instructions in the basal stem and progenitor cells (McClintock, 2010).  The data presented here 

support the former alternative and indicate that the cues governing the encoding of epithelial 

space remain active in the adult OE.  Furthermore, any bias that might be established in the stem 

and progenitor cells early on can be substantially overcome either during the transplantation 

procedure or following engraftment to a novel location, which is a level of plasticity to which 

HDAC function contributes.  The effect of interfering with HDAC function suggests that 

changes in the epigenetic profile as a consequence of transplantation and engraftment are key to 

the shift in spatial identity.  It is worth noting that HDAC2 expression is co-extensive with that 

of LSD1(KDM1A) and CoREST (RCOR1), which are in complex with each other in the GBC 

stem and progenitor cells (Coleman et al., 2017).  LSD1 function is required for full neuronal 

maturation (Lyons et al., 2013; Coleman et al., 2017) and seems to participate in the 

establishment of OR singularity (Lyons et al., 2013; Vyas et al., 2017).  In terms of molecular 

mechanism that might underlie the effect of HDAC inhibition, the reduction in phenotypic 

plasticity by blocking deacetylation suggests that a shift in spatial identity is associated with the 

removal of, or the failure to accumulate, activating histone marks (Rodd et al., 2012).  Moreover, 
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that only GBCs engraft and give rise to OSNs (Chen et al., 2004; Schnittke et al., 2015; Lin et al, 

2017), indicates that ex vivo HDAC inhibition during the course of transplanting the dorsal 

epithelial cells is acting on the GBC progenitors and not the neuronal progeny.  Interestingly, in 

other systems, HDAC inhibition has been shown to influence neuronal differentiation, either by 

promoting or inhibiting differentiation depending on the setting (Yang et al., 2014, 2015; Qiao et 

al., 2015).  In our case, there were no obvious differences in clonal composition to suggest that 

neurogenesis was otherwise disrupted by HDAC inhibition.  

It is important to note that the shift in spatial identity was the predominant outcome, but 

adaptation to the new environment was not universal.  Some graft-derived OSNs in the ventral 

OE differentiated into dorsal-type neurons, marked by NQO1, lacking OCAM, and expressing a 

single dorsal OR.  Others had a mixed phenotype, expressing multiple ORs of which one or more 

was a dorsally expressed receptor, while one or more others were ventral in character.  However, 

the frequency of OR multiplicity and retention of a fully or partially dorsal phenotype was less 

evident when the epithelium was harvested at a longer interval after transplantation.  We cannot 

currently explain the variable response at shorter survivals, nor its withering with the passage of 

time during recovery of the lesioned OE of the host.  We would note that the graft-derived OMP 

(+), single cell RNA-sequenced neurons segregate in a cluster at a distance from most of the 

single cell RNA-sequenced OMP (+) neurons harvested at long survivals after bulbectomy in t-

SNE plots (Lin et al., 2017).  One hypothesis would propose that GBCs that are more upstream, 

for example, those that express Sox2 and Pax6 without Ascl1, might be more plastic, under the 

assumption that epigenetic modifications of OR loci progress from a less to a more restricted 

profile as the cells progress toward neuronal differentiation, and thus more responsive to the new 

environment.  In contrast, the Neurog1 (+) GBCs, some of whose daughters directly differentiate 
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into neurons, may not be responsive to the new environment.  Against this notion is the fact that 

some OSNs expressing dorsal markers are found in large, complex clones (albeit at a lower 

percentage of constituent cells than in the smaller clones), which are generally thought to be 

generated by more upstream, multipotent, Sox2 (+) GBCs (Lin et al., 2017).  Alternatively, a 

variable and stochastically determined degree of epigenetic modification may underlie the 

retention of a dorsal phenotype in those neurons that show no evidence of plasticity in their 

spatial identity.  Nonetheless, a direct test of these competing hypotheses and an in-depth 

investigation into the epigenetic landscape of OSNs that reflect the dorsal origin of the stem and 

progenitor cells from which they come will require additional experimentation, including 

transplantation of selected types of GBCs from dorsal OE, further OR analysis, and epigenetic 

profiling.  The shift in outcome with lengthening post-injury survival of the host may reflect 

either an extended period of phenotypic instability and/or the selective death of the OSNs that 

differ from the ones around them; these alternatives cannot currently be discriminated.   It is 

important to note that all of the graft-derived neurons resemble the host neurons around them 

morphologically and don’t give any structural indication that they are dying.   

 Given that persistent spatial cues drive neuronal identity in the OE, what are they likely 

to be?  One candidate that has received attention is retinoic acid (RA), which plays a role in 

pattern generation in multiple settings during tissue development and regeneration including 

gastrulation, limb bud formation, motor neuron differentiation, and epithelial differentiation in 

the intestine and trachea (Tickle et al., 1982; Niederreither et al., 2002; Appel and Eisen, 2003; 

Rhinn and Dollé, 2012).  The involvement of RA in the regionalization of the OE was first 

suggested on the basis of the differential expression of the RA synthetic enzymes (the RALDHs) 

across the olfactory mucosa, including both fibroblasts of the lamina propria and the 
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sustentacular cells of the epithelium itself,  such that the boundaries defined by the transition 

from RALDH-positivity ventrally to RALDH-negativity dorsally align perfectly with the 

NQO1/OCAM-defined border (Norlin et al., 2001; Peluso et al., 2012).  Furthermore, it has been 

shown that RA plays a role in developmental OE patterning and morphogenesis (LaMantia et al., 

1993, 2000). The correlation in expression patterns is certainly intriguing, but direct evidence for 

a role in establishing the spatial identity of OSNs is lacking, although interference with RA 

signaling in ventral OE does disrupt the maturation of OSNs at the stage when OMP is first 

expressed (Peluso et al., 2012), which is also when the effect of LSD1 knockout becomes 

manifest (Coleman et al., 2017).  Further studies investigating RA or other regionally secreted 

factors within the developing and adult OE will be necessary to tease out which spatial cues 

direct neuronal diversification.   

 Although this work focuses on spatial cues directing neuronal diversification, it is almost 

certainly the case that multiple factors will play a role in OR gene selection. For example, 

multiple ORs are expressed within the same epithelial stripe of the OE, either coextensively, as 

exemplified by ORs whose sequence similarity lumps them in the same OR subfamily 

(Strotmann et al., 1999), or in an overlapping pattern (Miyamichi et al., 2005), calling for further 

regulation of OR gene selection within a given stripe.  In this regard, several studies have 

demonstrated that epigenetic modifications play a crucial role in OR gene selection (Magklara et 

al., 2011; Lyons et al., 2013, 2014).  It will be of high interest to determine whether and to what 

extent spatial cues influence these epigenetic modifications.  
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 FIGURE LEGENDS 

 

Figure 1. Dorsal OE to ventral OE transplant – experimental design.  (A) The dorsal 

epithelium was harvested from pan-TdT (+) donor mice and transplanted into methyl bromide-

lesioned host epithelium. After 3 weeks, host epithelium was harvested, sectioned, and stained 

for NQO1 and OCAM. A=Anterior; P = Posterior.  The NQO1 and OCAM territories are 

indicated on the cartoon representation of the septal OE by gold and green pseudocoloring, 

respectively.  Animal timeline: Donor mice were sacrificed at 6-7 weeks; Host animals were 

lesioned at 12 weeks, transplanted the next day and sacrificed three weeks later. (B) Three weeks 

post-MeBr NQO1/OCAM expression patterns are restored in unilaterally exposed mice as shown 

in coronal sections by comparing the lesioned side with the naris-occluded side, from which the 

gas is barred and which serves as an internal control. (C) NQO1/OCAM patterns are maintained 

at 3 months post MeBr-lesion as shown by unilateral lesion.  In the photomicrographs, dorsal is 

toward the top and ventral is toward the bottom.  

 

Figure 2. Transplanted stem and progenitor cells from dorsal OE demonstrate plasticity 

and shift their expression to OCAM following engraftment into ventral OE.  (A) Example of 

progeny derived from transplanted dorsal epithelial cells that engraft into the ventral olfactory 

epithelium (OE) and express the ventral marker OCAM.  Note the absence of NQO1 (A1) and 

the expression of OCAM (A2-A4) by TdT (+) OSNs (arrows).  (B) Example of a large, neuron-

only cluster following a dorsal OE transplant that contains a few graft-derived TdT (+) OSNs 

that express NQO1 (arrows, B1) amidst a majority of graft-derived TdT (+) OSNs that express 

OCAM and not NQO1 (B2-B4). (C) Control transplant from ventral OE into ventral OE 
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generates TdT (+)/OCAM (+) OSNs (arrows) following engraftment. (D) Robust staining of the 

dorsal OE in transplanted host animals was required before attempting to classify TdT (+) OSNs 

as OCAM- vs. NQO1-expressing.  (E) Western blot demonstrating purity of dorsal vs. ventral 

epithelial dissections.  An OCAM band is present in the ventral OE donor tissue and absent from 

the dorsal OE donor tissue.  Conversely an NQO1 band is absent from the ventral OE and 

present in the dorsal OE tissue.  (F) Percent of graft-derived neurons that are OCAM (+) vs. 

NQO1 (+) as compared to the total number of graft-derived neurons on a per animal basis. 

Ventral to ventral: graphed is the mean of two animals (total 1534 graft-derived OSNs). Dorsal 

to ventral: graphed is the mean of three animals (total 1473 graft-derived OSNs).  Error bars 

designate SEM. (G) Location of graft-derived neurons in transplants of dorsal OE into ventral 

OE. Each dot represents 1-10 cells; white dots signify clusters with exclusively OCAM (+) 

OSNs and red dots signify clusters that also include some NQO1 (+) OSNs.  Data are compiled 

across 3 host animals. (H) Percent of clusters containing NQO1 (+) cells in the OCAM region, 

binned by both cluster type (neuron-only vs. complex) and cluster size. D = Dorsal; V = Ventral; 

M = Medial; L = Lateral. Dotted white lines indicate the basal lamina. Scale bar in C4 represents 

20 μm.  

 

Figure 3. Mature OSNs cannot engraft and mature neurons are NQO1 (+) and OCAM (+).  

(A) FACS strategy to isolate OMP-GFP (+)/pan-TdT (+) cells vs. OMP-GFP (-)/pan-TdT (+) 

cells (“All Else” cells). (B) Quantification of number of cells engrafted from OMP-GFP sorted 

and “All Else” cells. (C) Host epithelium of sorted OMP-GFP transplants shows no graft-derived 

cells. (D) Host epithelium from a transplant of “All Else” cells contains graft-derived OSNs.  (E-

G) NQO1 (+) cells do not overlap with Neurog1-eGFP (+) immature neuronal precursors (E) or 
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Tuj1 (+) immature OSNs (F), but do co-stain for the mature neuronal maker OMP (G).  (H-J) 

OCAM (+) cells overlap minimally with Neurog1-eGFP (+) cells (H) and Tuj1 (+) immature 

OSNs (I), but the vast majority co-stain for the mature neuronal maker OMP (J). Dotted white 

line indicates the basal lamina. Scale bar represents 20 μm. 

 

Figure 4. Graft-derived OSNs following dorsal OE transplants target the olfactory bulb 

and form synapses within the glomeruli, primarily in the OCAM (+) territory in the ventral 

olfactory bulb.  (A-B) By 3 weeks after lesion and dorsal OE transplant, TdT (+) axons project 

to the anterior olfactory bulb (OB), enter glomeruli, and co-localize with the pre-synaptic marker 

VGLUT2.  (C) By this time, TdT (+) graft-derived neurons project axons to the OCAM (+) 

region of the posterior olfactory bulb as well, largely within the olfactory nerve layer.  OCAM 

(+) axons have not yet fully reinnervated glomeruli at this posterior level of the OB, and the TdT 

(+) axons show an equivalent degree of growth.   (D-G) At 3 weeks after transplant, OMP 

staining is relatively limited within the glomeruli as the epithelium has not fully recovered from 

the conditioning lesion required for successful transplant. Nonetheless, TdT (+) axons are 

embedded within the neuropil of the glomeruli and are double-labeled with VGLUT2 

(arrowheads in higher magnification insets), including examples where they also co-localize with 

OMP (inset in (D)). (H, I) At this time point, TdT (+) axons with the glomeruli are also co-

labeled with OCAM as shown by the high magnification insets.  Scale bar represents 20 μm and 

applies to D-I. 

 

Figure 5. NQO1/OCAM stem cell spatial plasticity is decreased by HDAC inhibition.  (A) 

Epithelial cells isolated from the dorsal OE, treated with a pan HDAC inhibitor (Oxamflatin), 
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and transplanted into the ventral OE.   A large percentage of graft-derived OSNs in the OCAM 

region express NQO1.  (B) Dorsal epithelial cells treated with vehicle and transplanted into the 

ventral OE.  All of the graft-derived OSNs in this cluster express OCAM. (C, D) Horizontal 

basal cells in culture incubated with Oxamflatin demonstrate that treatment with HDACi 

increases levels of H3K9-acetyl. The images comparing treatment with inhibitor vs. vehicle 

control were acquired with the same exposure settings, and any subsequent adjustments of the 

image were applied equivalently. (E) The percent of graft-derived neurons that express NQO1 

relative to total comparing vehicle and HDACi-treated dorsal to ventral transplants. Vehicle-

treated data are the mean of two animals (total 254 graft-derived OSNs). Inhibitor-treated data 

are the mean of three animals (total 934 graft-derived OSNs).  Error bars represent SEM.   The 

data were compared using a Chi-square test with Yates’ correction; p<0.0001. Dotted white lines 

in A, B mark the basal lamina. Scale bar in B4 represents 20 μm and applies to all components of 

A, B. 

 

Figure 6. Experimental design and validation to determine OR plasticity upon 

transplantation.  (A, upper box) The dorsal, NQO1-expressing OE of OMP-GFP/pan-TdT 

animals was dissected, dissociated, and transplanted into lesioned host animals. The NQO1 and 

OCAM territories are indicated on the cartoon representation of the septal OE by gold and green 

pseudocoloring, respectively.  The red circle signifies pan-TdT positivity.  Single graft-derived 

OSNs were FACS-isolated on the basis of TdT- and GFP-expression, as denoted by the cells in 

the tube that are both red and green, and ORs were amplified by single-cell RT-PCR. Normal 

expression patterns of the identified ORs were localized to dorsal vs. ventral OE by in situ 

hybridization (ISH).  (A, lower box) Donor mice were sacrificed at 6-7 weeks.  Host animals 
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were lesioned at 12 weeks, transplanted the next day and sacrificed three weeks later. (B) Whole 

mount septum preparation showing the OE/RE boundary. The black box corresponds to the 

higher magnification in (C) where the NQO1/OCAM boundary is delineated by NQO1 and Tuj1 

staining on this CLARITY-processed tissue. (D) Graft-derived TdT (+) cells are located in the 

NQO1 (-) region in a host septum. (E) Neuronal progeny of engrafted cells express both TdT and 

GFP (from the OMP locus). Dotted white line indicates the basal lamina. Scale bar represents 20 

μm.  (F) Dissociated OMP-GFP/pan-TdT cells show a mixture of TdT (+) and TdT (+)/GFP (+) 

cells. (G) FACS isolation of graft-derived TdT (+)/GFP (+) OSNs: (Left) No fluor control from 

intact, unlesioned OE; (Middle Left) TdT only control; (Middle Right) OMP-GFP/pan-TdT 

control; (Right) Graft-derived cells following tissue harvest and dissociation.  

 

Figure 7. Individual, graft-derived neurons express mRNAs for ORs, OMP, TdTomato, and 

Actin. (A) PCR amplification was performed on cDNA synthesized from each single OSN. 

Dorsal 1-5 are from dorsal OE-to-ventral OE transplants, Ventral 1 is from a ventral OE-to-

ventral OE transplant, TdT is whole OE from an otherwise unmanipulated pan-TdT animal and 

no fluor OE is from whole OE of a control animal. (B) Restriction endonuclease digests of 

amplified OR products suggest that multiple ORs are present in some of the individual graft-

derived OSNs, e.g., Dorsal 1 where the sum of digested bands exceeds 400 bp.  

 

Figure 8. Most graft-derived neurons express mRNA for immature neuronal markers Tuj1 

and GAP43.   (A) Single graft-derived neurons express ORs, OMP, TdT, and actin. *Note: 

Dorsal 6 is not positive for TdT and therefore was not included in any analysis. (B, C) Almost all 

graft-derived neurons also express mRNA for immature neuronal markers TubB3 and GAP43 
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(B), but not the GBC marker Sox2 (C). (D) Digests of amplified OR products suggest that 

multiple OR mRNAs are present in the single graft-derived OSNs. 

 

Figure 9. Single-cell RT-PCR controls.  (A) Single sorted OMP-GFP cell express both actin 

and OMP; a sorted Sox2-eGFP cell expresses actin and not OMP.  (B1) ORs can be recovered 

from the single cells by RT-PCR, in this case Olfr1260 (single cell 1) and Olfr1123 (single cell 

2).  In both cases digestion by Mse1 recombinase generates bands that sum to the size of the 

original amplicon, suggesting that only a single OR was amplified.  (B2) The digestion products 

match the bands produced by virtual digestion of Olfr1260 (single cell 1) and Olfr1123 (single 

cell 2) using Mse1. (C) Amplified OR regions span transmembrane domains 4 and 5, as expected 

from the P26/P27 primer pair. (D) No RT and sheath fluid controls show that actin and ORs are 

not amplified in the sheath fluid nor when RT is absent.   

 

Figure 10. Spatial cues direct neuronal diversification with respect to OR gene selection. 

(A-C) Location of ORs amplified from graft-derived OSNs by in situ hybridization; (the cell 

designations D1-D5 refer to the single cell RT-PCR results obtained using degenerate primers 

P26/P27 (cf. Fig. 7), the dominant OR that was amplified from the isolated, graft-derived OSN is 

indicated). Scale bar in B2 represents 200 μm and applies to A1 and B1 as well. (D) Assignment 

of OR expression to dorsal vs. ventral region of the OE from all graft derived OSNs; number of 

sequenced cells with the specified pattern of expression indicated above the respective bar in the 

graph.  Expression pattern was localized by ISH carried out here and/or previously published 

ISH studies of that specific OR and/or OR location computationally derived from bulk RNAseq 

as carried out by Tan and Xie, 2018.  Three weeks after ventral-to-ventral transplant ORs 
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isolated from all graft-derived OSNs by single cell RT-PCR are normally expressed in the 

ventral OE.  Three weeks after dorsal-to-ventral transplant 62.5% of graft-derived OSNs express 

one or more ORs by single cell RT-PCR that are normally expressed in the ventral OE.  Four 

weeks after dorsal-to-ventral transplant, 80% of graft-derived neurons exclusively express ORs 

in the single cell RNAseq analysis that are normally expressed in the ventral OE.  

 

Figure 11. OMP (+) OSNs from animals euthanized 3-weeks after bulbectomy tend to 

express multiple ORs.  (A) Quantification of the percent of sequenced OSNs expressing single 

or multiple ORs. OBX data is compared to that in the literature (Hanchate et al., 2015; Tan et al., 

2015). The ratio of cells containing single or multiple ORs is significantly different between 

OMP (+) cells from OBX animals as compared to OMP (+) cells from normal animals (Chi-

square with Yates correction; p = 0.01 and p < 0.0001 respectively) (Hanchate et al., 2015; Tan 

et al., 2015). (B) OMP (+) cells from OBX animals contained 1-4 ORs; OMP (+) cells from 

normal animals contained 1-3 ORs (Hanchate et al., 2015). 
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Table 1. Antibodies and staining protocols used in this study 
Primary 
Antibody 

Source/vendor 
(catalog #) 

RRID Protocol Cell types 
marked 
(reference) 

Ms α-beta-actin 
 

ThermoFisher 
(MA5-15739) 

AB_10979409 (1:1000)  HRP 
Dα-Ms  ECL 
substrate 

Western blot 
control 

Ch α-beta-gal Abcam 
(ab9361) 

AB_307210 Pre-Tx: 5 min 
0.005% trypsin-
EDTA (1:750)  
flour-DαCh 

All beta-gal (+) 
cells 

Ch α-GFP Abcam 
(ab13970) 

AB_300798 (1:250)  flour-
DαCh 

All GFP (+) 
cells 

Rb α-H3K9ac Millipore 
(07-352) 

AB_310544 (1:5000)  bDα-Rb 
 fluor-SA 

Acetyl-histone 
H3 

Rb α-NQO1 Abcam 
(ab80588) 

AB_1603750 Pre-Tx: 5 min 3% 
H202 in methanol + 
30 mins 84°C 
(1:200)  flour-
DαRb 

Mature OSNs 
in the dorsal 
OE (Gussing 
and Bohm, 
2004) 

Gt α-OCAM R&D Systems 
(AF778) 

AB_2149710 Pre-Tx: 5 min 3% 
H202 in methanol + 
30 mins 84°C 
(1:200)  bDαGt 

 SA-HRP  
FITC-teramide 

OSNs in the 
ventral OE 
(Schwob and 
Gottlieb, 1986)  

Gt α-OMP SantaCruz 
(sc-49070) 

AB_2158008 Pre-Tx: 5 min 3% 
H202 in methanol for 
+ 10 min steam 
(1:200)  flour-
DαGt 

Mature OSNs 
(Farbman and 
Marcolis, 1980) 

Rb α-RB-8 Schwob & 
Gottlieb 

AB_2665494 (1:6,000)  HRP 
Dα-Rb  ECL 
substrate 

OSNs in the 
ventral OE 
(Schwob and 
Gottlieb, 1986) 

Rb α-RFP Rockland 
(600-401-379) 
 

AB_2209751 Pre-Tx: 5 min 3% 
H202 in methanol + 
10 min steam 
(1:200)  flour-
DαRb 

All TdT (+) 
cells 

Ch α-RFP Rockland 
(600-901-379) 

AB_10704808 
 

 

Pre-Tx: 5 min 3% 
H202 in methanol + 
30 mins 84°C 
(1:200)  flour-
DαCh 

All TdT (+) 
cells 
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Ms α-Tuj1 Biolegend 
(801202) 

AB_10063408 Pre-Tx: 5 min 3% 
H202 in methanol + 
10 min steam 
(1:100)  flour-
DαMs 

Immature 
OSNs 
(Roskams et 
al., 1998) 

Rb α-V-
GLUT2 

Synaptic Systems 
(135-402) 

AB_2187539 Pre-Tx: 5 min 3% 
H202 in methanol 
(1:8,000)  bDα-
Rb  fluor-SA 

Vesicular 
glutamate 
transporter 2 

 
Table Key: Antibody hosts: Ch, Chicken; D, donkey; Gt, goat; Ms, mouse; Rb, rabbit. Antibody 
visualization: a variety of fluorophores were used at 1:100, including Cy3, 488, and 647 (Jackson 
ImmunReaseach); for tertiary amplification: biotinylated secondary antibody (bDα-x) was 
followed by incubation in fluor-stratavidin (fluor-SA); for teramide signal amplification (TSA): 
biotinylated secondaries were followed by incubation in horseradish peroxidase conjugated 
streptavidin (SA-HRP, Jackson ImmunoResearch) followed by incubation in FITC-teramide 
diluted in 0.1M borate, 0.003% hydrogen peroxide. Pretreatments (Pre-Tx): 30 mins 84°C: slides 
were incubated in 0.01M citrate, pH6 at 84°C for 30 min; steam: sections were covered with 
0.01M citrate, pH6 and steamed in a commercial food steamer for 10 min.  
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Table 2. Olfactory receptors harvested and identified by single cell RT-PCR and the pattern of expression in the OE 
 

Cell 
Designation 

Olfr  
 

Alternative 
gene names 

Dorsal vs. 
Ventral location 
by ISH 

Location based on 
RNAseq (Tan and 
Xie, 2018)* 

Dorsal 1 1507 (dom) MOR244-1 Ventral [1, 2] Z5 
 1026  MOR196-4  Z1.05 
Dorsal 2 1046 (dom) MOR194-1 Dorsal [1] Z1.05 
 61  MOR253-1  Z3.4 
Dorsal 3 1406  MOR267-5 Ventral [1] Z1.05 
Dorsal 4  1348 (dom) MOR103-9  Ventral [1] Z3.9 
 1231  MOR235-2 Ventral [1] Z2 
Dorsal 5 391  MOR135-24 Ventral [1] Z3.6 
Dorsal 7 99 (dom) MOR156-1 Dorsal [1] Z1.7 
 235  MOR214-3  Z2.4 
 16  MOR267-13 Dorsal [1, 4] Z1.05 
 1420  MOR266-4 Ventral [1] Z3.5 
Dorsal 8 582 (dom) MOR30-3 Dorsal [1, 5] Z1.05 
 16  MOR267-13 Dorsal [1, 4] Z1.05 
 466  MOR209-1 Ventral [3] Z2.8 
Dorsal 9 1241  MOR231-14  Z4 
Ventral 1 481 (dom) MOR204-2 Ventral [1] Z1.05 
 1123  MOR264-17  Z3.05 
 541  MOR253-3 Ventral [3] Z3.7 
 862  MOR146-1  Insufficient signal 
Ventral 2 1420 (dom) MOR266-4 Ventral [1] Z3.5 
 391 MOR135-24 Ventral [1] Z3.6 
Ventral 3 317  MOR256-47 Ventral [1] Z1.05 
Ventral 4 539 (dom) MOR253-9 Ventral [3] Z2.7 
 1507  MOR244-1 Ventral [1, 2] Z5 

 
Table Key: Dorsal 1-9 are graft-derived OSNs from dorsal to ventral transplants subjected to single-cell RT-PCR using the P26/P27 
primer pair and subsequent isolation of multiple topo-clones of the PCR product to define the dominant and secondary ORs; Ventral 1-4 
are graft-derived OSNs from ventral to ventral transplants handled the same way.  Dorsal vs. ventral indicates dorsal to the 
NQO1/OCAM2 boundary vs. ventral.  [1] – ISH performed for current study; [2] – ISH reported by Serizawa et al, 2000; [3] – ISH 
reported by Miyamichi et al., 2005; [4] – ISH reported by Grossmaitre et al., 2006; [5] – ISH reported Tsuboi et al, 2006; [6] – ISH 
reported by Zhao et al., 2013.  * – OR location computationally derived from bulk RNAseq as carried out by Tan and Xie, 2018. 
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Table 3. Olfactory receptors identified by single cell RNAseq and the pattern of receptor expression in the OE by comparison with 
expression of NQO1 vs. NCAM2 (OCAM, mamFas II) as markers of dorsal vs. ventral differentiation. 

 
Cell 
Designation 

NQO1/NCAM2 
Expression 

Olfr  
 

Alternative gene 
names 

Dorsal vs. Ventral 
location by ISH 

Location based on 
RNAseq (Tan and 
Xie, 2018)* 

1 N/D 524 MOR103-14 Ventral [1, 3] Z4 
2 NQO1+ 667 MOR34-2 Dorsal [5] Z1.05 
3 NCAM2+ 733 MOR241-2 Ventral [1] Z3.4 
4 NCAM2+ 1347 MOR103-11 Ventral [7] Z4 
5 NCAM2+ 1364 MOR256-13 Ventral [1] Z3.7 
6 N/D 1226 MOR233-2 Ventral [3 – ISH of 233-

11 with 90% DNA 
sequence identity] 

Z4.2 

7 NQO1+/NCAM2+ 393 (dom) MOR125-7  Z2.4 
  132 MOR256-49 Ventral [1, 7] Z2.9 
8 NCAM2+ 1098 (dom) MOR206-1 Ventral [1] Z4.1 
  1097 MOR206-2  Z4 
  140 MOR235-1 Ventral [3] Z3.7 
9 NCAM2+ 168 MOR271-1 Ventral [6 – ISH of 

MOR270-1 with 97% 
DNA sequence identity] 

Z4 

10 NCAM2+ 190 (dom) MOR183-4 Ventral [7] Z4.4 
  1372-ps1 MOR256-54P Ventral [1] Z3.6 
  57 MOR139-3 Ventral [1] Z1.05 
  192   Insufficient signal 
11 N/D 1274-ps MOR228-4, 5 Ventral [3] Z2 

12 N/D 220 (dom) MOR103-17, 13P Ventral [1] Z3.2 
  1030 MOR196-2  Z1.05 
  1080 MOR192-1  Z3.05 
  120 MOR263-3  Z1.7 
  691 MOR31-6 Dorsal [5] Z1.05 
13 NCAM2+ 140 MOR235-1 Ventral [3] Z3.7 
14 NCAM2+ 1212 MOR233-17,20 Ventral [1] Z4.7 
15 NCAM2+ 140 MOR235-1 Ventral [3] Z3.7 
16 NCAM2+ 15 MOR256-17 Ventral [7] Z3.05 
17 NQO1+ 179 MOR256-64 Ventral [1 – ISH of 256-

47 with 94% DNA 
sequence identity, Table 
2/Ventral 3] 

Z1.25 

18 NCAM2+ 168 MOR271-1 Ventral [6] Z4 
19 NCAM2+ 168 (dom) MOR271-1 Ventral [6] Z4 
  911-ps1 MOR165-1/166-1  Z2 
20 NCAM2+ 1372 (dom) MOR256-54P Ventral [1] Z3.6 
  984 MOR239-6  Z3.05 
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  1346 MOR103-6  Z4.9 
 

Table Key: 1-20 are graft-derived OSNs from dorsal to ventral transplants subjected to single cell RNA-seq.  A cell was 
identified as being NQO1 or NCAM2 (aka OCAM, RNCAM, mamFasII) positive if it is expressed greater than 5 transcripts 
per million (TPM). N/D denotes no detectable expression of either NQO1 or NCAM2.  [1] – ISH performed in current study; 
[2] – ISH reported by Serizawa et al, 2000; [3] – ISH reported by Miyamichi et al., 2005; [4] – ISH reported by Grossmaitre et 
al., 2006; [5] – ISH reported Tsuboi et al, 2006; [6] – ISH reported by Zhao et al., 2013; [7] – ISH reported by Kaluza et al, 
2004.  OR locations identified by association with OR family members are indicated by [family]. * – OR location 
computationally derived from bulk RNAseq as carried out by Tan and Xie, 2018. 


