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Abstract

Olfactory tissue undergoes lifelong renewal, due to the presence of basal neural stem cells. 

Multiple categories of globose basal stem cells have been identified, expressing markers such as 

Lgr5, Ascl1, GBC-2, and c-Kit. The differentiation potential of individual globose cells has 

remained unclear. Here, we utilized Cre/loxP lineage tracing with a multicolor reporter system to 

define c-Kit+ cell contributions at clonal resolution. We determined that reporter expression 

permitted identification of c-Kit derived progeny with fine cellular detail, and that clones were 

found to be comprised by neurons only, microvillar cells only, microvillar cells and neurons, or 

gland/duct cells. Quantification of reporter-labeled cells indicated that c-Kit+ cells behave as 

transit amplifying or immediate precursors, although we also found evidence for longer-term c-Kit

+ cell contributions. Our results from the application of multicolor fate mapping delineate the 

clonal contributions of c-Kit+ cells to olfactory epithelial renewal, and provide novel insight into 

tissue maintenance of an adult neuroepithelium.

Keywords

Olfaction; stem cells; neurogenesis; regeneration; receptor tyrosine kinase

INTRODUCTION

The olfactory epithelium lines portions of the nasal cavity and contains chemosensory 

neurons, which are replaced continually in adult mammals (Graziadei and Graziadei, 1979; 

Schwob, 2002). Moreover, experimental injury induces a coordinated rapid reconstitution of 

the neuroepithelium (Schwob et al., 1995; Bergman et al., 2002; Jia and Hegg, 2012). 

Olfactory tissue self-renewal is supported by the presence of stem and progenitor cells 

situated in the basal germinal zone of the neuroepithelium (Goldstein and Schwob, 1996; 
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Huard et al., 1998; Calof et al., 2002; Fletcher et al., 2011). Several of these basal cell 

populations, identified by genetic fate mapping studies, contribute to olfactory tissue 

maintenance, including keratin5+, Ascl1+, Lgr5+, or c-Kit+ basal cells (Leung et al., 2007; 

Gokoffski et al., 2011; Chen et al., 2014; Goldstein et al., 2015). Ongoing interest in 

determining the identity and functional potential of marker-defined olfactory neural stem 

cells arises for several reasons, including: (a) efforts to understand the mechanisms involved 

in normal olfactory maintenance, or in failures of this process due to injury or disease; (b) 

use of the olfactory epithelium as an experimental model for adult neurogenesis in general; 

and (c) the possibility of utilizing the nose as a source of autologous neural stem cells with 

therapeutic potential (Goldstein et al., 1998; Leung et al., 2007; Jang et al., 2008).

The c-Kit+ olfactory basal cell is of particular interest. Using single-color genetic fate 

mapping, as well as a conditional diphtheria toxin cell ablation model, we reported 

previously that c-Kit+ globose basal cells are required for olfactory neuron maintenance 

(Goldstein et al., 2015). Also, we found that Bowman’s glands can arise from c-Kit+ cells. 

However, aspects of the functional potential of individual c-Kit+ progenitors have remained 

unclear. For instance, c-Kit+ cells might function as immediate precursors, which undergo a 

terminal mitosis as they produce differentiated progeny. Alternatively, they may function as 

transit amplifying progenitors, or as more upstream stem cells that give rise to immediate 

neural precursors. An additional question is whether c-Kit+ cells are lineage committed or 

multipotential. Accordingly, here we utilized the R26R-Confetti Cre reporter system 

(Snippert et al., 2010) to determine directly the functional behavior of c-Kit+ olfactory 

progenitors with inducible c-KitCreERT2/+ mice (Klein et al., 2013). To address the clonality 

of c-kit cell contribution to neuroepithelium physiologically and in the case of injury, we 

studied unlesioned normal olfactory development as well as experimentally-induced 

neuroepithelial reconstitution in adult mice. The application of the multicolor Cre reporter 

technique (Livet et al., 2007; Snippert et al., 2010) to olfactory renewal, to discern greater 

detail of progenitor cell function and clonal relationships among reporter-labeled progeny, 

has not been reported previously.

METHODS

Animals

All experimental procedures were approved by the University of Miami Institutional Animal 

Care and Use Committee, and were performed in full compliance with the NIH Guidelines 

for the Care and Use of Laboratory Animals. The c-KitCreERT2/+ mouse line was provided 

by Dr. Dieter Saur (Klein et al., 2013). The multicolor Cre reporter, 

Gt(ROSA)26Sortm1(CAG-Brainbow2.1)Cle/J (Stock Number: 013731), abbreviated here as 

R26R-Confetti, was obtained from the Jackson Laboratory (Bar Harbor, ME). For 

conditional labeling of c-Kit+-derived cells, c-KitCreERT2/+ mice were crossed with R26R-

Confetti mice. PCR genotyping for c-KitCreERT2/+ was performed as described (Klein et al., 

2013); R26R-Confetti mice were bred as homozygotes. In initial experiments, tamoxifen 

(Sigma, St. Louis, MO) 20 mg/mL in peanut oil (Sigma) was given at 2 mg intraperitoneally 

at designated times to c-KitCreERT2/+; R26R-Confetti adults, or 0.2 mg to postnatal mice. For 

clonal analysis of the c-Kit+ olfactory lineage, animals were given a single low dose of 
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tamoxifen, determined empirically to yield sufficiently sparse labeling: 1 mg for adult mice, 

and 0.0125 mg for neonates.

Tissue Processing

Adult mice were euthanized by exsanguination from perfusion with saline followed by 

fixative, under deep ketamine–xylazine anesthesia. After perfusion with phosphate buffered 

saline (PBS) followed by 4% paraformaldehyde in phosphate buffer, adult nasal tissue was 

dissected from surrounding muscle and bone, postfixed for 1–2 hours, rinsed in PBS, and 

then treated with 30% sucrose/250 mM EDTA in PBS for 3–4 days. Specimens were then 

embedded in O.C.T. compound (VWR, Radnor, PA) and frozen in liquid nitrogen. Tissue 

was cryosectioned at 60 μm, collected on Superfrost Plus slides (VWR), and stored at 

−20°C.

Immunohistochemistry

Slides were rinsed in PBS, and blocking was performed using a solution of PBS, 10% 

normal serum (Jackson ImmunoResearch, West Grove, PA), 4% bovine serum albumin 

(BSA, Sigma), 5% nonfat dry milk, and 0.1% Triton X-100 (Sigma) for 30–60 minutes, 

followed by primary antibody diluted in the same solution overnight at 4°C. Primary 

antibodies used here include: goat anti-olfactory marker protein (OMP), 1:1000 (WAKO 

#019-22291, Richmond, VA), rat anti-CD73, 1:1000 (eBioscience #16-0731, San Diego, 

CA), rabbit anti-GAP43, 1:800 (Abcam #ab75810, Cambridge, MA), chick anti-GFP, 1:500 

(Life Technologies #A10262, Carlsbad, CA), and rabbit anti-Trpm5, 1:100 (Alomone Labs, 

Jerusalem, Israel, #ACC-045). Note, heat-mediated antigen retrieval was performed using 

Tris pH 8.0 for anti-Trpm5. The antigen retrieval destroys XFP fluorescence, so anti-GFP, 

which cross-reacts with the other XFPs, was used to co-visualize Cre reporter and anti-

Trpm5. Slides were rinsed in PBS and incubated with either fluorescent-conjugated 

secondary antibody or biotinylated secondary (Jackson ImmunoResearch) for 30–45 minutes 

in the same blocking solution. Fluorescent tertiary reagent was applied for 30 min, for 

visualization of biotinylated secondary. Slides were then rinsed and coverslipped with 

Vectashield containing 4,6-diamidino-2- phenylindole (DAPI; Vector).

Imaging and cell counting

Tissue sections were analyzed on an Olympus IX81 epifluorescent microscope or a Zeiss 

LSM-710 confocal microscope for detection of cytoplasmic red fluorescent protein (RFP), 

nuclear-localized green fluorescent protein (GFP), cytoplasmic yellow fluorescent protein 

(YFP) and membrane-tethered cyan fluorescent protein (CFP). We refer to these fluorescent 

reporters generically as XFPs. DAPI nuclear stain was excited at 405 nm, CFP was excited 

at 458 nm, GFP at 488 nm, YFP at 514 nm and RFP at 561 nm. The laser power was 

minimized and detection wavelength range was gated narrowly to avoid overlap among 

channels, especially between GFP and YFP. The nuclear localization of GFP and 

cytoplasmic localization of YFP also clearly discriminated between these reporters. Images 

were acquired with Zeiss Zen 2010 software and analyzed using FIJI ImageJ. 

Pseudocoloration and brightness/contrast adjustment were performed using either ImageJ or 

Adobe Photoshop CS3. For image capture of reporter-labeled clones, confocal Z-stacks were 

assembled from consecutive optical sections from 60 μm cryosections, using ImageJ. 
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Labeled cells were counted for entire 60 μm coronal sections through similar antero-

posterior regions of the nasal fossa, chosen to ensure that the superior turbinate (I), 

branching middle turbinate (IId and IIv), and inferior turbinates (III and IV) were included 

on each section. After titration of tamoxifen dosing, low-dose tissue was used for analyzing 

labeled clones, defined as non-overlapping single color clusters from these sparsely labeled 

tissues. At least three sections per animal from n=3–6 animals were analyzed for each 

condition.

Statistical Analysis

Significance testing was performed using either two-tailed Student’s t-test (α = 0.05) or one-

way analysis of variance (ANOVA) with Tukey post-hoc analysis to compare means, or 

Kruskall–Wallis one-way analysis of variance by ranks and Dunn’s post-hoc analysis to 

compare medians and observation distributions.

RESULTS

Multicolor Cre fate mapping permits clonal analysis of c-Kit-derived progeny during injury-
induced olfactory epithelium reconstitution

To determine the functional capacity of individual stem or progenitor cells via genetic fate 

mapping, it is necessary to produce separately distinguishable reporter-labeled clusters, 

which can be considered to be single clones when labeling is sufficiently sparse. Utilizing 

inducible c-KitCreERT2/+ mice crossed to the R26R-Confetti Cre reporter, we reasoned that 

low-dose tamoxifen induction would produce sparse single-color reporter-labeled clusters 

(Fig. 1). The R26R-Confetti mouse utilizes the Brainbow 2.1 construct, four fluorescent 

protein reporters (XFPs) downstream of a floxed neomycin roadblock aligned in tandem 

with multiple loxP sites, such that Cre activation will randomly yield expression of one of 

the four possible XFPs (Livet et al., 2007). This construct was inserted into the Rosa26 

locus, which can drive expression in all tissues (Snippert et al., 2010). Thus, crossing the 

R26R-Confetti reporter to a Cre-driver of interest provides a stochastic multicolor Cre-

reporter, which has been applied to other organs, including the heart (Fioret et al., 2014) and 

intestinal crypt (Snippert et al., 2010). In initial experiments, we confirmed that the 4 

fluorescent reporter colors are identifiable and can be discriminated following high-dose 

tamoxifen (Fig. 2A). We subsequently titrated a single dose of intraperitoneal tamoxifen and 

determined that, in adult mice, a 1 mg dose is optimal during lesion-induced epithelial 

renewal (Fig. 2B, C). With this approach, labeled cell clusters identifiable in cryosections 

examined by confocal microscopy were found to be non-overlapping and comprised by only 

one of the four possible fluorescent reporters. Therefore, we consider these clusters to be 

clones that arose from Cre-mediated recombination in a single c-Kit+ founder cell.

To stimulate olfactory neurogenesis, the methimazole lesion paradigm was used (Bergman 

et al., 2002). Following a single dose of methimazole (75 μg/g, IP), the olfactory epithelium 

degenerates and is then rapidly reconstituted from the activation of basal stem cells (Leung 

et al., 2007; Goldstein et al., 2015). The robust neuroepithelial renewal provides a useful 

model for the study of neural stem cells. To examine the activity of c-Kit+ cells in this 

setting, c-KitCreERT2/+; R26R-Confetti mice were treated with a single dose of tamoxifen (1 
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mg IP) at either day 3, 5, 7 or 10 following methimazole administration (n=3 mice per time 

point) and sacrificed at day 14. Analyzing 60 μm thick cryosections by confocal microscopy 

enabled us to visualize and quantify cell clusters in single sections, minimizing the chance 

that portions of clones would be distributed among adjacent thin sections (Fig 2B,C). In our 

hands, the membrane-tethered CFP reporter was often faint, ill defined, and difficult to 

reliably quantify in the olfactory epithelium. We, therefore, confined our quantitative 

analysis to RFP, YFP and GFP-labeled clones. Analysis revealed that the distribution of 

clones was not significantly different by XFP (Fig 2D), counting at least 3 sections per 

animal, n=3 animals per time point, 4 time points total. In addition, clone size did not differ 

by XFP color, with approximately 80% of clones comprised by ≤4 cells (Fig 2D).

Microvillar cells arise from a c-Kit+ lineage

Despite intense interest in the regulatory and functional role of olfactory microvillar cells 

(Jia and Hegg, 2012; Pfister et al., 2012), direct evidence for the source of microvillar cells 

has been limited. Prior retroviral lineage tracing studies in rats, following methyl bromide-

induced epithelial reconstitution, have shown that sustentacular cells can arise from basal 

cells, duct cells, or via their own mitotic self-renewal (Huard et al., 1998). However, 

evidence suggests that microvillar cells are likely post-mitotic, and it has been hypothesized 

that they might arise from basal cells or other cells such as duct progenitors (Pfister et al., 

2012). Interestingly, a subset of microvillar cells that express the Trpm5 channel has been 

found to arise from a basal cell that expresses the Skn1a/Pou2f3 transcription factor 

(Yamaguchi et al., 2014). The fine cellular detail provided by sparse labeling with the 

Confetti reporters used here enabled us to clearly detect the presence of olfactory microvillar 

cells derived from c-Kit+ progenitors (Fig. 3). Microvillar cells, a non-neuronal cell type 

distinct from the apical sustentacular cells, have a broad cell body situated in the upper third 

of the epithelium, a wide apical projection, and a slender cytoplasmic process extending to 

the basement membrane. Biochemically, microvillar cells have been found to be the only 

cell type within the olfactory epithelium expressing the 5′-exonucleotidase CD73 (Pfister et 

al., 2012; Pfister et al., 2015). We found that reporter-labeled cells with microvillar 

morphology were co-labeled immunohistochemically by anti-CD73, confirming their 

phenotype (Fig. 3A). Neurons were occasionally present in the same clone as a microvillar 

cell (Fig 3A). Note that neurons are easily distinguished by a round soma with a dendritic 

knob that is not co-labeled by CD73. Thus, we provide here direct evidence that the c-Kit+ 

progenitor cell can give rise to microvillar cells. To determine if c-Kit+ cells may produce 

the Tprm5-expressing subset of microvillar cells, we also combined anti-TrpM5 staining 

with visualization of c-Kit derived XFP labeled cells (Fig. 3B–E). This co-staining required 

an antigen retrieval pre-treatment, which eliminated XFP fluorescence. Therefore, we 

visualized the XFP label using anti-XFP immunostaining. Although Trpm5 protein is not 

expressed by all microvillar cells (Fig 3B), we could identify examples of XFP+ cells in our 

c-Kit fate mapping specimens that were co-labeled by anti-Trpm5 (Fig 3C–E). We conclude 

that c-Kit+ progenitors produce microvillar cells, although these data do not exclude the 

possibility of other c-Kit-negative sources of microvillar cells. However, the low numbers of 

XFP microvillar cells identified in the present experiments reflect the low-dose tamoxifen 

approach utilized, to produce the sparse labeling required for clonal analyses.
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Clonality of neurons, microvillar cells and Bowman’s glands

We next analyzed in detail the cellular composition of individual clones (Table 1). Neurons 

were identifiable by their position and morphology, with their rounded soma, apical dendrite 

and dendritic knob. Additionally, co-staining with antibody to OMP was used to positively 

confirm neuronal identity (Fig. 4A–C). Characterization of microvillar cells was described 

above. Bowman’s glands were found to be easily identifiable by the localization of reporter 

label in tight groups of acinar cells in the lamina propria, often associated with a duct 

extending through the overlying neuroepithelium (Fig 4D, E). We previously reported that 

c-Kit-derived Bowman’s glands express cytokeratin 18, as expected (Goldstein et al., 2015).

Quantification of clone size and cellular composition across the time points sampled during 

olfactory reconstitution was performed. These data indicated that c-Kit+ cells are most 

active at 7 days following lesion, with 50 ± 10 (SEM) XFP labeled neurons per section (Fig 

4F). This represents approximately a 10-fold increase versus labeling in mice given 

tamoxifen at 5 days post lesion. There was a broad distribution of clone sizes, with the 

majority of clones being ≤4 cells (Fig 5). However, a number of larger neuron-containing 

clones were also identified (e.g. Fig 2D). Mean clone size was also largest in mice given 

tamoxifen at day 7 post lesion (Fig 5), with overall mean number of cells per clone of 3.33 ± 

0.76 (SEM, n=3 mice). We interpret these results as evidence that c-Kit+ basal cells may 

behave as immediate precursors or as amplifying progenitors. Immediate precursors would 

produce only one or two-cell clones, whereas amplifying progenitors would produce larger 

clones.

Interestingly, clones comprised by neurons only, microvillar cells only, or both neurons and 

microvillar cells were identified (e.g. Fig. 3). Thus, c-Kit+ basal cells do not appear to be 

strictly lineage-committed. Clone composition details are summarized in Table 1, for 7 and 

10 day post-methimazole animals. Although mean clone size peaked at 7 days, the presence 

of mixed clones, comprised by microvillar cells and neurons, was greatest in mice that 

received tamoxifen induction at 10 days post-methimazole. At 7 days, 5% of epithelial 

clones were mixed, and this increased to 9.6% of clones at 10 days. However, Bowman’s 

gland and duct clones were always separate from microvillar cells or neurons, indicating that 

the c-Kit+ gland/duct progenitor is a distinct committed lineage. Gland clones were often 

very large, containing 20 or more cells (Fig 4E), always single-color clones, and were most 

also prominent in tissue from mice treated with tamoxifen at day 7 after methimazole.

Long term repopulating ability of c-Kit+-derived cells

To determine whether progeny of c-Kit+ basal cells might function as reserve cells or 

contribute to ongoing neuroepithelial renewal, c-KitCreERT2/+; R26R-confetti mice were 

given a single low dose of tamoxifen (0.0125 mg IP) at postnatal day 2, and were euthanized 

at either day 32 or day 62 (Fig 6). Quantification of total labeled c-Kit+ progenitor-derived 

neurons per section revealed that there are a significantly greater number of labeled neurons 

in mice killed at p62 compared to p32 (Fig 6). There is potential variation in amount of 

reporter labeling among animals, despite identical tamoxifen dosing. Therefore, we treated 

two entire litters at p2 with tamoxifen, and randomly euthanized half of each litter at either 

p32 or p62, yielding n=5 mice at p32 and 6 mice at p62. Quantification revealed a mean of 
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36±20 (SEM) labeled neurons per section at p32 and 143±18 labeled neurons per section at 

p62, indicating a significant increase by t-test (p=0.0036; unpaired, two-tailed). In addition, 

total labeled cells per section, including glands, microvillar cells or neurons, was increased 

at p62 (Fig 6A). Counting the gland or duct labeled cell increase separately achieved 

significance. Counting labeled microvillar cells separately trended towards an increase but 

was not significant (Fig 6A). Taken together, we interpret this finding as evidence that 

progeny of the c-Kit+ cells present at p2, when tamoxifen was given, continue to produce 

new neural precursor cells beyond 1 month. Thus, at least a subset of c-Kit+ cells function 

as either a reserve cell or as ongoing amplifying progenitors.

Consistent with this interpretation, we observe that many of the labeled neurons identifiable 

in mice killed at p62 are situated deep in the neuroepithelium (Fig 6B). The olfactory 

epithelium is pseudostratified such that new, immature neurons are situated closer to the 

basement membrane, just above the globose basal cells. More mature, fully differentiated 

neurons are localized higher in the epithelium, in the OMP+ zone (e.g. Fig 4A–C). Tissue 

from mice killed at p62 would not contain labeled neurons situated in the deep layers if they 

had been produced over a month earlier; rather all labeled neurons would be situated much 

higher in the epithelium. To confirm that some of the XFP labeled neurons present in tissue 

from mice treated with tamoxifen day p2 and killed day 62 are new immature cells, sections 

were probed with antibody to Gap43, which specifically localizes only to new neurons 

situated just apical to the basal cell layers (Fig 6C–E). As expected, some XFP labeled 

neurons located basally were co-labeled by anti-Gap43. This finding provides strong 

evidence that these neurons were produced quite recently from progeny of c-Kit+ cells that 

underwent Cre-mediated recombination on postnatal day 2, i.e. that at least some c-Kit+ 

cells behave as stem cells.

Finally, the excellent cytoplasmic distribution of RFP and YFP reporter protein enabled us 

to confirm that c-Kit-derived neurons do indeed project their axons to the glomerular layer 

of the olfactory bulb (Fig 7). Labeled axons can be visualized in the olfactory nerve layer of 

the bulb, with terminations present within glomeruli, the site of synapse with mitral and 

tufted cells, providing added confirmation that many c-Kit-derived cells are fully mature 

neurons.

DISCUSSION

Neurogenesis occurs in the adult olfactory area to maintain the self-renewing epithelium, 

including the population of primary olfactory receptor neurons (Graziadei and Graziadei, 

1979). Because of ongoing neuron production and rapid lesion-induced reconstitution, the 

olfactory tissue provides a widely used model system to study adult neural stem and 

progenitor cells (Schwob, 2002; Leung et al., 2007). Of the various markers identifying stem 

and/or progenitor olfactory basal cells, we reported recently that c-Kit, a cell-surface 

receptor, defines a population of neurogenic globose basal cells (Goldstein et al., 2015). The 

c-Kit+ population is of particular interest, because, using targeted diphtheria toxin-mediated 

cell ablation, we found that adult c-Kit+ cells are necessary for olfactory maintenance. 

Several lines of evidence have indicated that the globose basal cell population is functionally 

heterogeneous, with multipotent or lineage committed cells, immediate precursors, transit 
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amplifying progenitors, and label-retaining reserve stem cells (Gordon et al., 1995; 

Goldstein et al., 1998; Huard et al., 1998; Chen et al., 2014; Jang et al., 2014). Given this 

heterogeneity, we sought here to determine the functional potential of individual c-Kit+ 

basal cells. The recent development of a multicolor Cre reporter system placed at the R26R 

locus provides a tool for genetic fate mapping at clonal resolution (Snippert et al., 2010). 

Here, we report the application of this system to the study of an adult neural progenitor 

population.

We reasoned that inducible c-KitCreERT2/+; R26R-confetti mice treated with low-dose 

tamoxifen induction would yield sparse, non-overlapping single color clusters that could be 

considered clonal (Fioret et al., 2014). Hypothetically, several outcomes might occur: (1) all 

clones could be comprised by one or two cells, indicating that the c-Kit+ cell is an 

immediate precursor undergoing a terminal mitosis; (2) clones could be distributed widely in 

size, consistent with c-Kit expression in transit amplifying progenitors, some of which re-

enter the cell cycle repeatedly; (3) all clones could consist of a single cell type, if c-Kit+ 

cells are strictly lineage-committed; or (4) clones could consist of neurons and non-neuronal 

cells, if single c-Kit+ cells are multipotent.

Our results show that the c-Kit+ population functions as transit amplifying and immediate 

precursor cells. Although the majority of clones were comprised by one cell type, a subset of 

c-Kit+ cells are multipotent, producing both neurons and microvillar cells. That microvillar 

cells arise from c-Kit+ globose basal cells is also a novel finding of importance, since the 

microvillar cells are key regulators of basal stem cells (Jia and Hegg, 2012). In addition, 

experiments in which a single pulse of tamoxifen was used to induce recombination 

followed by long survival times demonstrated that at least a subset of c-Kit+-derived 

progeny continue to produce neurons long term. Finally, Bowman’s glands arise from 

lineage committed c-Kit+ progenitors that can produce entire acinar structures and ducts as 

single large clones.

Collectively, the data provided here regarding the role of c-Kit+ progenitors in olfactory 

tissue homeostasis, combined with previous data on globose basal cell properties, indicate 

the remarkable potential of adult nasal epithelium. There are obvious therapeutic 

implications for understanding the biology of defined olfactory progenitors. For instance, 

important clinical problems lacking treatment options include acquired hyposmia or anosmia 

conditions, such as post-viral olfactory disorder or post-head trauma olfactory loss 

(Goldstein and Lane, 2004; Holbrook and Leopold, 2006). The rational development of 

novel therapies requires an understanding of the cell types and regulatory mechanisms of 

olfactory tissue maintenance; the c-Kit+ population has a key role in this process. 

Additionally, the possibility of utilizing the nose as a source of autologous adult neural stem 

or progenitor cells has gained attention as the field of regenerative medicine advances 

rapidly (Tabakow et al., 2014), with particular interest from the lay press recently (Guest 

and Dietrich, 2014). The importance of c-Kit+ basal cells described here raises the 

possibility of therapeutic manipulation of this population, as c-Kit is expressed on the cell 

surface and has been a useful marker for stem cell purification in other tissue models 

(Rangel et al., 2013).
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In summary, we have applied multicolor fate mapping using R26R-confetti mice to delineate 

the differentiation potential of olfactory c-Kit+ progenitors. Our findings indicate that the c-

Kit+ population contains transit amplifying progenitors, multipotent cells capable of 

producing neurons and microvillar cells, and also gland-committed progenitors. These data 

provide new perspectives on the process of adult neurogenesis and olfactory maintenance.
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Figure 1. 
Genetic strategy for stochastic labeling of c-Kit lineage with one of four possible fluorescent 

reporters (XFPs). Tamoxifen (TAM)-inducible c-KitCreERT2/+ mice were crossed to the 

R26R-Confetti reporter, containing the Brainbow 2.1 construct at the R26R locus. Cre 

recombination leads to removal of the neo transcriptional roadblock, and random 

recombination leads to expression of one of four possible outcomes: nuclear localized GFP, 

cytoplasmic RFP or YFP, or membrane associated CFP.
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Figure 2. 
Multicolor fate mapping in olfactory neurogenesis. (A) In initial experiments, c-

KitCreERT2/+; R26R-confetti mice were given 0.5 mg tamoxifen at p2 and euthanized at 2 

weeks. All four XFPs were identified, with high density labeling precluding clonal 

assignment of labeled cells. (B, C) Adult mice were lesioned with methimazole and given 1 

mg tamoxifen during epithelial reconstitution followed by euthanasia at 14 days. Individual 

single color non-overlapping XFP-labeled cell clusters were identifiable. At high 

magnification (B), fine cellular detail allowed definitive assessment of cell type. Here, 5 

neurons are labeled by RFP. Low magnification overview demonstrates sparse labeling, 

permitting clonal assessment. Here, there is a single RFP+ and single nuclear-localized GFP

+ clone well separated along a turbinate epithelium (arrows). (D) Quantification indicates 

that mean clone size and distribution is not different among different XFP-labeled clones. 

ANOVA for average clone size and Kruskall Wallis test for clone size distributions confirm 

no statistical differences, n=3 mice per time point. Bar = 25 μm in A, 10 μm in B, 50 μm in 

C; dashed line indicates basal lamina in A and B.
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Figure 3. 
Microvillar cells arise from c-Kit+ progenitors. (A) CD73, a general marker for olfactory 

microvillar cells, co-localizes to reporter-labeled c-Kit-derived microvillar cells. An RFP-

labeled clone (magenta) contains an olfactory neuron and two microvillar cells (arrows). The 

neuronal dendrite is evident extending apically, ending in a dendritic knob unlabeled by 

CD73 (green). CD73 labeling localizes to the apical portion of 2 RFP+ microvillar cells 

(magenta) in the clone. In this image, a 60 μm thick 3-dimensional Z-stack was rotated 30 

degrees along the Y-axis to visualize overlap versus co-localization of labeling. (B) The 

Trpm5 channel is expressed by only a subset of microvillar cells. Anti-Trpm5 (magenta) 

labels three microvillar cells in this high-power field of normal adult olfactory epithelium. 

(C–E) The Trpm5+ subset of microvillar cells can arise from c-Kit+ progenitors. Here, 

Trpm5 expression and Cre reporter was co-visualized with antibody to XFP (green), which 

labels any of the confetti reporters, and anti-Trpm5 (magenta). In this field, a c-Kit-derived 

membrane-tethered XFP+ microvillar cell is co-labeled by anti-Trpm5 (arrow); Trpm5-

negative/reporter+ neurons are evident (green), as is a reporter-negative Trpm5+ microvillar 

cell (magenta). Bar = 20 μm in A; dashed line indicates basal lamina.
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Figure 4. 
Characterization of neurons and glands derived from c-Kit+ cells. (A–C) RFP+ (magenta) c-

Kit-derived neuron phenotype is confirmed by co-labeling with antibody to olfactory marker 

protein (OMP, green, arrows). (D, E) Bowman’s glands and ducts also arise from c-Kit+ 

cells. In a section from a mouse given high-dose tamoxifen, RFP+ and YFP+ neurons are 

evident, along with a YFP+ gland and duct (arrow). Although these overlapping cells cannot 

be considered clonally related, the image demonstrates XFP reporter expression in glands, 

ducts and neurons. (E) From a low-dose TAM-treated mouse, an entire gland and duct RFP+ 

clone can be visualized from a 60 μm thick z-stack image. (F) Quantification of neurons per 

section indicates that neuron production from c-Kit+ globose basal cells is highest in mice 

given TAM at day 7 post lesion (P<0.001, ANOVA, n=3 mice per time point). Dashed line 

marks basal lamina. Bar = 20 μm in (A–E).

Goss et al. Page 14

Dev Neurobiol. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Neuron and microvillar clone size is greatest in mice given tamoxifen at day 7 following 

experimental lesion. XFP+ cells in the olfactory epithelium were quantified per clone; gland 

clones were excluded as they were generally very large clones (10–30 cells per gland). By 

ANOVA, overall clone size at day 7 (3.33±0.44 cells; SEM) was significantly greater 

compared to day3 (0.92±0.39 cells; P=0.015); other comparisons were not significantly 

different, n=3 mice per time point.
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Figure 6. 
Progeny of c-Kit+ cells labeled at p2 continue to contribute to neuron production long term. 

(A) Quantification of XFP labeled cells from mice given a single dose of tamoxifen at p2 

and killed at either p32 or p62 reveals increased c-Kit-derived cells at p62. Graphs show 

comparisons by total cells or by individual cell types. Note that neuronal counts indicate a 

significant increase at p62 versus p32 (t-test, P<0.01, n=5–6 mice per time point). Increased 

c-Kit-derived neuron label at longer survivals is consistent with ongoing c-Kit+ progenitor 

activity. (B) Both mature and new c-Kit-derived neurons are evident in olfactory epithelium 

from C-KitCreERT2/+; R26R-confetti mice treated with tamoxifen at p2 and killed at p62. 

RFP labeled neurons are evident in apical (mature) layers as well as basal (immature) layer 

(arrow). (C–E) Gap43 staining co-localizes with RFP+ immature neuron (arrow) in sections 

from c-KitCreERT2/+; R26R-confetti mice treated with tamoxifen on p2 and sacrificed p62. 

Older mature neurons are located more apically, in the Gap43 (−) layers. The presence of 

Gap43 (+)/XFP(+) neurons in this tissue reflects recent c-Kit+ neurogenesis. Nuclei are 

labeled with DAPI (blue). Dashed line marks basal lamina in (B–E); bar = 20 μm in (B–E).
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Figure 7. 
(A–C) Mature olfactory receptor neurons arising from c-Kit+ cells innervate the olfactory 

bulb. C-KitCreERT2/+; R26R-confetti mouse was treated with tamoxifen on p2 and sacrificed 

p62. RFP+ axons are evident innervating a glomerulus (G) in the olfactory bulb. Olfactory 

nerve layer is marked (ON). The excellent cytoplasmic distribution of RFP in this model 

may be useful for studies assessing glomerulus innervation. Nuclei are labeled with DAPI 

(blue). Bar = 50 μm.
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Table 1

Clone analysis; c-KitCreERT2/+; R26R-Confetti adults given low-dose tamoxifen at either 7 or 10 days post 

methimazole lesion; n=3 mice, 26 coronal sections for each group.

Clone type 7 days (clone 
number)

7 days (clone size, mean
±s.d, range)

10 days (clone 
number)

10 days (clone size, mean
±s.d, range)

Neuron only 399 2.7±2.3 (1–17) 85 3.1±2.9 (1–14)

Microvillar cells only 34 1.4± 0.9 (1–6) 9 1.2±0.7 (1–3)

Mixed neuron and microvillar 23 8.8± 7.5 (2–34) 10 6.1±4.4 (2–15)

Gland/duct 5 (range 6–50) 0 n/a

Dev Neurobiol. Author manuscript; available in PMC 2017 March 01.


