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Abstract

The vertebrate olfactory epithelium (OE) is known for its ability to renew itself throughout life as 

well as to reconstitute after injury. Although this remarkable capacity demonstrates the persistence 

of stem cells and multipotent progenitor cells, their nature in the OE remains undefined and 

controversial, as both horizontal basal cells (HBCs) and globose basal cells (GBCs) have features 

in common with each other and with stem cells in other tissues. Here, we investigate whether 

some among the population of GBCs satisfy a key feature of stem cells, i.e., mitotic quiescence 

with retention of thymidine analogue label and activation by injury. Accordingly, we demonstrate 

that some GBCs express p27Kip1, a member of the Kip/Cip family of cyclin-dependent kinase 

inhibitors. In addition, some GBCs retain bromodeoxyuridine or ethynyldeoxyuridine for an 

extended period when the pulse is administered in neonates followed by a 1-month chase. Their 

identity as GBCs was confirmed by electron microscopy. All spared GBCs express Ki-67 in the 

methyl bromide (MeBr)-lesioned OE initially after lesion, indicating that the label-retaining (LR) 

GBCs are activated in response to injury. LR-GBCs reappear during the acute recovery period 

following MeBr exposure, as demonstrated with 2- or 4-week chase periods after labeling. Taken 

together, our data demonstrate the existence of LR-GBCs that are seemingly activated in response 

to epithelial injury and then re-established after the initial phase of recovery is completed. In this 

regard, some among the GBCs satisfy a common criterion for functioning like stem cells.
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The vertebrate olfactory epithelium (OE) sustains neurogenesis throughout life. 

Proliferation, differentiation, and death of olfactory sensory neurons (OSNs) occur 

continuously, even in adult animals. In addition, the OE retains the capacity for robust 

anatomic and functional recovery after experimental or natural injury (Graziadei and Monti 

Graziadei, 1979; Monti Graziadei and Graziadei, 1979; Schwartz Levey et al., 1991; 

Schwob et al., 1995). By analogy to other regenerating tissues, such as the hematopoietic 

system (Heimfeld and Weissman, 1991) and the epidermis (Morris and Potten, 1994), it is 

generally accepted that neurocompetent stem cells persist in the OE that proliferate and 

differentiate into OSNs and the other epithelial cell types after injury. Several lines of 

evidence from study of rodent epithelium have demonstrated that the globose basal cell 

(GBC) population contains neuronal precursors that are capable of giving rise to OSNs 

during piecemeal neuronal turnover in the undamaged OE or wholesale neuronal 

replacement in response to injury to the olfactory bulb or nerve (Caggiano et al., 1994; 

Monti Graziadei and Graziadei, 1979; Schwartz Levey et al., 1991; Schwob et al., 1994). 

However, the potency of GBCs in the adult OE extends beyond the neuronal lineage. GBCs 

give rise to both neurons and all varieties of non-neuronal cells during the recovery of the 

OE following injury caused by exposure to the olfactotoxin methyl bromide (MeBr), as 

shown by lineage studies (Huard et al., 1998), immunohistochemical analysis in the OE 

(Goldstein and Schwob, 1996; Jang et al., 2007), and the outcome following transplantation 

of the various cell types of the neurogenic epithelium (Goldstein et al., 1998; Chen et al., 

2004).

Numerous in vivo and in vitro studies imply that GBCs in the adult OE are a heterogeneous 

population that encompasses GBCs that make neurons (immediate neuronal progenitors), 

GBCs that are ostensibly committed to making neurons (transit-amplifying precursors), and 

still others that are almost certainly multipotent (multipotent precursors). The identification 

and classification of these multiple types is based on the pattern of expression of members of 

the basic helix–loop–helix (bHLH) and other transcription factor families in epithelial 

development and during epithelial regeneration (DeHamer et al., 1994; Gordon et al., 1995a; 

Cau et al., 1997, 2002; Manglapus et al., 2004, Guo et al., 2010; Packard et al., 2011a), gene 

knockout and epistasis experiments during development (Guillemot et al., 1993; Cau et al., 

1997, 2002), lineage tracing experiments (Huard et al., 1998, Leung et al., 2007, Packard et 

al., 2011a), labeling with monoclonal antibodies that mark GBCs (GBC-1, GBC-2, and 

GBC-3) in neurogenic and regenerating epithelium (Goldstein and Schwob, 1996; Goldstein 

et al., 1997; Jang et al., 2007), and the dependence of epithelial regeneration on the 

persistence/generation of GBCs (Jang et al., 2003). As a result of these analyses, one can 

present a tentative hierarchy of functional types within the population of GBCs defined by 

gene expression as follows: Sox2/Pax6 → Ascl1(Mash1) → Neurog1→ NeuroD1 

proceeding from multipotent to transit-amplifying to early immediate neuronal progenitor to 

late neuronal progenitor types of GBC, respectively.

However, the number and identity of the tissue stem cell types in the OE remain 

controversial. In addition to the evidence of GBC multipotency, recent fate-mapping studies 

using transgenic mice suggest that HBCs also act as multipotent progenitors limited, for the 

most part, to OE that is recovering from direct, severe injury (Iwai et al., 2008; Leung et al., 

2007). In the absence of injury, HBCs tend to be quiescent, which is an item, in addition to 
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their multipotency in the face of injury, cited in favor of the HBC-as-stem-cell hypothesis 

(Leung et al., 2007; Duggan and Ngai, 2007; Fletcher et al., 2011). However, some aspects 

of HBC biology indicate that it is too simplistic to conclude that HBCs are “the” stem cells 

of the OE. First, HBCs are late to emerge during the development of the OE (becoming fully 

established as a population around the end of the first postnatal week in mice and rats) and 

develop from cells that share some characteristics of GBCs, including the expression of 

GBC-typical bHLH transcription factors (Holbrook et al., 1995; Packard et al., 2011b). 

Second, aborting the differentiation of HBCs by eliminating the expression of the 

transcription factor ΔNp63 does not prevent the normal or near-normal development of the 

other cell types of the OE (Packard et al., 2011b). Third, HBCs require activation in situ in 

order to function as neuropotent progenitors following transplantation into the MeBr-

lesioned OE (manuscript in preparation, Schnittke, Herrick, Packard, and Schwob, 2013). 

Fourth, HBCs apparently remain quiescent and do not function as neurocompetent stem cells 

in the OE of mouse and human in which neurogenesis has become exhausted (Largent et al., 

1993; Holbrook et al., 2005, 2011). Fifth, HBCs contribute to the metaplastic respiratory 

epithelium that replaces olfactory epithelium lining the dorsal recess of the nose following 

injection of dichlobenil without making neurons (Xie et al., 2013). The convergence of these 

data suggests that HBCs may serve as “a” reserve stem cell population within the adult OE 

that is activated in response to direct injury to the epithelium and directed to regenerate 

olfactory epithelium only in response to particular signals.

In that regard, the OE resembles several other types of tissue in which multiple putative 

stem cell candidates have been identified. Among these tissues are the gut, the respiratory 

epithelium, the skin, the cornea, and even the subventricular zone of the adult central 

nervous system (CNS) (Cotsarelis et al., 1989; Johansson et al., 1999; Doetsch et al., 2002a; 

Rawlins et al., 2009; Blanplain and Fuchs, 2009; Rock et al., 2010; Tian et al., 2011). In 

these other settings, one or more categories of putative stem cells are distinguished by slow 

mitotic cycling and its operational counterpart—the retention of thymidine analogue label 

for an extended period. Despite their tremendous potential for cell division, such reserve 

stem cells normally remain quiescent or cycle slowly, presumably to preserve their 

proliferative potential and minimize DNA errors occurring during replication (Lajtha, 1983). 

Indeed, the feature of thymidine label retention has been used to identify candidate stem 

cells in multiple tissues, several of which have subsequently proven to be true tissue stem 

cells (Cotsarelis et al, 1990; Tian et al., 2011; Terskikh et al., 2012).

Accordingly, we have undertaken a further examination of the cell cycle characteristics of 

the basal cells of the OE, with particular reference to the GBCs. We have focused on the 

expression of a cyclin-dependent kinase inhibitor (CDKI), p27Kip1, within the normal and 

MeBr-lesioned/recovering OE and compared it with Ki-67, a marker that is characteristic of 

cells that are progressing through the mitotic cycle and that more completely identifies the 

population that is progressing within the cell cycle (Gerdes et al., 1984). Among the CDKIs, 

p27Kip1 appears to be a central mediator of many anti-mitogenic signals and to be closely 

involved in the imposition and maintenance of the quiescent state in a variety of tissues and 

of conditions (Sherr, 2000; Slingerland and Pagano, 2000). The levels and stability of 

p27Kip1 are high in quiescent cells (G0) and, in most eukaryotic cells, fall during G1 to a 

nadir in S-phase in response to mitotic stimulation (Pagano et al., 1995; Rivard et al., 1996). 
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In addition, elevated levels of p27Kip1 enforce the maintenance of the quiescent state, 

whereas downregulation of p27Kip1 allows cells to recommence proliferation (Ladha et al., 

1998; Rivard et al., 1996). In normal fibroblasts, increased expression of p27Kip1 mediates 

G1 arrest by contact inhibition, and it is necessary for the maintenance of cell quiescence 

(Rivard et al., 1996; Sherr and Roberts, 1995). In addition, we have searched for GBCs that 

retain thymidine-analogue label following multiple injections in the neonate or in the OE 

during the initial stages of recovery following MeBr lesion. Both approaches have indicated 

that some among the GBCs are quiescent and label-retaining, thus satisfying a common 

criterion for identification of tissue stem cells (Morris and Potten, 1994).

Materials and Methods

Animals

Outbred male Sprague-Dawley rats were obtained from a barrier isolated facility (Taconic 

Farm, Germantown, NY) and housed in a temperature and humidity controlled environment. 

All animals were maintained on a 12-hour light/dark cycle with ad libitum access to food 

and water. Rats exposed to MeBr weighed between 225 and 275 g. Postnatal 3-day-old rats 

were used for long-term bromodeoxyuridine (BrdU) (or ethynyldeoxyuridine [EdU]) 

labeling. All procedures using vertebrate animals were approved by the Institutional Animal 

Care and Use Committee at Tufts University School of Medicine.

MeBr lesion

Conscious rats were placed in a wire enclosure centered in a plexiglass box and exposed to 

MeBr gas (Matheson Gas Products, East Rutherford, NJ) for 6 hours at concentration of 330 

ppm in a purified air at a low rate of 10 L/min. After lesion, the animals were kept on the 

same feeding schedule as before and perfused after 2 days.

Tissue processing

Rats were injected intraperitoneally with a triple anesthetic cocktail consisting of ketamine/

xylazine/acepromazine (25 μg/g, 5 μg/g, 0.7 μg/g, respectively) and, after induction of deep 

anesthesia, were euthanized by intracardiac flush with phosphate-buffered saline (PBS; pH 

7.2) followed by perfusion with Zamboni's fixative (for MeBr-lesioned rats), Carnoy's 

fixative (for BrdU-injected rats), or 4% paraformaldehyde (for EdU-injected rats). The OE 

was then decalcified with a saturated solution of ethylenediaminetetraacetic acid (EDTA; 

Sigma [St. Louis, MO] for Zamboni's-fixed tissue) or formic citrate (for Carnoy's fixed 

tissue) and cryoprotected with 30% sucrose before cryosectioning in the coronal plane at 5–

8 μm. For whole-mount analysis, only the septum was stained.

Antibody characterization

Primary antibodies that were used in this study are shown in Table 1. Information on the 

antibodies is derived from the manufacturers' descriptions and our own data.

The Ki67 antiserum reacts with a 345/395-kDa protein doublet on western blots. In addition, 

binding to cells is blocked by the canonical anti-Ki67 monoclonal antibody MIB 1 (BD 
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Biosciences [San Diego, CA] datasheet, 556003). The staining pattern of the Ki67 antibody 

in the OE has been described previously by our laboratory (Guo et al., 2010).

The p27KIP1 monoclonal antibody detects a band of 27 kDa on western blot (BD 

Biosciences datasheet, 610241). The staining pattern of the anti-p27KIP1 antibody in the OE 

has been described previously by our laboratory (Guo et al., 2010).

The fluorescein isothiocyanate (FITC) monoclonal antibody was shown to produce a dose-

dependent quenching of FITC in a soluble assay as well as specific reactivity to FITC and 

dichlorotriazinylamino fluorescein (DTAF) but not tetramethylrhodamine isothiocyanate 

(TRITC; Jackson ImmunoResearch, West Grove, PA, personal communication). Its use for 

enhancing the FITC signal including immunohistochemical protocols has been shown by our 

laboratory (Guo et al., 2010).

Both monoclonal antibodies against CK5/6 and CK14 have been shown to stain the 

horizontal basal cells (Holbrook et al., 1995), and recognize multiple isoelectric variants of 

54.5 kDa (anti-CK5/6) and a single spot of 53 kDa (anti-CK14) on western blots of two-

dimensional electrophoresis (Holbrook et al., 1995).

The CK18 rabbit antiserum recognizes a 48-kDa band on western blots (Abcam [Cambridge, 

MA] datasheet, ab52948), and its staining on sustentacular cells and Bowman's gland and 

duct cells is identical to that of mouse CK18 monoclonal antibody (RGE53), which has been 

previously shown by our laboratory (Schwob et al., 1995).

The protein gene product (PGP)9.5 antiserum recognizes a single 27-kDa band on western 

blots of mouse brain. The subcellular labeling for PGP9.5 is cytoplasmic and restricted to 

neuronal populations in mice, including within the vomeronasal organ and olfactory 

epithelium (Guo et al., 2010).

The neural cell adhesion molecule (NCAM) antiserum recognizes all three modified forms 

of the protein, derived from rat brain, corresponding to their 120, 140, and 180 kDa 

molecular weights by western blots. NCAM antiserum has been shown previously to stain 

the entire neuronal population (both immature and mature receptor neurons) (Jang et al., 

2007).

The Tuj1 monoclonal antibody is well characterized and has been shown to be highly 

reactive to neuron-specific class III β-tubulin (βIII) and not the β-tubulin found in glial cells. 

Its staining on the immature olfactory neurons has been described previously (Schwob et al., 

1995).

Immunohistochemistry

Immunostaining was performed according to published procedures (Schwob et al., 1995; 

Guo et al., 2010; Packard et al., 2011a,b). Briefly, sections were blocked in PBS containing 

10% normal serum, 4% bovine serum albumin (BSA; Sigma), 0.1% Triton X-100 (Sigma), 

and 5% nonfat dry milk for 30 minutes at room temperature. Sections were subsequently 

incubated with the primary antibody diluted in blocking solution for 1 hour at room 

temperature or overnight at 4° C. After washing, secondary antibody conjugated to 
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fluorescein (FITC), Texas Red, 7-amino-4-methyl-coumarin-3-acetic acid (AMCA; Jackson 

ImmunoResearch), or Alexa 488 or Alexa 597 (Invitrogen, Carlsbad, CA) was applied for 1 

hour at room temperature. Sections to be stained with anti-Ki67, anti-p27Kip1, or anti-BrdU 

were puddled with 0.01 M citric acid (pH 6.0) before being heated in a commercial food 

steamer for 10 minutes. Visualization of the anti-p27Kip1 staining was performed by using a 

tyramide signal amplification (TSA) kit (NEN Life Science Products, Boston, MA) or anti-

FITC antibody (Jackson ImmunoResearch) for amplifying the signal (Guo et al., 2010). 

Visualization of incorporated EdU was performed according to the manufacturer's protocol 

(Invitrogen) using Alexa 594 azide (Invitrogen).

Processing of tissue whole mounts differed in detail from the staining of sections. After 

fixation and pretreatment (with 6 N HCl and dehydration–rehydration in alcohols in the case 

of BrdU, or only the latter in the case of Ki-67), the mucosa was stripped from the nasal 

septum and subsequent steps were carried out on the free-floating tissue. The duration of the 

incubations was lengthened considerably to accommodate the need for tissue penetration: 1 

day in block, 7 days in primary, 1 day each in secondary antibody and the avidin-biotin-

horseradish peroxidase complex, with extended washes between steps.

Sections were imaged with a Nikon 800E microscope equipped with B-2E, G-1A, UV-1A 

(Nikon), and dual FITC/Texas Red filters (Omega Optical, Brattleboro, VT) and 

photographed by using a digital SPOT camera (Diagnostic Instruments, Sterling Heights, 

MI). Photographic images were adjusted for intensity, contrast, and evenness of illumination 

in the Photoshop component of Adobe (San Jose, Ca) Creative Suite. Figures 5 and 6 were 

also filtered by using the “unsharp mask” command to render them crisper and more 

aesthetically pleasing. High-resolution images of the diaminobenzidine (DAB)-stained 

whole mounts were acquired as individual contiguous tiles by using a computer-controlled 

stage, and the tiles were then stitched into a mosaic. Individual stained cells and groups of 

cells were highlighted by density segmentation of the resulting mosaic image using IPLab 

Spectrum image processing software. The segmented objects were expanded and pseudo-

colored to render individual cells visible at the lower resolution afforded by The Journal of 

Comparative Neurology.

Detection of acutely proliferating cells

Rats intended for the detection of proliferating cells in the OE were injected intravenously 

with BrdU (Sigma-Aldrich, St. Louis, MO) or EdU (Invitrogen) at a single dose of 100 

mg/kg, and euthanized 1 hour later by perfusion with fixative.

Counts of quiescent versus dividing GBCs

Cells near the base of the epithelium labeled with p27Kip1 but lacking CK5/6, Tuj-1, and 

Ki-67 labeling were considered quiescent GBCs, cells with Ki-67 labeling but lacking 

CK5/6, Tuj-1, and p27Kip1 labeling were considered dividing GBCs, and GBCs labeled with 

both Ki-67 and p27 were identified. Profiles of the nuclei of quiescent, dividing, and 

Ki-67/p27 double-labeled GBCs were counted in OE harvested from normal, 2 days, and 7 

days post MeBr-lesioned, 4 days and 10 days post bulbectomized animals (n = 3 for each of 

the five groups). Two sections taken at each of three levels— anterior, middle, and posterior
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—of the OE from each animal were used for analysis. On each section, profiles of the nuclei 

of quiescent and dividing GBCs were manually counted in two adjacent areas (total 570 μm) 

from dorsal, middle, and ventral parts along the septum. Raw data were expressed as the 

number of positive profiles/mm of OE.

Measurements of the greatest diameter of the labeled nuclei for each category of cell for 

each condition (normal, 4 or 10 days post OB ablation, 2 or 7 days post MeBr exposure) 

were made on 60× micrographs of a single field from four to seven sections. Nuclear 

profiles were measured and counted only where the outlines of the nucleus and of the cell 

soma were also clearly visible, which had the practical effect of eliminating debris or 

fragmented cells measuring less than 2 μm. Each of the mean values for greatest diameter 

(for each cell type and condition) fell within 1 standard deviation of all the others (with 

means ranging from 5.5 μm to 7.2 μm and standard deviations averaging 1.25 μm), 

indicating that there was no substantial difference in size across the groups, and accordingly 

the number of profiles was not subject to any correction.

Detection of label-retaining cells

To label slow-cycling cells, neonatal rats were injected subcutaneously with BrdU (5 μg/g 

body weight) or EdU (10 μg/g body weight) daily for 4 days beginning on postnatal day 3. 

Rats then survived for 4 weeks after the last BrdU/EdU injection. After perfusion and 

removal of the cranium and the bones overlying the nose, nasal tissue was decalcified by 

using formic acid/sodium citrate solution (5.4 M and 0.4 M, respectively), cyroprotected, 

frozen in liquid nitrogen, and sectioned. Sections from BrdU-injected rats were stained with 

anti-BrdU as described above. Sections from EdU-injected rats were stained according to the 

manufacturer's instructions (Invitrogen), by using a fluorophore–azide conjugate to mark the 

labeled cells. Cells retaining the thymidine-analogue label for 4 weeks were classified as 

label-retaining cells. We also investigated the reappearance of label-retaining cells in the OE 

following MeBr lesion. In this case, lesioned rats were administered 20 mg/kg of BrdU daily 

by subcutaneous injection for a variety of time periods (postlesion day [PLD]1–3, 3–5, 3–6, 

or 4–7) and euthanized either 2 weeks (PLD1–3 and 3–5), or 4 weeks (PLD3–6 and 4–7) 

after the last injection. For those harvested at 4 weeks, sections were stained with antibodies 

to BrdU, CK5/6, and NCAM, as outlined below, and the BrdU-labeled profiles were 

classified on the basis of labeling profile and morphology and counted from three sections at 

each of seven levels (total 21 sections) along the anteroposterior axis of the OE for each 

animal.

Electron microscopic examination of label-retaining cells

Rats that received multiple subcutaneous injections of EdU in the postnatal period were 

euthanized 1 month later (see “Detection of label-retaining cells” above) by perfusion with 

2% glutaraldehyde/0.6% paraformaldehyde in 0.06 M Na cacodylate buffer (pH 7.2) and 

decalcified with EDTA. Other 1-month-old rats that received a single injection of EdU 

intravenously were euthanized by fixative perfusion 1 hour later. Olfactory mucosa from 

these rats was dissected and embedded in 4% agarose for sectioning with a Vibratome 

(Leica VT1000S) at a thickness of 100 μm. To detect incorporated EdU, sections from 

septum were washed in 3% BSA in PBS for 5 minutes, quenched for endogenous peroxidase 

Jang et al. Page 7

J Comp Neurol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



in 0.3% H2O2, and washed again in 3% BSA in PBS for 5 minutes. Sections were 

permeabilized with 0.5% Triton-X in PBS for 30 minutes followed by washing in 3% BSA 

in PBS for 5 minutes. The EdU detection protocol followed the manufacturer's instructions 

(Invitrogen), with the exception that the concentration of biotin azide in the detection 

cocktail was half what is recommended for fluorophore azide. After 30 minutes in the 

detection cocktail, sections were washed three times for 5 minutes each in 3% BSA in PBS, 

and the coupling of EdU and biotin azide was visualized by a peroxidase-based ABC kit 

(Vector, Burlingame, CA) and DAB. Subsequently, tissues were fixed with osmium 

tetroxide and embedded in araldite before being ultrathin-sectioned and examined with a 

Philips CM-10 transmission electron microscope at Tufts University School of Medicine 

Electron Microscopy Facility.

Results

Proliferating cells in the unlesioned OE

Actively proliferating cells were identified in the OE in two ways, which can be used to rule 

out mitotic quiescence: first, rats received an intravenous injection of BrdU or EdU 1 hour 

before euthanasia in order to detect cells in S-phase at the time of injection (Huard and 

Schwob, 1995) (Fig. 1B); second, sections of the OE were immunolabeled with anti-Ki-67 

antibodies, which recognize a nuclear antigen present exclusively in proliferating cells that 

are in the G1-, S-, G2-, or M-phases of the mitotic cycle, but do not label quiescent or 

postmitotic cells (G0-phase) (Gerdes et al., 1983; 1984). As expected, staining with anti-

Ki-67 labels a larger number of basal cells than those that are labeled by a single injection of 

BrdU, and does encompass all of the BrdU (+) cells (Fig. 1). The majority of the Ki-67 (+)/

BrdU (+) cells in the OE were observed in the basal cell layer, but at a remove from the 

basal lamina, placing them primarily within the lamina occupied by GBCs (Fig. 1C). 

However, in contrast to the scant distribution of BrdU (+) non-basal cells, Ki67 (+) cells 

were relatively more numerous within the upper zones of the OE than expected by the 

relative proportions of Ki67-and BrdU-labeled basal cells. These cells appear to be slowly 

dividing sustentacular cells and duct cells (Graziadei and Monti Graziadei, 1979; Monti 

Graziadei and Graziadei, 1979; Weiler and Farbman, 1998), and their identity was 

confirmed by staining for CK18, the keratin marker characteristic of sustentacular and duct 

cells (Fig. 1D).

That Ki67 marks more cells than BrdU, and thus other phases of the cell cycle than S, was 

further confirmed by the whole-mount staining (Fig. 2). Close examination of the whole 

mounts revealed two contributors to the enhanced Ki67 numbers: 1) additional Ki67 (+) 

basal cells, which presumably are caught in the G1-and G2-phases (rather than S-phase); 

because 97.6% of the cells in the basal compartment of the OE in S-phase are GBCs (Huard 

and Schwob, 1995) and because most of the cells labeled by anti-Ki-67 are situated between 

the HBCs and neurons, the vast majority of the Ki-67 (+) basal cells are presumably GBCs; 

and 2) additional Ki67 (+) duct/gland cells and sustentacular cells that BrdU fails to mark. 

The latter can be identified by focusing through the depth of the epithelium in the whole 

mount since the Ki67 (+) cells that are found in the Bowman's duct and gland span the depth 

of the OE from the basal lamina to its apical surface. Our results clearly demonstrate that 
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anti-Ki-67 is an excellent operational marker for proliferating cells in the OE, and, by 

exclusion, the absence of Ki-67 can mark quiescence.

Identification of quiescent cells in the OE (normal vs lesioned)

The foregoing demonstrates that many of the GBCs (defined as the cells situated between 

the HBCs and neurons) are Ki-67 (+) and that the Ki-67 (+) cells are clustered and 

distributed in a discontinuous pattern across the epithelium. However, close examination 

demonstrates that some GBCs, defined as above, are not Ki-67 (+), raising the possibility 

that they are quiescent (Fig. 3). To determine whether quiescent GBCs exist and to compare 

their distribution with actively dividing, Ki67 (+) GBCs, we stained the epithelium with 

antibodies against p27Kip1, a cyclin-dependent kinase inhibitor (CDKI), which can be used 

as a marker for quiescent cells (Rivard et al., 1996; Kato et al., 1997), in addition to Ki-67. 

Many p27Kip1 (+) cells are superficial to the layer formed by the Ki-67 (+) cells, suggesting 

that they are differentiating neurons, which is confirmed when p27Kip1 staining is combined 

with the neuronal marker Tuj-1. Among the OSNs, the highest level of p27Kip1 staining is 

observed in the cells near the basal cell layer and then decreases gradually from the basal to 

the apical levels of the OE (Fig. 3C,G). This decline in p27Kip1 staining suggests that its 

expression in olfactory neurons peaks as they exit the cell cycle and then falls off as the 

neurons mature.

In addition, a small number of p27Kip1 (+)/Ki67 (−) cells (or p27Kip1-only cells) are 

scattered near the basal lamina, within what is the basal zone of the epithelium, and 

intermingled with Ki-67 (+) cells. Their identity as GBCs is confirmed by their lack of 

staining with Tuj-1 or anti-CK5/6 (Fig. 3A–H). The p27Kip1 (+) GBCs are relatively sparse 

by comparison with the Ki67 (+) ones; along the septum, there are 25.4 p27Kip1 (1) 

GBCs/mm length as opposed to 90.1 Ki67 (+) cells/mm (Table 2). Cells double-labeled for 

both p27Kip1 and Ki-67 are also observed in the OE; their significance is considered in detail 

in the Discussion (Table 2). Consistent with the previous results using [3H]-thymidine or 

BrdU incorporation (Huard and Schwob, 1995; Schwartz Levey et al., 1991), HBCs are 

seldom marked by Ki-67, being no more than 2% of the Ki-67 (+) cells in the basal 

compartment of normal OE (for example, in Fig. 3D,H, none of the CK5/6 (+) HBCs are 

Ki-67 [1]), nor do HBCs label strongly with anti-p27Kip1 (Fig. 3D,H; also see Fig. 5H,I).

The number and distribution of p27Kip1 (+) cells were also assessed during the reconstitution 

of the OE that follows MeBr lesion. At 2 days after MeBr lesion (PLD2), neurons have yet 

to reappear in the OE (Fig. 3J,N), and HBCs have also vanished from all but the lining of the 

epithelium on either side of the dorsal recess (i.e., the middle, ventral, and lateral regions of 

the OE; Fig. 3N). The CK5 (+) HBCs persist in the dorsal OE, proliferate, and extend to the 

apical surface (Fig. 3J) (Schwob et al., 1995). Some p27Kip1 (+)/Tuj-1 (+) cells were seen 

loosely associated with the apical surface, and presumably are dead neurons that have not 

been shed or phagocytosed (Fig. 3L,P). The population of Ki-67 (+) proliferating cells is 

strikingly expanded compared with normal controls (Fig. 3I,M). At this time, the 

proliferating cells are distributed throughout the apicobasal width of the epithelium, which is 

only a few cells thick. The count of Ki-67 (+) proliferative GBCs reaches 217.2 cells/mm 

length of the epithelium (Table 2). Although some p27Kip1 (+) cells are evident even at this 
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short survival time after lesion, all of them are also marked by the expression of Ki-67 (Fig. 

3L,P), such that the number of p27Kip1 (+)/Ki-67 (+) GBCs reaches 22.5 cells/mm length of 

OE. In other words, none of the GBCs (CK5 [−] basal cells) express p27Kip1 by itself, and 

thus, none fit our criterion for a quiescent GBC (Table 2). It is important to re-emphasize 

that this time-point is in advance of the return of neurons (which are not seen in significant 

numbers for another 2 days) (Schwob et al., 1995; Manglapus et al., 2004). Small numbers 

of p27Kip1 (+)-only, i.e., quiescent, GBCs reappear by PLD7 (Fig. 3M–P, Table 2).

In contrast to the findings with MeBr lesion, in which case putatively quiescent, p27Kip1 (+) 

GBCs are absent early after lesion, some p27Kip1 (+)/Ki-67 (−) GBCs are evident both at 

early and intermediate times after olfactory bulb ablation. However, the number of these 

putatively quiescent GBCs is reduced to roughly 50% of that in normal OE during the first 

10 days following olfactory bulb ablation (Fig. 3Q–T; Table 2).

Taking these data together, we have identified at least two subpopulations of GBCs in the 

normal rat OE—proliferating and quiescent. Quiescent GBCs rapidly disappear after MeBr 

lesion and are reduced substantially in absolute and relative number following ablation of 

the olfactory bulb, both of which increase proliferation markedly, suggesting that these 

GBCs are recruited and directly contribute to the pool of proliferating GBCs and subsequent 

OE reconstitution.

Identification of label-retaining GBCs in the unlesioned and lesioned-recovering OE

As indicated in the Introduction, many tissues have been shown to contain a population of 

slow-cycling, potentially reserve stem cells, which can be identified on the basis of their 

retention of thymidine-analogue label (Quesenberry and Levitt, 1979; Cotsarelis et al., 1989; 

Morris and Potten, 1994). The results described above suggest that quiescent GBCs are 

present in the normal OE and can be recruited to the proliferating pool in response to 

damage, but they did not provide detailed information on the dynamics of quiescent GBCs 

in the normal OE. In particular, the expression of p27Kip1 might be indicative of either a 

transient quiescence, i.e., a brief pause in mitotic cycle progression, or a longer term 

withdrawal (and potential reserve status). Indeed, previous analysis of cell cycle kinetics in 

the unlesioned OE suggests that about one-third of the population of mitotically active 

GBCs has come into the cell cycle after a period (undefined) of quiescence, because the 

percentage of daughter cells that re-enters the cycle without delay (roughly 30% of daughter 

cells, which corresponds to 60% of the original cohort of thymidine-labeled cells) is 

insufficient to maintain the number of dividing GBCs seen at any one time (Huard and 

Schwob, 1995). Moreover, the demonstration that p27Kip1-only GBCs are absent during the 

initial stages in the recovery of the post-MeBr lesion suggest that all spared quiescent cells 

are activated in response to damage, allowing us to assay for their re-establishment as 

epithelial reconstitution proceeds. Thus, we undertook analysis of thymidine label retention 

as a measure of long-term quiescence in order to satisfy a criterion for putative stem cell 

status in both unlesioned and MeBr lesioned/recovering OE.

In the setting of the normal epithelium, we looked for the establishment of label-retaining 

cells during the postnatal period, under the rationale that stem cells were more likely to be 

set aside at that time when the OE is expanding with respect to area (each part presumably 
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requiring its own stem cell populations) and becoming adult-like in cellular composition 

rather than when the epithelium has stabilized after reaching maturity. To that end, neonatal 

pups were injected with BrdU daily for 3 consecutive days beginning on postnatal day 3 and 

examined 4 weeks after the last injection. By using anti-NCAM and anti-CK5/6 antibodies 

to label neurons and HBCs, respectively, GBCs were easily identified as the unstained cells 

sandwiched between the neurons and HBCs. Among the NCAM (−)/CK5/6 (−) basal cells, 

there is a small population of BrdU-labeled cells (Fig. 4A–E), indicating that label-retaining 

GBCs are indeed established during the early postnatal period and then persist for at least 1 

month. The identity of some label-retaining cells as GBCs necessarily depends on location 

and shape in addition to molecular phenotype (Fig. 4F–H). The label-retaining basal cells 

identified as GBCs are clearly not duct cells from Bowman's glands, as ruled out on the 

basis of two morphological criteria; duct cells are more elongated in shape and oriented 

along the apicobasal axis and generally arranged as a continuous chain of cells extending 

from base to apex of the OE. We did observe a few label-retaining Bowman's gland/duct 

cells, identified as such by the morphological criteria specified here (see below). In addition, 

a small number of BrdU-labeled HBCs are also observed, scattered within the CK5/6 (+) 

HBC layer. Other BrdU-retaining cells within the epithelium are marker-confirmed olfactory 

sensory neurons (Fig. 4A,B). Although there are also label-retaining cells within the lamina 

propria that appear to be duct/gland cells and fibroblasts, these were not marker-identified as 

to type and are not considered further here.

Identification of label-retaining GBCs as long-term quiescent was further supported by 

comparing thymidine label retention and staining with p27Kip1. For reasons of technical 

compatibility, we substituted EdU as the thymidine analogue (Salic and Mitchison, 2008), 

and “Click-iT” chemistry as the means of visualizing EdU-labeled cells (Breinbauer and 

Kohn, 2003). In the OE, EdU labeling is coextensive with that of BrdU when both are 

injected simultaneously (data not shown). When EdU was sequentially injected on postnatal 

days 3–5 following the same protocol as BrdU and the tissue harvested after a chase period 

of 1 month, a cohort of EdU-labeled, i.e., label-retaining, CK5/6 (−)/Tuj-1 (−) GBCs was 

evident, some of which stain with p27Kip1 (Fig. 5). The pattern of EdU labeling in 

differentiated cell types—neurons, duct/gland cells, and HBCs—is similar to what we 

described for BrdU label retention above (cf. Figs. 4, 5).

In addition, we analyzed the reappearance of label-retaining GBCs during the reconstitution 

of the epithelium that follows MeBr lesion. The data on p27Kip1 and Ki-67 expression post-

MeBr lesion suggest that all cells are mitotically active in the immediate postlesion period 

(exemplified by the analysis of tissue harvested 2 days after MeBr exposure shown in Fig. 

3), but that p27Kip1 (+)/Ki-67 (−), putatively quiescent GBCs emerge later in the first week 

of epithelial reconstitution. We expected and indeed found that label-retaining GBCs emerge 

in parallel with the reappearance of marker-defined, putatively quiescent ones.

To that end we administered BrdU via sequential injections on PLD1–3, PLD3–5, PLD3–6, 

or PLD4–7 and then harvested the tissue 2 or 4 weeks following the last injection. Label-

retaining GBCs, defined as such by the criteria listed above, were not observed in the 

animals in the PLD1–3 group. However, they were observed at both 2 and 4 weeks after 

injection in the other groups of animals in which the series of sequential injections began on 
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either PLD3 or PLD4 (Fig. 6). Some label-retaining HBCs were observed with each of the 

four injection protocols, and the relative distributions of each cell type has been determined 

in the PLD3–6 and PLD4–7 groups that were analyzed 4 weeks after the last injection of 

BrdU (Table 3).

Electron microscopic confirmation of label-retaining GBCs

EdU labeling is compatible with EM fixation and examination of the label-retaining cells as 

described in Materials and Methods to provide ultrastructural confirmation that they are 

GBCs. To verify the appearance of GBCs at the EM level in material prepared in this way, 

we examined cells in the OE of 1-month-old rats labeled acutely by the incorporation of 

EdU that was injected 1 hour before fixation and tissue harvest (Fig. 7). As seen in semithin 

sections (Fig. 7A) and confirmed with EM (Fig. 7B,C), the vast majority of EdU-labeled 

cells are located near the basal lamina but not on it, and are indeed GBCs that are situated 

immediately superficial to HBCs; the latter are easily recognized by lying flat against the 

basal lamina and being tightly attached to it. These EM data are consistent with the light 

microscopic (LM) immunohistochemical observations of BrdU labeling (cf. Figs. (1 and 7)).

Likewise, when EdU was injected sequentially on postnatal days 3–5, and the tissue fixed 

and harvested 1 month later, some EdU-labeled GBCs can be identified (Fig. 8). As seen in 

semithin sections (Fig. 8A,C,E) and confirmed by EM examination (Fig. 8B,D,F), the 

labeled GBCs are round with scant cytoplasm and are situated at a remove from the basal 

lamina, superficial to HBCs (which are usually unlabeled), (e.g., Fig. 8A–D); on occasion 

the labeled GBCs nestle between the HBCs and touch the basal lamina in a single spot (Fig. 

8C,D). Cells of the latter type have been observed with conventional EM in both mice and 

rats (Graziadei and Monti Graziadei, 1979; Holbrook et al., 1995, respectively), and are best 

classified as a kind of GBC, as they can be labeled acutely as well by thymidine analogues 

(viz. Fig. 5B of Holbrook et al., 1995). Label-retaining HBCs are also observed at the EM 

level and can be recognized by the usual features—tight apposition to the basal lamina and 

the arching of their somata over bundles of olfactory axons (Fig. 8E,F). Other labeled cells 

also reflect the distribution noted at the LM level (Fig. 5); in addition to the GBCs, there are 

labeled olfactory sensory neurons, sustentacular cells, and Bowman's duct/gland cells (Fig. 

8A,C,E).

Discussion

The current work examines the kinetic behavior of GBCs within the rat olfactory epithelium, 

and focuses on identifying cells that are actively cycling, as shown by labeling for Ki-67, 

which is expressed in all phases of the mitotic cycle (with the exception of G0) (Gerdes et 

al., 1984; Scholzen and Gerdes, 2000), and those that are quiescent and have withdrawn 

from the cycle, as marked by the retention of thymidine analogue label and by staining for 

the cyclin-dependent kinase inhibitor p27Kip1. The motivation for the work comes from the 

need to understand the stem cell population(s) of the OE in greater depth, in order to begin 

to dissect the molecular regulation of stem/progenitor cell function in more detail. To date, 

the putative identification of the neurocompetent stem cells of the OE has depended largely 

on the demonstration that a particular class of cell has the capacity to generate all of the 
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various epithelial cell types, which has been shown for both HBCs and GBCs (Goldstein et 

al., 1997; Huard et al., 1998; Chen et al., 2004; Leung et al., 2007).

The other canonical criterion for stemness, the capacity for self-renewal, is a difficult 

criterion to satisfy and has not been fully met for either of the two candidates cell types, in 

part because a stringent assay has not yet been devised. Both HBCs and GBCs will 

regenerate themselves and each other (Goldstein et al., 1997; Huard et al., 1998; Chen et al., 

2004; Leung et al., 2007), but this outcome represents a more limited degree of renewal than 

has typically been demonstrated for other stem cells. An indirect indicator of self-renewal 

capacity has been the identification of cells that are normally quiescent, but can be activated 

to produce the various cell lineages in the tissue, before returning to dormancy (however, it 

is important to note that some cell types that satisfy functional criteria for stemness are 

robustly mitotic; Simons and Clevers, 2011). The mitotic quiescence of HBCs, which has 

been recognized for years, and the more recent demonstration that HBCs undergo a cycle of 

quiescence–activation–return to quiescence in response to epithelial damage have been cited 

as evidence that HBCs are “the” olfactory stem cells (Leung et al., 2007; Duggan and Ngai, 

2007; Fletcher et al., 2011).

Our interpretation that some among the broadly defined population of GBCs are also 

quiescent for an extended period, called upon to divide by injury, and then return again to 

quiescence, is based on two kinds of data: thymidine label-retention and CDKI expression. 

First, with respect to the former, some among the GBCs in the unlesioned OE retain 

thymidine analogue for a prolonged period, are recruited into the cell cycle by lesion, and 

then they or others are then restored to label retention beginning several days into the 

process of recovery of the OE after lesion. That all label-retaining cells are activated by 

injury is suggested strongly by our observation that each and every one of the spared cells in 

the lesioned OE is labeled by the expression of Ki-67 2 days after MeBr exposure and that, 

simultaneously, the index of labeled cells is increased many-fold compared with normal 

(data presented here; Schwob et al., 1995). That some of the label-retaining cells in the 

normal and lesioned–recovered OE are GBCs is confirmed by their immunohistochemical 

profile (i.e., that they do not label with neuronal or HBC markers) and by their morphology 

at the ultrastructural level (small, round cells, with sparse cytoplasm, at a remove from the 

basal lamina, and not a component of a Bowman's duct). We are not the first to demonstrate 

label-retaining basal cells in the fully formed olfactory epithelium (Mackay-Sim and Kittel, 

1991), and HBCs, by virtue of their mitotic quiescence in the absence of lesion, were 

suspected before and shown here to be label retaining. However, the previous report did not 

distinguish between HBC and GBC populations, nor was there any demonstration that such 

cells were activated and then restored after epithelial lesion (Mackay-Sim and Kittel, 1991). 

Nonetheless, the label-retaining basal cells identified in the earlier study were considered to 

be putative stem cells of the OE.

The significance of label retention emerges from the study of cells with this phenotype in 

other tissues. Although the mechanism responsible for DNA label retention—slow cycling 

versus immortal strand retention—has been controversial (Lansdorp, 2007; Rando, 2007; 

Waghmare et al., 2008), stem cells and label-retaining cells have been linked together. From 

their earliest identification in gut, cornea, and epidermis, label-retaining cells have been 
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identified as strong stem cell candidates (Cotsarelis et al., 1990; Morris and Potten, 1994; 

Taylor et al., 2000; Morris et al., 2004; Claudinot et al., 2005). Perhaps the most convincing 

evidence derives from the small intestine, where the +4 cell (referring to its position relative 

to the crypt base) retains thymidine label (Cheng and LeBlond, 1974). By expressing Cre-

recombinase from the Bmi-1 locus (a +4 cell marker) for purposes of lineage tracing, the +4 

cell has been shown to give rise to all of the various cell types of the crypt–villus unit, 

including the Lgr-5 (+) cells, which are a continually proliferating stem cell population at 

the crypt base (Tian et al., 2005).

Second, some among the GBCs express the CDK1 p27Kip1, a finding that was suggested 

although not definitively demonstrated previously (Legrier et al., 2001). p27Kip1 is often 

responsible, at least in part, for governing the withdrawal from the mitotic cycle (Coats et 

al., 1996; Rivard et al., 1996; Chen and Segil, 1999; Levine et al, 2000) and keeping cells 

quiescent (Koff and Polyak, 1995; Millard et al., 1997; Doetsch et al., 2002b; Besson et al., 

2006; Liu et al., 2012; Cheung and Rando, 2013). It is important to acknowledge that the 

expression of p27Kip1 is complex and does not always imply an exit from active progression 

in the cell cycle (Harper and Elledge, 1996). For example, in some GBCs, p27Kip1 is 

expressed by itself, whereas other p27Kip1 (+) GBCs are also marked by expression of 

Ki-67. In human bone marrow, a small number of mega-karyocytes are positive for both 

Ki-67 and p27Kip1 during cell cycle exit (Taniguchi et al., 1999). Furthermore, in primitive 

human CD34 (+) hematopoietic stem cells, reduction of p27Kip1 is coincident with the 

elevation of Ki-67 and cell cycle re-entry (Dao et al., 1998). In addition, low levels of 

p27Kip1 help to stabilize cyclin D– cyclin-dependent kinase interactions and permit G1 

progression to S-phase (Sherr and Roberts, 1999). As a consequence, it is not surprising that 

some GBCs are labeled by both Ki-67 and p27Kip1, and the double-labeled GBCs may mark 

some cells that are in G1 and actively cycling or, alternatively ones that pause in G1 for a 

period of time. The existence of a pause in G1 for some GBCs is suggested by the 

demonstration that too few GBCs return immediately to the cell cycle to account for the 

numbers of cells in S-phase at any one time (Huard and Schwob, 1995). A disjunction 

between the expression of Ki-67 and progression into S-phase is also apparently true of duct 

cells as well, because the number of Ki-67 (+) duct cells is far more than twice the number 

of ones labeled by the incorporation of BrdU, suggesting that in the case of the duct cells a 

substantial number are pausing for a period of time, most likely in G1 based on analogy to 

other cell types (Shirane et al., 1999). Nonetheless, that some GBCs are labeled by p27Kip1 

and not Ki-67 as shown here (and also by Guo et al., 2010) and that expression of p27Kip1 

overlaps with thymidine label retention by GBCs suggest strongly that p27Kip1 expression 

without concurrent Ki-67 labeling is a useful means of identifying quiescent GBCs.

It is also important to emphasize that p27Kip1 expression is not limited to GBCs. Immature 

neurons also express p27Kip1, as shown here, along with other CDKIs, as shown elsewhere 

(Legrier et al., 2001). Interestingly, the intensity of p27Kip1 expression, as well as other 

CDKIs (Legrier et al., 2001) declines as cells make the transition to maturity, suggesting that 

establishment of the postmitotic state requires higher levels of this and the other CDKIs than 

its maintenance in mature olfactory neurons.
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As a final point, it is worth considering further the re-emergence of label-retaining, 

quiescent GBCs during the process of tissue regeneration following MeBr lesion. As 

indicated in the introduction, the population of GBCs is heterogeneous when analyzed by 

the expression of various transcription factors, among which are Sox2, Pax6, Ascl1 

(previously called Mash1), Neurog1, and NeuroD1 (Cau et al., 1997, 2002, Manglapus et al., 

2004; Guo et al., 2010). The data presented here demonstrate the re-establishment of label-

retaining GBCs beginning 4 days after lesion (because injections of BrdU from 1 to 3 days 

post MeBr lesion do not result in label-retaining GBCs, although label-retaining HBCs are 

produced within that time-frame). By comparison with the time course of renewed 

expression of these transcription factors during the post-MeBr recovery period (Manglapus 

et al., 2004), the resumption of neurogenesis coincides with a return to quiescence of some 

among the GBCs. These data suggest a complex regulation of the transition between mitotic 

activity and quiescence, and raise the possibility that cells go “backward” from activity into 

quiescence rather than the usual model of stem cell asymmetric division, in which one of the 

daughters exits the cell cycle immediately. Taken in total, published data and the current 

results support a model of stem cell–progenitor cell relationships that recognize two distinct 

categories of stem cells—both a defined subset of GBCs and also HBCs—along with 

defined GBC stages downstream of the stem cell populations (Fig. 9). Much remains to be 

discovered regarding the regulation of the transitions among the various types of GBCs and 

the population of HBCs held in reserve, but the model provides a heuristic framework for 

further investigating cell renewal in the OE.

In summary, the data presented here demonstrate that quiescent, label-retaining GBCs exist 

in the normal OE and can be activated to proliferate and contribute to OE reconstitution after 

MeBr lesion. The cycle of GBC quiescence-activation after injury–return to quiescence 

during recovery satisfies one of the key characteristics of stem cells, and strongly suggests 

that a subset of GBCs constitutes a population of stem cells critical to the health and 

maintenance of the OE (Naessen, 1970; Holbrook et al., 2005, 2011).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Proliferating cells in the OE are identified by anti-Ki-67 and anti-BrdU. A–C: 
Immunostaining with anti-Ki-67 and anti-BrdU: anti-Ki67 (A; green), anti-BrdU (B; red), 

and merged image (C). Note that all BrdU-labeled cells are Ki67 (+) (arrows in A–C). D: 
Double immunostaining with anti-Ki-67 (green) and anti-CK18 (red) and counterstaining 

with Hoechst dye. CK18 (+) cells are sustentacular cells (triangle) and duct and gland cells 

(large open arrow). Ki-67 (+) duct cells (double arrows) are found along with Ki67 (+) basal 

cells (arrows). Arrowhead indicates basal lamina. Magenta–green-blue versions of the 

photomicrographs are available online as Supplemental Figure S1. Scale bar = 25 μm in D 

(applies to A–D).
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Figure 2. 
The distribution of proliferating cells as marked by Ki-67 expression is broader and more 

numerous than acute labeling with BrdU both within the basal cell population and within 

duct-gland units. A,B: Whole mounts of normal septal mucosae were stained with anti-BrdU 

(A) and anti-Ki-67 (B), and stained cells were highlighted on mosaics of both whole mounts 

using IPLab Spectrum image analysis software; anterior is to the right. C,D: Actual 

photographs at higher magnification of boxed area in A and B, respectively. E–H: Through-

focus micrographs of the boxed area in B (E is most apical and H is most basal) illustrate 

Ki-67 labeling of duct (arrows in F) and gland (triangles in H) cells, whose identification is 

based on their morphology. All the cells in the duct-gland units are Ki-67(+), even though 

the BrdU labeling index is disproportionately low compared with the GBC population. Scale 

bar = 1 mm in B (also applies to A); 100 μm in D (also applies to C); 25 μm in H (also 

applies to E–G).
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Figure 3. 
Quiescent GBCs are present in the normal OE and disappear after MeBr lesion. A–H: The 

normal OE from dorsal (A–D) and mid-ventral (middle, E–H) septum was stained with anti-

Ki-67 (green), anti-CK5/6 and Tuj-1 (red), and anti-p27Kip1 (blue). The GBC population is 

identified as those cells that label with neither Tuj-1 nor anti-CK5/6 and are located in the 

space between the CK5/6 (+) HBCs (deep to them) and Tuj-1 (+) neurons (just superficial to 

them). A large majority of the GBCs are Ki-67 (+) and p27Kip1 (−) (angled double arrows). 

However, some of the GBCs are p27Kip1 (+)/Ki-67 (−) (large arrows) and are presumed to 

be quiescent. Occasionally, cells that are p27Kip1 (+)/Ki-67 (+) are found (open triangles in 

E–H). I–P: At 2 days after MeBr lesion, the septal OE from dorsal (I–L) and ventral (M–P) 

regions show increased numbers of proliferating cells that are Ki-67 (+) (double arrows) 

compared with the normal OE (A–H), whereas p27Kip1 (+)-only cells are absent. Note that 

cells that are both p27Kip1 (+) and Ki-67 (+) (open triangles) are numerous after lesion. As 

described previously (Schwob et al., 1995), HBCs that are marked with anti-CK5/6 almost 

disappear in the ventral OE immediately after MeBr lesion (as in N). Q–T: At 4 days after 

olfactory bulb ablation, Ki-67 (+) dividing cells (double arrows) are more numerous than in 

normal epithelium, and cells labeled with p27Kip1 are less numerous and frequently also 

labeled with Ki-67 (open triangles). Abbreviations: Dor, dorsal septum; Mid, mid-point of 

septum. Arrowheads indicate the basal lamina. Magenta–green–blue versions of the 

photomicrographs are available online as Supplemental Figure S3. Scale bar = 25 μm in T 

(also applies to A–S).
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Figure 4. 
Label-retaining GBCs are present in the normal OE. Sections of the OE from rats that were 

injected with BrdU daily for 3 consecutive days beginning on postnatal day 3 and 

euthanized 4 weeks later were stained with anti-CK5/6 (green), anti-NCAM (red), and anti-

BrdU (blue). A: Some of the BrdU-labeled cells (blue) are situated between neurons and 

HBCs and are, accordingly, classified as GBCs (arrow). B: Higher magnification showing 

boxed area in A. C–E: Other examples of label-retaining GBCs (arrows). F–H: Differential 

interference contrast images of C–E, respectively, showing that the morphology of the label-

retaining GBCs is that of GBCs and distinct from HBCs or Bowman's duct cells. Arrowhead 

indicates basal lamina. Magenta–green–blue versions of the photomicrographs are available 

online as Supplemental Figure S4. Scale bar = 25 μm in A and H (also applies to B–G).
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Figure 5. 
Some label-retaining cells in the normal OE are p27Kip1 (+) GBCs and presumably 

quiescent. Sections of the OE from rats that were injected with EdU daily for 3 consecutive 

days beginning on postnatal day 3 and euthanized 4 weeks after the last dose were reacted 

with Alexa Fluor 594-azide (red) and stained with anti-p27Kip1 (green), anti-PGP 9.5 (blue), 

and anti-CK5/6 (blue). A–F: EdU [+], p27Kip1 [+] GBCs (PGP9.5 [−]/CK5/6 [−]) (arrows) 

are found in the OE, and these label-retaining GBCs are presumed to be quiescent. G–I: 
Higher magnification of boxed area in D–F. Arrowhead indicates basal lamina. Magenta–

green–blue versions of the photomicrographs are available online as Supplemental Figure 

S5. Scale bar = 50 μm in F (also applies to A–E); 20 μm in I (also applies to G–H).
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Figure 6. 
Label-retaining GBCs re-emerge after MeBr lesion. A–D: Sections of the OE from MeBr-

lesioned rats that were injected with BrdU daily for 3 consecutive days beginning 3 days 

after exposure and euthanized 2 weeks after the last dose of BrdU were stained with anti-

NCAM (red in A), anti-CK5/6 (green in B), and anti-BrdU (blue in C). The merged image 

(in D) clearly shows a label-retaining GBC that is positioned between the NCAM (+) 

neurons and the CK5/6 (+) HBCs (arrow); label-retention indicates onset of quiescence or 

slow cycling after a few days of recovery from damage and subsequent to the universal 

activation shown by general Ki-67 labeling in the immediate postlesion period (see Fig. 3). 

Arrowhead indicates basal lamina. Magenta–green–blue versions of the photomicrographs 

are available online as Supplemental Figure S6. Scale bar = 25 μm in D (also applies to A–

C).
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Figure 7. 
Electron microscopic (EM) examination confirms that most of the EdU (+) cells observed in 

the OE acutely after pulse label are GBCs. A: In semithin plastic sections counterstained 

with Toluidine blue, the EdU (+) cells are mostly found superficial to the layer of horizontal 

basal cells (HBCs) and are classified as GBCs (arrows). Electron micrographs of the areas 

labeled B, C are shown in the corresponding panels. B,C: EM examination demonstrates 

that the EdU (+) cells (those with the darkened nuclei) have the ultrastructural characteristics 

described for GBCs and are found superficial to the HBCs (HBC), which rest on the basal 

lamina (arrowheads). Arrowheads in A–C indicate basal lamina. Scale bar = 25 μm in A; 2 

μm in B,C.
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Figure 8. 
Electron microscopic (EM) examination confirms that some of the label-retaining cells 

within the basal compartment are globose basal cells (GBCs), as shown by their 

ultrastructure and cellular relationships. A,C,E: Three examples of the label-retaining basal 

cells, generated by three sequential injections in the postnatal period, were identified in 

Toluidine blue-counterstained semithin plastic sections (arrows) and examined in adjacent 

ultrathin sections with the EM (B,D,F). Other label-retaining cells are found to be more 

differentiated cell types—neurons (i.e., in the middle lamina of the OE in A; olfactory 

sensory neurons [OSNs]), sustentacular cells (i.e., the most superficial nuclei in C; Sus), and 

Bowman's duct/gland cells (the line of three labeled duct cells in E; BD). B,D,F: EdU-

labeled basal cells are both GBCs (B,D) and horizontal basal cells (HBCs; F). The GBCs in 

B and D are separated from the basal lamina by the interposed HBCs either completely (B) 

or with a minimal focal contact with the basal lamina (D). GBCs of the latter type have been 

previously illustrated and analyzed in the rat OE (Holbrook et al., 1995) as well as in the 

mouse OE (Graziadei and Monti Graziadei, 1979). F: The labeled basal cell is most likely an 

HBC, based on the arch it forms over a small bundle of olfactory axons sitting at the basal 

lamina (Holbrook et al., 1995). Arrowheads indicate basal lamina. Scale bar = 25 μm in A 

(also applies to C,E); 2 μm in B (also applies to D,F).
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Figure 9. 
Model of stem cell and progenitor cell relationships in the olfactory epithelium (OE), based 

on data presented here and previous published findings regarding globose basal cell (GBC) 

molecular heterogeneity (Goldstein and Schwob, 1996; Cau et al., 1997, 2002; Manglapus et 

al., 2004; Jang et al., 2007; Leung et al., 2007; Guo et al., 2010; Packard et al., 2011a,b; 

Fletcher et al., 2011), results following transplantation of GBCs (Goldstein et al., 1998; 

Chen et al., 2004), and data obtained via retroviral lineage tracing in the MeBr-lesioned 

epithelium (Huard et al., 1998). Key points to emphasize include: 1) the subdivision of the 

population of GBCs on the basis of transcription factor expression and kinetic status into 

putative stem (STEM), multipotent progenitor (MPP), transit amplifying (TA), and 

immediate neuronal precursor (INP) stages; the rainbow of colors at stem and multipotent 

progenitor stages represents the demonstrated capacity of these GBC types to generate all 

the cell types of the OE; 2) the restoration of label-retaining (LR) and p27-expressing GBCs 

(GBCSTEM) following the universal proliferation (Ki-67 expression) induced by MeBr 

lesion of the OE (double-headed arrow between GBCSTEM and GBCMPP); and 3) the role of 

upregulation and downregulation of p63 (up arrow and down arrow, respectively) in the 

conversion of horizontal basal cells (HBCs), a putative reserve stem cell population, to and 

from dormancy, respectively. OSN, olfactory sensory neuron. [Color figure can be viewed 

in the online issue, which is available at wileyonlinelibrary.com.]
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Table 1
Antibodies Used in This Study

Primary antibody Immunogen and preparation Source, species, clonality, and cat. 
no.

Dilution

BrdU Bromodeoxyuridine (BrdU) Harlan Sera-Lab, rat monoclonal, cat. 
# BU1/75 (ICR1)

1:200

Ki-67 Recombinant protein corresponding to a 1,086-bp Ki67 
motif-containing cDNA fragment

Novocastra, rabbit polyclonal, cat. # 
NCL-Ki67p

1:200

Ki-67 22-amino acid Ki-67 repeat motif 
(APKEKAQPLEDLASFQELSQ)

BD-Biosciences, mouse monoclonal, 
cat. # 556003 (clone B56)

1:150

p27Kip1 Recombinant-full length mouse p27KIP1 (amino acids 
1–197)

BD-Biosciences, mouse monoclonal, 
cat. # 610241 (clone 57)

1:10,000 (TSA); 
1:300 (FITC 

enhancement)

CK5/6 Purified cytokeratin 5 Millipore, mouse monoclonal, cat. # 
MAB1620 (clone D5/16B4)

1:20

CK14 Synthetic peptide of the extreme C-terminal of human 
keratin 14 (last 15 amino acids) conjugated to 
thyroglobulin

Novocastra, mouse monoclonal, cat. # 
NCL-LL002

1:5

CK14 A synthetic peptide of 15 amino acid residues from the 
C-terminus of human keratin 14

LabVision, rabbit polyclonal, cat. # 
RB-9020-P1

1:50 (AMCA)

CK18 A synthetic peptide corresponding to residues on the C-
terminus of human cytokeratin 18

Abcam, rabbit polyclonal, cat. # 52948 1:200

FITC Fluorescein isothiocyanate (FITC)-conjugated keyhole 
limpet hemocyanin (KLH)

Jackson ImmunoResearch, mouse 
monoclonal, cat. # 200-002-037

1:100

PGP9.5 Human PGP9.5 protein purified from pathogen-free 
human brain

Cedarlane/Ultraclone, rabbit poly-
clonal, cat. # 31A3

1:200 (AMCA)

Tuj-1 Microtubules derived from rat brain Covance, mouse monoclonal, cat. # 
MMS-435P (TuJ1

1:100

NCAM Affinity-purified neural cell adhesion molecule (NCAM) 
from embryonic chicken brain

Dr. J. Covault (Department of 
Psychiatry, University of Connecticut 
Health Center), rabbit polyclonal

1:250
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Table 2

Prevalence of Dividing and Quiescent GBCs as a Function of Epithelial Status1

Status of OE Ki-67(+) GBCs per mm length (%) Ki-67(+)/p27Kip1 (+) GBCs per mm length (%) p27Kip1 (+) GBCs

Normal 90.1 ± 0.5 (66.0) 20.1 ± 4.0 (15.3) 25.4 ± 4.2 (18.7)

2 days post MeBr lesion 217.2 ± 10.4 (76.4) 67.0 ± 3.1 (23.6) 0 (0)

7 days post MeBr lesion 203.2 ± 1.8 (94.3) 11.3 ± 2.7 (5.3) 1.0 ± 0.4 (0.4)

4 days post OB ablation 178.7 ± 16.6 (87.9) 12.5 ± 0.5 (6.2) 12.0 ± 2.0 (5.9)

10 days post OB ablation 144.4 ± 8.0 (86.2) 10.4 ± 1.2 (6.2) 12.6 ± 0.8 (7.6)

1
n = 3 for each treatment condition. See Materials and Methods for details of the profile counts.

Abbreviations: GBCs, globose basal cells; OE, olfactory epithelium; MeBr, methyl bromide; OB, olfactory bulb.
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