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Abstract

The mammalian olfactory neuroepithelium provides a unique system for understanding the

regulation of neurogenesis by adult neural stem cells. Recently, mouse horizontal basal cells

(HBCs) were identified as stem cells that regenerate olfactory receptor neurons (ORNs) and non-

neuronal cell types only after extensive injury of the olfactory epithelium (OE). Here we report a

broader spectrum of action for these cells. We show that even during normal neuronal turnover,

HBCs actively generate neuronal and non-neuronal cells throughout adulthood. This occurs in a

temporally controlled manner: an initial wave of HBC-derived neurogenesis was observed soon

after birth, and a second wave of neurogenesis was observed at 4 months of age. Moreover, upon

selective depletion of mature ORNs by olfactory bulbectomy, HBCs give rise to more neurons.

Our findings demonstrate a crucial role for HBCs as multipotent progenitors in the adult OE,

acting during normal neuronal turnover as well as in acute regeneration upon injury.
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INTRODUCTION

The mammalian olfactory neuroepithelium has long been known for its unique characteristic

of actively generating neurons throughout adulthood, at a rate that by far exceeds

neurogenesis in the subventricular zone and dentate gyrus [1–7]. The adult olfactory

epithelium (OE) is capable of rapid neuronal regeneration and functional recovery after

extensive damage to the tissue, and even under normal physiological conditions, steady-state

neurogenesis takes place to continuously replace apoptotic olfactory receptor neurons

(ORNs) [4]. This robust regenerative capacity, together with the fact that the OE is a simple
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neuroepithelium containing only one type of neuron, namely the ORN, offers an ideal

system for the study of neural stem cells in the adult.

The OE is a pseudostratified neuroepithelium, structurally and functionally highly conserved

among mammals [8, 9]. It consists mainly of ORNs, which migrate to the apical region of

the OE as they mature. The dendrites of mature ORNs are exposed to the apical surface of

the OE, whereas their axons extend basally and exit the OE, eventually projecting to the

olfactory bulb [10]. On the other hand, two types of non-neuronal cells are present in the

OE: sustentacular cells and cells of the Bowman’s glands and ducts. Sustentacular cells are

neuron-supporting cells and occupy the most apical layer of the OE, whereas Bowman’s

glands secrete mucus to the outer surface of the epithelium via ducts that extend through the

OE.

The progenitors of the ORN lineage reside in the basal compartment of the OE, which

consists of two distinct cell types: globose basal cells (GBCs) and horizontal basal cells

(HBCs). HBCs are situated most basally in the OE and are directly attached to the basal

lamina, whereas GBCs lie immediately above the HBC layer. GBCs are associated with

active proliferation and contain direct ORN precursor cells positive for early neuronal

differentiation markers, such as Mash1 and Neurogenin1 [2, 11]. On the other hand, HBCs

divide infrequently and express keratin 5 (K5) and keratin 14 (K14) but are negative for

neuronal markers [12]. Retroviral lineage studies proposed that ORNs derive from GBCs but

not from HBCs, which led to a long-prevailing model holding that the stem cells giving rise

to ORNs reside in the GBC population and that HBCs are outside the ORN lineage [13, 14].

However, a recent fate-mapping study in the mouse, by Leung et al., showed that HBCs can

regenerate both neuronal and non-neuronal cells after extensive lesioning of the OE by

olfactotoxic reagents [15]. However, in intact mice, HBCs remained largely inactive, and

selective depletion of mature ORNs by olfactory bulbectomy did not affect the behavior of

HBCs. Therefore, it was proposed that under normal neuronal turnover conditions, as well

as after selective neuronal loss, GBC progenitors were sufficient for OE regeneration and

that only in the case of more extensive damage did HBCs become active and regenerate the

OE [15]. These findings, however, raised a question as to whether this regenerative capacity

of HBCs after severe lesioning represents a normal physiological process or, rather,

abnormal dedifferentiation [16]. It is noteworthy that Leung et al. used an inducible Cre

activation system, which marked only a small fraction of HBCs at a single time point,

leaving the possibility that HBC behavior and potential had not been fully revealed.

We used a constitutively active Cre system that allowed us to mark a large number of HBCs

in a temporally continuous manner. Our results demonstrate that contrary to the findings of

Leung et al., in intact mice, HBCs give rise to a significant number of ORNs, as well as to

non-neuronal sustentacular and Bowman’s gland/duct cells. HBC-derived ORNs were

observed at as early as postnatal day 10 (P10), up to at least 1 year of age. These results

together suggest that HBCs contain multipotent progenitor cells, which are active during

normal neuronal turnover in the OE and capable of prolonged self-renewal for the lifetime

of an organism. In addition, we performed a time-course study on HBC-derived

neurogenesis through adulthood and observed two temporally distinct waves of
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neurogenesis: an initial wave occurring soon after birth, and a second wave peaking at 4

months of age. Furthermore, in contrast to the findings by Leung et al., selective loss of

mature ORNs induced by olfactory bulbectomy led to a substantial increase in the number of

HBC-derived neuronal and non-neuronal cells. Our findings collectively demonstrate a

crucial role for HBCs as multipotent progenitors in the adult OE, acting in both normal

neuronal turnover and acute regeneration upon injury.

MATERIALS AND METHODS

Mouse Strains and Olfactory Bulbectomy

K5.CrePR1 transgenic mice were generated in the laboratory of Dennis Roop (Baylor

College of Medicine, Houston, TX) [17]. Gt(ROSA)26Sortm1Sor/J (R26R) mice were

purchased from the Jackson Laboratory (Bar Harbor, ME, http://www.jax.org). Unilateral

olfactory bulbectomy was performed on deeply anesthetized mice as described [11]. All

procedures were approved by the Institutional Animal Care and Use Committee at

University of Texas M.D. Anderson Cancer Center.

Tissue Preparation, X-Gal Staining, and Immunofluorescence

Olfactory tissue preparation was performed as described [12], with the exception that 2%

periodate-lysine-paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, was used for fixation.

Cryostat sections were cut at 8–20 µm and processed for X-gal staining and

immunofluorescence as described [18]. For cell counting experiments, cryostat sections

were cut at 5–10 µm. Sections stained with X-gal were counterstained with eosin. The

following primary antibodies were used for immunofluorescence: polyclonal rabbit anti-Cre

recombinase (1:500; Covance, Princeton, NJ, http://www.covance. com), monoclonal mouse

anti-K14 (1:100; Abcam, Cambridge, MA, http://www.abcam.com), polyclonal rabbit anti-

β-galactosidase (1:500; MP Biomedicals, Irvine CA, http://www.mpbio.com), monoclonal

mouse anti-neuronal class III β-tubulin (TuJ1; 1:200; Covance), polyclonal goat anti-

olfactory marker protein (1:1,000; Wako Chemical, Osaka, Japan, http://www.wako-

chem.co.jp/english), polyclonal rabbit anti-Mash1 (1:2,000; gift from Jane E. Johnson),

polyclonal chicken anti-β-galactosidase (1:200; Abcam), and monoclonal rat anti-Notch 2

(1:50; Developmental Studies Hybridoma Bank, Iowa City, IA, http://www.uiowa.edu/

~dshbwww). The following secondary antibodies were used: goat anti-rabbit Alexa 488,

donkey anti-mouse Alexa 594, donkey anti-rabbit Alexa 594, goat anti-mouse Alexa 488,

donkey anti-goat Alexa 488, goat anti-chicken Alexa 488, and goat anti-rat Alexa 488

(Molecular Probes, Eugene, OR, http://probes.invitrogen.com).

RESULTS

HBC-Specific Lineage Analysis in the Mouse

To investigate the neurogenic potential of HBCs in vivo, we performed a cell lineage

analysis of HBCs using the Cre-loxP system in the mouse. We used K5.CrePR1 transgenic

mice [17], in which the K5 promoter drives expression of a Cre-progesterone receptor fusion

protein [19]. To test whether CrePR1 expression is HBC-specific in this strain, we

performed double immunofluorescence using antibodies for Cre and K14. In K5.CrePR1
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mice at P26, 3 months, and 6 months of age, a significant overlap of Cre and K14 expression

was observed in the OE (Fig. 1; data not shown). Cre expression was seen exclusively in the

HBC layer of the OE and absent in all other regions of the olfactory tissue. Although a

subset of K14+ HBCs was negative for Cre expression (Fig. 1D, 1H, arrows), the majority

were Cre+. Importantly, Cre+ cells always accompanied K14 expression, at all ages

examined (Fig. 1; data not shown), indicating that K5.CrePR1 can be used as a specific Cre

strain for HBCs.

CrePR1 is a conditional Cre whose recombinase activity is induced by RU486 [17].

However, we noted that in the HBCs, CrePR1 does not require RU486 for its recombinase

activity (supplemental online Fig. 1). In fact, similar background recombinase activity in the

absence of RU486 has been reported in oral epithelium of K5.CrePR1 mice and may be

caused by cryptic splice sites in CrePR1 mRNA, resulting in aberrantly spliced mRNA

lacking part of the PR1 domain [20, 21]. Therefore, in the following experiments,

K5.CrePR1 was used as a constitutively active Cre strain, and no RU486 administration was

performed. To genetically mark HBCs and track their cell fate, K5.CrePR1 mice were

crossed to the Cre reporter strain R26Rwhich expresses LacZ upon Cre-mediated

recombination [22]. Embryonic ectoderm-specific recombination of R26R confirmed that

this reporter locus was capable of driving LacZ expression in all cell types of the adult OE

(supplemental online Fig. 2).

HBCs Give Rise to Neurons and Non-Neuronal Cells in the OE

We followed the cell fate of HBCs by analyzing LacZ expression in K5.CrePR1: R26R

double-heterozygous mice at various ages. At P3, rare cells that were weakly positive for β-

galactosidase (β-gal) activity were seen scattered in the OE (Fig. 2A, 2B, arrows). These

cells were seen as 1–2 cells tightly associated with the basal lamina, confirming that they

were HBCs. P3 represented the onset of Cre reporter activity as β-gal activity could not be

detected at earlier stages (data not shown). By P10, the number of β-gal+ HBCs, as well as

the intensity of β-gal activity in HBCs, had increased (Fig. 2C, 2D, straight arrow). Notably,

a small number of β-gal+ cell clusters containing non-HBCs were observed (Fig. 2D). The

number of β-gal+ HBCs rapidly increased and by 2 weeks, approximately half of all HBCs

were β-gal+ (data not shown). By 1 month, the majority of HBCs were β-gal+ (Fig. 2E, 2F,

straight arrow), and a small number of β-gal+ non-HBCs were observed (Fig. 2E, 2F, curved

arrows). These non-HBCs appeared to be a mixture of GBCs (Figs. 2D, 3B, 3C, brackets)

and ORNs (Fig. 2D, 2F, curved arrows), as judged by their position in the OE and cell

morphology. At 4 months, large β-gal+ cell clusters containing many tentative ORNs were

observed (Fig. 2G, 2H). To test whether they indeed represented cells of the ORN lineage,

we examined the expression of neuronal class III β-tubulin (detected by the TuJ1 antibody),

olfactory marker protein (OMP) (which is a marker for mature ORNs [23]), and Mash1

(which is an early neuronal differentiation marker expressed in a subset of GBCs). Double

immunofluorescence revealed β-gal+/TuJ1+ cells and β-gal+/OMP+ cells (Fig. 2I, 2J),

demonstrating the presence of ORNs derived from HBCs, as well as β-gal+/Mash1+ cells,
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demonstrating the presence of GBCs derived from HBCs (Fig. 2K). HBC-derived GBCs and

ORNs were in most cases grouped in a small number of clusters scattered throughout the

tissue.

In addition to cells of the ORN lineage, β-gal+ cells with the morphology and epithelial

position characteristic of sustentacular cells (Fig. 3A, curved arrows) and Bowman’s gland

and duct cells (Fig. 3B, 3C, asterisks) were observed. These β-gal+ non-neuronal cells were

always in close proximity with β-gal+ ORN lineage cells. Non-neuronal cells derived from

HBCs were rare; of 164 β-gal+ cell clusters from 18 animals, only 5 clusters contained

Bowman’s gland/duct cells, whereas 20 contained sustentacular cells, in which sustentacular

cells on average made up less than 5% of the total cell number in a cluster (data not shown).

The scarcity of HBC-derived non-neuronal cells hampered marker analysis to further

characterize these cells; however, we confirmed the presence of HBC-derived cells

expressing a sustentacular cell-specific marker in bulbectomized mice (Fig. 5H). The vast

majority of HBC-derived cells were of the ORN lineage, that is, GBCs (Fig. 3B, 3C,

brackets) and/or ORNs (Fig. 2G, 2H). Moreover, all clusters observed contained at least one

cell of the ORN lineage. In other words, clusters consisting of only non-neuronal cells were

never observed. These data collectively suggest the presence of multipotent progenitors

within the HBC population, which during normal neuronal turnover generate all cell types in

the OE (i.e., the ORN lineage cells and the non-neuronal sustentacular cells and Bowman’s

gland/duct cells).

Two Waves of HBC-Derived Neurogenesis

To comprehensively understand the function of HBCs during development, we made serial

sections through the entire olfactory tissue of K5.CrePR1: R26R double-heterozygous mice

at different ages and examined the number of HBC-derived neuronal clusters, as well as the

cellular composition of individual clusters. Counting of clusters was not difficult, as they

were relatively rare and widely dispersed in the tissue, which enabled the distinction of one

cluster from another by visual inspection. However, to use an objective criterion for how to

define a cluster, we chose 150 µm as the maximum distance allowed between two adjacent

cells in the same cluster. The cellular composition of clusters was determined by classifying

β-gal+ cells into GBCs, ORNs, and sustentacular cells on the basis of the morphology and/or

position of a given cell in the OE. Thus, GBCs were defined as cells located immediately

above HBCs (Fig. 3B, 3C, brackets). Sustentacular cells were defined as column-shaped

cells in the most apical layer of the OE (Fig. 3A, curved arrows). Cells positioned between

GBCs and sustentacular cells were counted as ORNs (Fig. 2F, curved arrows).

We started our quantification at P10, which is when the number of β-gal+ HBCs and the

intensity of β-gal activity in HBCs increases and when we first started to see β-gal+ neuronal

clusters. As shown in Figure 4A, the number of clusters per animal at P10 was small (3.60 ±

0.68 clusters; mean ± SEM; n = 5 animals). These clusters mostly consisted of GBCs with a

smaller number of ORNs (18.87 ± 4.86 GBCs; 6.40 ± 1.50 ORNs; Fig. 4A, 4B), which is in

accordance with a HBC-GBCORN sequence, with GBCs as intermediates in the neuronal

differentiation pathway [15]. At 1 month, however, the cellular composition of clusters

showed a reversal of the ratio between GBCs and ORNs, with only a small number of GBCs
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and more ORNs present (0.88 ± 0.37 GBCs, 9.19 ± 1.71 ORNs; Fig. 4A, 4B). These data

suggest that during the period between P10 and 1 month, the initially produced GBCs had

differentiated into ORNs, whereas no new GBCs were produced. The numbers of GBCs and

ORNs per cluster remained alike at 2 months (1.06 ± 0.23 GBCs, 9.93 ± 2.74 ORNs; Fig.

4A, 4B). However, at 4 months, a significant rise in the numbers of GBCs and ORNs per

cluster was observed (9.92 ± 1.48 GBCs, 33.86 ± 6.26 ORNs; Fig. 4A, 4B), which, together

with an overall rise in the number of clusters (12.00 ± 1.84 clusters; Fig. 4A), resulted in an

increase of more than sixfold in the total cell number per animal compared with earlier time

points (Fig. 4C). This surge in neurogenesis implies a rising demand for neuronal

replacement between 2 and 4 months, urging HBCs to initiate a new round of neurogenesis.

These data demonstrate two waves of neurogenesis from HBCs, the first wave occurring

soon after birth and the second wave at 4 months of age, suggesting a temporal control

mechanism of neurogenic activity. The first wave of neurogenesis may correlate to epithelial

expansion, which occurs during the early postnatal period [24]. Some studies have estimated

the life span of ORNs to be 1–3 months long, which suggests that the two distinct waves

reflect the intrinsic turnover rate of ORNs [3, 25]. On the other hand, sustentacular cells

derived from HBCs were not observed until 4 months, and their number remained extremely

low throughout adulthood (Fig. 4A).

As age increased, a modest rise in the number of neuronal clusters was observed between 4

and 12 months, whereas the overall cell number per cluster, as well as per animal, declined

during this period (Fig. 4A–4C). However, compared with mice younger than 4 months, the

total number of HBC-derived cells was significantly higher in aged mice (Fig. 4C). Previous

studies reported an age-related increase in ORN cell death, which might contribute to the

overall high number of HBC-derived neurons in old mice so as to compensate for more

severe ORN loss [26].

Olfactory Bulbectomy Enhances HBC-Derived Neurogenesis

Next, we sought to understand the behavior of HBCs upon the need for rapid, large-scale

neuronal regeneration in the OE. To do so, we performed olfactory bulbectomy, by which

the olfactory axons connected to the olfactory bulb are destroyed. This leads to selective cell

death of all mature ORNs in the OE and triggers a substantial increase in basal cell

proliferation so as to reconstitute the OE [12, 27]. Unilateral olfactory bulbectomy was

performed on 2-month-old K5.CrePR1: R26R double-heterozygous mice, and 30 days later

the mice were sacrificed and analyzed for the number of HBC-derived neuronal clusters and

their cellular composition. Remarkably, the OE on the ipsilateral side of the lesioned

olfactory bulb (lesioned OE) showed very large clusters, some of which contained more than

1,000 ORNs (Fig. 5; Table 1). Interestingly, these clusters also contained a substantial

number of sustentacular cells, which were never observed in the OE on the contralateral side

of the lesioned olfactory bulb (control OE) (Fig. 5B, 5F, arrows; Table 1). Likewise,

whereas clusters in control OE did not contain any Bowman’s gland/duct cells, 2 clusters of

45 examined in lesioned OE contained Bowman’s gland/duct cells (Fig. 5B, 5D; asterisks).

The expanded clusters were found on various sites within lesioned OE, including the

anterior region of the tissue, indicating that the increase of neurons and non-neurons did not

result from direct damage due to a tear in the cribiform plate. We examined the expression
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of OMP and Notch 2, a marker for sustentacular cells [28], in clusters in lesioned OE. The

number of ORNs expressing OMP was greatly reduced in lesioned OE (compare Fig. 5G

with Fig. 2J), as was reported previously [29], yet several β-gal+/OMP+ cells were observed

(Fig. 5G, arrow). In addition, clusters contained β-gal+/Notch 2+ cells (Fig. 5H, arrowheads),

demonstrating the presence of HBC-derived sustentacular cells after bulbectomy. In each

animal that we examined (n = 3 animals), there was an increase of more than sevenfold in

the total number of GBCs and an increase of more than ninefold in the total number of

ORNs in lesioned OE compared with control OE; these increases were attributed to the

increase of GBCs and ORNs per cluster in lesioned versus control OE (Table 1). A slight

overall increase in the number of clusters was observed as well, although this increase was

statistically insignificant (t test: p = .38). Together, these data demonstrate that acute,

selective depletion of mature ORNs leads to an increase in the number of neuronal cells and

sustentacular cells derived from HBCs.

DISCUSSION

Our study demonstrates the ability of HBCs to give rise to all cell types, neuronal and non-

neuronal, in the adult OE. Furthermore, the presence of HBC-derived cells throughout

adulthood and the generation of large clusters from HBCs upon mature ORN depletion

together strongly suggest the presence of long-lived, multipotent progenitors in the HBC

population that maintain the OE during normal neuronal turnover and replenish the OE upon

injury. We present a model in which HBCs undergo either self-renewal or differentiation

into neuronal and non-neuronal lineages (Fig. 6). As the vast majority of HBC-derived cells

were neuronal, both in normal and in injured OE, we propose that the primary course of

action for HBCs is to give rise to GBCs and eventually to ORNs. At a lower frequency,

HBCs also proceed toward non-neuronal differentiation into sustentacular cells or

Bowman’s gland/duct cells.

We performed a detailed time-course study of HBC-derived neurogenesis during normal

development and uncovered temporal regulation of HBC activity. The first wave of HBC-

derived neurogenesis was observed to occur at P10, which was shortly after β-gal+ HBCs

had started to become vaguely visible at P3. We do not know whether HBCs give rise to

neurons during embryogenesis, as β-gal activity in HBCs could not be detected until P3. The

second wave of HBC-derived neurogenesis took place at 4 months of age, which suggested

that after the first wave, HBCs remained quiescent for 2–3 months. The surge in

neurogenesis at 4 months implies a rising demand for neuronal replacement, which could be

at least in part due to the limited life span of ORNs generated at P10, urging HBCs to initiate

a new round of neurogenesis.

We examined the effect of mature ORN depletion on HBC behavior by performing olfactory

bulbectomy on our transgenic mice. As a result, we observed a dramatic increase in the total

number of HBC-derived neurons and sustentacular cells in lesioned OE compared with

control OE. However, the number of clusters in lesioned OE was not significantly increased,

suggesting that olfactory bulbectomy does not increase the number of actively neurogenic

HBCs. The overall increase in HBC-derived cells was instead due to the larger number of

cells per cluster in lesioned versus control OE. Whereas the maximum number of ORNs per

Iwai et al. Page 7

Stem Cells. Author manuscript; available in PMC 2014 July 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cluster in control OE was 77, some clusters in lesioned OE contained more than 1,000

ORNs. As it was reported previously that olfactory bulbectomy increases the number of

bromodeoxyuridine (BrdU)-positive GBCs but not the number of BrdU-positive HBCs, we

speculate that the increase of ORNs per cluster was caused mainly by GBCs undergoing

more cell divisions [15]. Yet in addition to increased proliferation at the GBC level, it is

possible that active HBCs underwent more cell divisions, which, given the limited number

of these cells, would not necessarily contribute to a detectable change in overall HBC

proliferation.

Our findings differ from those by Leung et al. who observed clusters of HBC-derived

neurons and non-neuronal cells only after an extensive injury of the OE by exposure to

methyl bromide gas, which destroys sustentacular cells, ORNs, and most GBCs. They

reported that HBCs remain largely quiescent during normal neuronal turnover or even after

mature ORN depletion and proposed that HBCs serve as a reservoir of stem cells that

become active exclusively when GBC progenitors are depleted. In contrast, we observed a

significant number of HBC-derived neurons and non-neuronal cells in normal mice and an

increase of those cells after mature ORN depletion. We attribute this discrepancy to a

difference in the experimental system used. Leung et al. used a tamoxifen-inducible Cre

activation system in which a single dose of tamoxifen was given to 2–3-week-old mice,

resulting in the marking of only approximately 10% of all HBCs, at a single time point [15].

We, on the other hand, used a constitutively active Cre system, which allowed us to mark

approximately 70% of HBCs in a temporally continuous manner. As a result, our fate

mapping was robust enough to detect HBC-derived clusters in normal mice, from as early as

P10. Our findings present HBCs as a source of multipotent progenitors, which participate in

normal OE maintenance even in the presence of GBC progenitors.

It is interesting to note that despite our broad cell marking system, the number of HBC-

derived cells was limited even after olfactory bulbectomy, which causes massive ORN cell

death [26, 31]. There are several possible explanations for this. With our cell marking

system, Cre reporter activity in HBCs was first detected at P3, and it was not until 1 month

of age that the majority of HBCs were β-gal+. Therefore, insufficient marking of early

postnatal HBCs may have led to an underrepresentation of the number of HBC-derived

neurons, especially in young mice. Considering the general ORN life span of 1–3 months [3,

25], with one study reporting that some ORNs survive for 12 months [32], it is possible that

unmarked, early HBCs generated neurons that were not β-gal+ but long-lived, leading to an

underestimation of HBC-derived neurons. However, it should also be noted that the number

of HBC-derived neurons remained limited at 12 months of age (Fig. 4) and even in 2-year-

old mice (data not shown). Therefore, it is highly unlikely that insufficient marking of early

postnatal HBCs was the only factor accounting for the limited number of HBC-derived

neurons. A more likely explanation would be that only a few multipotent progenitors exist

within the HBC population or that all HBCs possess multipotency but only a few are

mobilized, at least in normal and bulbectomized mice. In terms of gene expression, HBC-

specific genes known to date are expressed homogeneously in all HBCs [12], and it remains

to be answered whether a subpopulation of HBCs can be identified as active progenitors by

means of gene expression or other characteristics.
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Importantly, the limited number of active HBCs contributing to only a portion of the OE

suggests that HBCs are not the sole source of multipotent progenitors in the OE. Several

studies have suggested that GBCs contain not only committed neuronal progenitors but also

multipotent progenitors, which, following methyl bromide gas-induced tissue damage, can

generate both neuronal and non-neuronal cells [14, 33, 34]. Moreover, during early

development, distinct HBCs cannot be observed until late embryogenesis [24, 35, 36],

whereas GBCs are present from as early as embryonic day 10 [37], suggesting that HBCs

may derive from GBCs in embryonic OE. In adult OE, a picture emerges where HBCs and

GBCs each contain a group of multipotent progenitors that have similar abilities but function

in different settings. In normal OE, with a steady demand for new neurons, multipotent

GBCs may be the main workforce in maintaining the OE, whereas multipotent HBCs play a

supplementary role. However, when the OE is damaged, multipotent HBCs become crucial

for enhanced regeneration, and the robustness of HBC participation likely depends on the

degree of damage, with methyl bromide gas exposure imposing more extensive injury

compared with olfactory bulbectomy [15].

CONCLUSION

In this study we have shown the presence of HBCs that possess multipotency in vivo.

However, it remains to be addressed whether they possess other stem cell characteristics,

such as self-renewal and the ability to repopulate the entire epithelium. Of equal interest

would be to decipher the relationship and balance between multipotent progenitors in HBCs

and GBCs. In this context, the OE provides an excellent system for studying the interaction

between multiple lineages in a dynamic environment. The OE is an ideal source of stem

cells to be used for autologous transplantation, as the anatomy of the tissue facilitates

biopsy, and further characterization of olfactory neural stem cells may therefore provide

promising clinical implications [38–40].
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Figure 1.
Horizontal basal cell (HBC)-specific Cre expression in K5.CrePR1. K5.CrePR1 tg/+ mice at

P26 (A–D) and 6m (E–H) were examined for Cre and K14 expression by double

immunofluorescence. The majority of HBCs were Cre+whereas a subset was Cre+ (arrows).

No Cre+/K14+ cells were seen. The intracellular localization of Cre was primarily

cytoplasmic, with a subset of cells showing Cre in the nucleus as well (arrowheads). Scale

bars = 55 µm (A, E) and 55 µm (B–D, F–H). Abbreviations: m, months; P, postnatal day.
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Figure 2.
Horizontal basal cells (HBCs) give rise to neuronal cells in the olfactory epithelium (OE).

(A–H): K5.CrePR1 tg/+: R26R+/− mice at P3 (A, B), P10 (C, D)1m (E, F), and 4m (G, H)
were examined for β-gal activity by X-gal staining. Insets in (A, C, E, G) are enlarged in (B,
D, F, H), respectively. Arrowheads in (B, D, F, H) indicate the position of the basal lamina.

(A, B): At P3, infrequent β-gal+ HBCs were observed (arrows). (C, D): By P10, the number

of β-gal+ HBCs, as well as the intensity of β-gal activity in HBCs, had increased (straight

arrow). Notably, β-gal+ cell clusters containing tentative globose basal cells (GBCs)
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(bracket) and olfactory receptor neurons (ORNs) (curved arrow) were observed. (E, F): By

1m, the majority of HBCs were β-gal+ (straight arrow). β-Gal+ tentative ORNs were

observed (curved arrows). (G, H) At 4m, β-gal+ cell clusters containing many tentative

ORNs were observed. (I, J, K): K5.CrePR1 tg/+: R26R+/− mice at 2–3m were examined

for β-gal/TuJ1 (I)β-gal/OMP (J), and β-gal/Mash1 (K) expression by double

immunofluorescence. Dotted lines indicate the position of the basal lamina. The presence of

β-gal+/TuJ1+ (I) and β-gal+/OMP+ cells (J) demonstrated that HBCs had generated ORNs.

The presence of β-gal+/Mash1+ cells (K) demonstrated that HBCs had generated Mash1+

GBCs. Arrowheads point to Mash1+ GBCs that are negative for β-gal (K). The red signal in

the apical region of the OE corresponds to nonspecific binding of the secondary antibody

(K). Scale bars = 60 µm (A, C, E, G)60 µm (B, D, F, H), and 55 µm (I, J, K).
Abbreviations: β-gal, β-galactosidase; m, months; OMP, olfactory marker protein; P,

postnatal day; TuJ1, neuronal class III β-tubulin.
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Figure 3.
Horizontal basal cells (HBCs) give rise to non-neuronal cell types in the olfactory

epithelium (OE). Four-month-old K5.CrePR1 tg/+: R26R+/− mice were examined for β-

galactosidase (β-gal) activity by X-gal staining. Straight arrows and brackets indicate the

position of HBCs and globose basal cells, respectively. (B) and (C) are adjacent sections. In

addition to multiple olfactory receptor neurons, sustentacular cells positive for β-gal were

observed ([A], curved arrows). These cells have large, columnar cell bodies located in the

most apical layer of the OE. β-Gal+ Bowman’s gland cells ([B], asterisk) and duct cells ([C],
asterisk) were also observed. Gland cells are located in the lamina propria beneath the OE

and extend a duct-like structure that traverses the OE. Scale bar = 50 µm (A–C).
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Figure 4.
Two waves of horizontal basal cell (HBC)-derived neurogenesis. K5.CrePR1 tg/+: R26R+/−

mice at various ages ranging from P10 to 12m were examined for the number of β-

galactosidase (β-gal+) neuronal clusters in the olfactory epithelium per animal (clusters/

animal), the cellular composition of individual clusters (cluster composition), and the total

number of β-gal+ cells per animal (total cells/animal) (A). All numbers represent the average

± SEM of data obtained from five animals per age. In parentheses is shown the range of

each data set. (B, C): Graphical presentations of (A), regarding cluster composition and total

cells per animal, respectively. For simplicity, the data on SUSs are excluded. The first wave

of HBC-derived neurogenesis started at P10, and the second wave peaked at 4m of age.

Abbreviations: GBC, globose basal cell; m, months; ORN, olfactory receptor neuron; SUS,

sustentacular cell.

Iwai et al. Page 16

Stem Cells. Author manuscript; available in PMC 2014 July 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Olfactory bulbectomy enhances horizontal basal cell-derived neurogenesis. Unilateral

olfactory bulbectomy was performed on 2-month-old K5.CrePR1 tg/+: R26R+/− mice.

Thirty days later, olfactory epithelium (OE) on the contralateral side of the lesioned bulb

(control) and on the ipsilateral side of the lesioned bulb (lesioned) was examined for β-gal

activity by X-gal staining (A–F). Both control (A, C, E) and lesioned (B, D, F) tissues

shown are from the same animal. (A, C, E) represent every third section through the largest

cluster found in control OE, whereas (B, D, F) represent every third section through the
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largest cluster found in lesioned OE. Arrows point to sustentacular cells, and asterisks

indicate cells of Bowman’s glands and ducts (B, D, F). Lesioned OE was examined for β-

gal/OMP (G) and β-gal/Notch 2 (H) expression by double immunofluorescence. Dotted

lines indicate the position of the basal lamina. The arrow points to a β-gal+/OMP+ olfactory

receptor neuron (G). Arrowheads point to β-gal+/Notch 2+ sustentacular cells (H). Scale bars

= 60 µm (A–F) and 60 µm (G, H). Abbreviations: β-gal, β-galactosidase; OMP, olfactory

marker protein.

Iwai et al. Page 18

Stem Cells. Author manuscript; available in PMC 2014 July 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
Model of HBC differentiation pathways. HBCs undergo self-renewal or differentiation

mainly into GBCs, which eventually produce ORNs. HBCs can also proceed toward

differentiation into SUSs or BG cells, albeit at a lower frequency. Abbreviations: BG,

Bowman’s gland and duct; GBC, globose basal cell; HBC, horizontal basal cell; ORN,

olfactory receptor neuron; SUS, sustentacular cell.
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