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The olfactory epithelium (OE) is one of the few tissues to undergo constitutive neurogenesis throughout the mammalian lifespan.
It is composed of multiple cell types including olfactory sensory neurons (OSNs) that are readily replaced by two populations of
basal stem cells, frequently dividing globose basal cells and quiescent horizontal basal cells (HBCs). However, the precise mech-
anisms by which these cells mediate OE regeneration are unclear. Here, we show for the first time that the HBC subpopulation of
basal stem cells uniquely possesses primary cilia that are aligned in an apical orientation in direct apposition to sustentacular cell
end feet. The positioning of these cilia suggests that they function in the detection of growth signals and/or differentiation cues. To
test this idea, we generated an inducible, cell type-specific Ift88 knock-out mouse line (K5rtTA;tetOCre;Ift88fl/fl) to disrupt cilia
formation and maintenance specifically in HBCs. Surprisingly, the loss of HBC cilia did not affect the maintenance of the adult OE
but dramatically impaired the regeneration of OSNs following lesion. Furthermore, the loss of cilia during development resulted in
a region-specific decrease in neurogenesis, implicating HBCs in the establishment of the OE. Together, these results suggest a novel
role for primary cilia in HBC activation, proliferation, and differentiation.
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Introduction
Neurogenesis occurs from the self-renewal and differentiation
of neural stem cells (NSCs; Gage, 2000). While prevalent dur-
ing development, NSCs are also found in the adult nervous

system, in the olfactory epithelium (OE), subventricular zone
(SVZ) of the lateral ventricle, and the subgranular zone of the
hippocampus (Gage, 2000; Alvarez-Buylla and Garcia-
Verdugo, 2002; Lie et al., 2004). Factors and mechanisms that
regulate cell proliferation, migration, differentiation, and sur-
vival during development can be active in the adult nervous
system, allowing for tissue repair and neuroplasticity (for re-
view, see Lie et al., 2004). Unlike most sensory systems, the OE
is able to reconstitute both neuronal and non-neuronal pop-
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Significance Statement

We show for the first time the presence of primary cilia on a quiescent population of basal stem cells, the horizontal basal cells
(HBCs), in the olfactory epithelium (OE). Importantly, our data demonstrate that cilia on HBCs are necessary for regeneration of
the OE following injury. Moreover, the disruption of HBC cilia alters neurogenesis during the development of the OE, providing
evidence that HBCs participate in the establishment of this tissue. These data suggest that the mechanisms of penetrance for
ciliopathies in the OE extend beyond that of defects in olfactory sensory neurons and may include alterations in OE maintenance
and regeneration.
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ulations following injury and neuronal death via the action of
resident populations of olfactory stem cells (Graziadei and
Graziadei, 1979; Calof and Chikaraishi, 1989; Edge and Chen,
2008). Olfactory sensory neurons (OSNs) are unique in that
they directly contact both the external environment and the
brain. While this direct contact allows OSNs to detect odors, it
also exposes the OE to insults from toxins, bacteria, and vi-
ruses leading to cell death. Therefore, the capacity for neuro-
genesis and the replacement of OSNs is critical for
maintaining this important sensory system.

The OE is composed of OSNs, supporting sustentacular
(SUS) cells, Bowman’s gland duct cells, and two groups of basally
located stems cells, globose basal cells (GBCs) and horizontal
basal cells (HBCs). GBCs and HBCs are considered to be progen-
itor or stem cells of the OE, and are capable of promoting regen-
eration and neurogenesis both for tissue homeostasis and in
response to injury (Barber, 1982; Costanzo, 1991; Leung et al.,
2007). GBCs are a heterogeneous population of actively cycling
cells that are composed of immediate neuronal progenitors and
transit-amplifying precursors committed to producing neurons
as well as multipotent precursors that can produce non-neuronal
cells (Jang et al., 2014). HBCs are a homogeneous population of
multipotent, quiescent cells (Holbrook et al., 1995; Carter et al.,
2004; Iwai et al., 2008). Following the selective death of olfactory
neurons, as occurs in response to olfactory bulbectomy, primar-
ily GBCs replace OSNs through differentiation, while HBCs re-
main quiescent (Caggiano et al., 1994; Huard et al., 1998; Leung
et al., 2007). In lesion models, such as exposure to methyl bro-
mide or ablation with methimazole (MMI), in which SUS cells
and GBCs are affected, HBCs have been shown to contribute to
the regeneration of the OE (Leung et al., 2007; Iwai et al., 2008).
While the cell types involved are known, the precise mechanisms
controlling regeneration and homeostasis are unclear. Impor-
tantly, the molecular regulation of olfactory basal stem cells, in-
cluding their activation and proliferation in response to injury
and cell fate determination during differentiation, remains
largely unknown.

Primary cilia have important roles in cell proliferation, differ-
entiation, and regulation of the cell cycle (for review, see Irigoín
and Badano, 2011). There is growing evidence that primary cilia
regulate neurogenesis and/or proper differentiation of adult stem
cells into amplifying progenitor cells or glial cells in the SVZ and
hippocampus (Amador-Arjona et al., 2011; Kumamoto et al.,
2012; Tong et al., 2014). Consequently, when cilia are disrupted
in these systems, cilia-mediated signaling pathways, such as sonic
hedgehog, and cilia-modulated signaling pathways, such as Wnt,
are also disrupted (Kumamoto et al., 2012; Tong et al., 2014).
These findings demonstrate the important role that cilia play in
the signaling pathways that are essential for proper cell differen-
tiation during development and adult homeostasis.

Here, we show that HBCs possess primary cilia, suggesting a
potential mechanism for the molecular regulation of olfactory
basal stem cells in the OE. In mice in which HBCs lacked cilia, the
OE showed limited regeneration following the lesion, with a sig-
nificant reduction of mature OSNs. Additionally, when HBC cilia
were removed early in development, specific regions of the OE
were found to have a significant reduction in OSNs. These data
identify HBC cilia as a previously unrecognized signaling struc-
ture in the OE, provide mechanistic insight into the regulation of
HBCs during olfactory regeneration, and indicate a potential role
for HBCs in OE development.

Materials and Methods
Mouse strains and genotyping. All mice were maintained on a mixed
genetic background. Transgenic Arl13b-EGFPtg mice were provided by
David Clapham (Harvard University, Cambridge, MA). EGFP-CETN2
mice were obtained from The Jackson Laboratory (stock #008234; Hig-
ginbotham et al., 2004). Conditional deletion of Ift88 from olfactory
horizontal basal cells was achieved by the use of a doxycycline (dox)-
inducible Cre recombinase (Cre) mouse model. This model used mice
carrying the following three alleles: (1) a Keratin5 (K5) promoter driving
expression of the reverse tetracycline transactivator (rtTA; K5rtTA; Dia-
mond et al., 2000); (2) a tetracycline operator (TetO) to permit expres-
sion of Cre (TetOCre; Mucenski et al., 2003); and (3) a floxed Ift88fl/� to
ablate cilia (the � allele has exons 4 – 6 deleted from Ift88; Haycraft et al.,
2007). K5rtTA and TetOCre mice provided by Andrzej Dlugosz (Univer-
sity of Michigan, Ann Arbor, MI). Ift88fl/� mice were provided by Bradley
Yoder (University of Alabama at Birmingham, Birmingham, AL). Re-
moval of Arl13b from olfactory horizontal basal cells was achieved using
a similar strategy with a floxed Arl13b (exon 2; Su et al., 2012) mouse
provided by Tamara Caspary (Emory University, Atlanta, GA). All mice
of either sex were housed and maintained according to the University of
Michigan and University of Florida institutional guidelines. All protocols
for mouse experimentation were approved by the University of Michigan
and the University of Florida Committees on the Use and Care of Ani-
mals. Genotyping was performed using primers and PCR parameters
from previously published studies, which are referenced above.

Doxycycline transgene induction and olfactory epithelium lesion. Mice
were fed doxycycline chow (200 mg/kg doxycycline, Bio-Serv) and water
(200 �g/ml doxycycline, 5% sucrose, Thermo Fisher) starting at either
embryonic day 16 (E16) or postnatal day 28 (P28) and remained on a
doxycycline-containing diet until they were killed. Based on an approx-
imate daily food intake of 4 g/mouse and water intake of 6 ml/mouse
(Bachmanov et al., 2002), mice consumed �2 mg of doxycycline/d
(0.8 mg in chow and 1.2 mg in water). P28 doxycycline-treated K5rtTA;
TetOcre;Ift88fl/fl mice or K5rtTA;TetOcre;Arl13bfl/fl mice and respective
control littermates received an intraperitoneal injection of methimazole
(2-mercapto-1-methylimidazole, 75 mg/kg in sterilized 1� PBS; Sigma-
Aldrich) 4 weeks after the start of the doxycycline-containing diet. These
mice were maintained on a doxycycline-containing diet until they were
killed 8 weeks after methimazole treatment.

Tissue collection and preparation. Mice were anesthetized with 30%
Fluriso (isoflurane, VetOne), transcardially perfused with 4% parafor-
maldehyde (PFA), and decapitated, and their heads were fixed in 4% PFA
for 12–16 h at 4°C. Tissue was then decalcified in 0.5 M EDTA (Thermo
Fisher)/1� PBS overnight at 4°C; cryoprotected in 10% (1 h), 20% (1 h),
and 30% sucrose/1� PBS overnight at 4°C; and frozen in OCT com-
pound (Tissue Tek). Sections of the olfactory epithelium and olfactory
bulb (OB) that were 10 –12 �m in size were collected on a Leica CM1860
cryostat.

Immunohistochemistry. For all immunofluorescence, antigen retrieval
was used. For antigen retrieval, tissue sections were rinsed in 1� PBS to
remove OCT then incubated in citrate buffer, pH 6.0, for 30 min at 90°C,
cooled for 20 min at room temperature, then washed with distilled water for
5 min. Sections were blocked with 2% donkey or goat serum and 1% BSA in
1� PBS, and were incubated overnight in primary antibody. Antibodies
were used at the following dilutions: mIgG2a anti-p63 (1:200; BioCare Med-
ical); mIgG2a anti-ARL13B (1:500; Neuromab); rabbit anti-ARL13B (1:500;
Proteintech); mIgG1 anti-�-tubulin (1:500; Sigma-Aldrich); rabbit anti-K5
(1:2500; Covance); chicken anti-green fluorescent protein (GFP; 1:500; Ab-
cam); rabbit anti-K18 (1:500; Abcam); mIgG1 anti-MASH1 (1:100; BD
PharMingen); mIgG2b anti-SEC8 (1:500; BD Transduction Laboratory);
rabbit anti-lysine-specific demethylase 1 (LSD1; 1:500; Abcam); goat anti-
olfactory marker protein (OMP; 1:1000; Wako Chemicals); mouse anti-Cre
(1:500; Millipore); mouse anti-� acetylated tubulin (1:1000; Sigma); rabbit
anti-AC3 (1:2000; EnCor Biotechnology); and rabbit anti-tyrosine hydrox-
ylase (TH; 1:500; Millipore). Sections were washed in 1� PBS three times for
5 min each at room temperature and then incubated with Alexa Fluor-
conjugated secondary antibodies (1:1000) for 1 h at room temperature. Tis-
sue sections were then incubated with DAPI (5 mg/ml; Invitrogen) for 5 min,
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washed two times with 1� PBS, and then sealed with coverslips mounted
with ProLong Gold (Invitrogen).

For the detection of Cre, tissue sections were rinsed in 1� PBS to
remove OCT, puddled with citrate buffer, and steamed for 10 min in
a glass jar in a hot water bath. Sections were blocked with 2% donkey
or goat serum/5% dry non-fat milk/4% BSA/1% TTX100 in 1� PBS

and incubated overnight in primary anti-
body. For detection of GFP, tissue sections
were rinsed in 1� PBS to remove OCT, pud-
dled with citrate buffer, and steamed for 10
min in a glass jar in a hot water bath. Sections
were blocked with 2% donkey or goat serum/
0.3% TTX100 in 1� PBS and incubated
overnight in primary antibody. For triple
staining with MASH1, SEC8, and LSD1 or
OMP and ATub, mouse antibodies or OMP
were incubated together overnight, and
LSD1 or ATub, respectively, were incubated
for 1 h the following day.

Image processing and quantification. Images
were captured using a Nikon A1R confocal
microscope. ImageJ software was used to
measure the length of the OE (in microme-
ters) in each image, to count specific cell
types with the cell-counter plugin and to
measure the TH intensity. To quantify
cell types, 10 –15 images were taken from
the dorsal-medial, dorsal-lateral, ventral-
medial, and ventral-lateral regions, across
three to four sections of the OE. Cell counts
were averaged and converted to the number
of cells per millimeter of OE. Quantification
was performed for N � 3– 6 mice in all
control, iHBC-IFT88, and iHBC-ARL13B
groups, unless otherwise stated. Reported N
values represent the number of mice exam-
ined. Measurements of TH intensity were
quantified for all glomeruli in each of three
to four sections of the OB in four iHBC-
IFT88 and four control mice using ImageJ
software. A blind experimental paradigm
was used to eliminate bias during image pro-
cessing and quantification.

Statistics. Statistical significance was deter-
mined using an unpaired t test with GraphPad
Prism software. Data are presented as the
mean � SEM with two-tailed p values �0.05
considered to be significant.

Results
Olfactory stem cells possess primary
cilia
ARL13B is a small Ras GTPase that regu-
lates ciliogenesis and cilia function (Can-
tagrel et al., 2008; Higginbotham et al.,
2013; Kasahara et al., 2014; Bangs et al.,
2015). While immunostaining the OE of
wild-type mice for endogenous ARL13B,
we made a fortuitous discovery of what
appeared to be cilia projecting from cells
located just above the lamina propria (Fig.
1). To determine whether these primary
cilia were on a specific olfactory cell type,
we immunolabeled the OE for the basal
body marker �-tubulin, and the nuclear
marker p63, which labels HBCs (Packard
et al., 2011). The staining revealed
ARL13B� cilia projecting from basal bod-

ies located within HBCs (Fig. 1A,B). To confirm the presence of
cilia using a transgenic marker, we analyzed the OE of mice ex-
pressing an ARL13B–GFP fusion protein (Arl13b-EGFPtg; Del-
ling et al., 2013) labeled with a second HBC marker, K5
(Holbrook et al., 1995). Similar to the endogenous staining,

Figure 1. HBCs possess primary cilia. Immunofluorescence staining was performed on tissue from the olfactory epithelium of 3-
to 6-week-old wild-type, Arl13b-EGFPtg, and EGFP-CETN2 mice. A, p63-labeled HBCs possess ARL13B-labeled cilia (inset, magni-
fied image). Scale bars, 10 �m. B, Cilia extend from �-tubulin-labeled basal bodies (arrows). Low-magnification view (left) and
high-magnification view (right) of ciliated HBC. Scale bars, 5 �m. C, In Arl13b-EGFPtg mice, K5-labeled HBCs possess GFP � cilia
(inset, magnified image). Scale bars, 10 �m. D, HBC cilia labeled with canonical cilia markers AC3 and ARL13B (arrowheads). E, In
Arl13b-EGFPtg mice, AC3 labels GFP � cilia (arrowheads). F, p63-labled HBCs possess AC3-labeled cilia. G, In EGFP-CETN2 mice,
GFP-expressing basal bodies possess AC3 � cilia (arrowheads). H, In Arl13b-EGFPtg mice, GFP � cilia (arrows) project from p63-
labeled HBCs into the interstitial space between HBCs and K18-labeled SUS cell end feet (inset, magnified image). Scale bars, 5 �m.
I, In wild-type mice intranasally infected with adenovirus containing GFP, K5-labeled HBCs possess ARL13B-labeled cilia (see
arrow) that project into the interstitial space between an HBC and GFP � end foot of a SUS cell (see inset for higher magnified
image). Scale bar, 10 �m. N � 10 total mice for all immunostaining. Dashed lines, Basement membrane.
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ARL13B-GFP also labeled cilia structures projecting from HBCs
(Fig. 1C). To further characterize HBC cilia, the OE was immu-
nostained for additional ciliary markers. Adenylate cyclase III
(AC3) is a canonical marker of cilia projecting from OSNs but
also labels cilia present on other cell types including primary
neurons and astrocytes (Bishop et al., 2007; Guadiana et al., 2013;
Higginbotham et al., 2013). AC3 colocalized with endogenous
ARL13B (Fig. 1D) in wild-type mice, as well as ARL13B-GFP (Fig.
1E) in transgenic mice. The AC3� cilia were also associated with
p63-labeled HBCs similar to ARL13B (Fig. 1F). Finally, we used a
second transgenic mouse, EGFP-CETN2, as an additional label
for basal bodies (Higginbotham et al., 2004; Bangs et al., 2015).
Immunostaining OE sections from this strain revealed the AC3�

projections associated with EGFP-CETN2-labeled basal bodies
(Fig. 1G). Together, these data show for the first time that the
population of HBCs possesses primary cilia and indicate that
OSNs are not the only ciliated cell type in the OE.

In the OE, apically located SUS cells possess projections,
known as end feet, that juxtapose olfactory basal cells en route to
contact with the basal lamina (Doyle et al., 2001). The purpose of
these connections has yet to be elucidated; however, it has been
proposed that this is a site for communication between basal cells
and SUS cells (Jia and Hegg, 2010). In our analysis, we observed
that the majority of HBC cilia project from the top of the HBCs
toward the SUS cell end feet. To determine whether HBC cilia
were associated with SUS cell end feet, analysis of p63� HBCs and
SUS cells immunolabeled with K18 (Holbrook et al., 2011) was
performed in Arl13b-EGFPtg mice. As seen in the representative

image (Fig. 1H), the cilia projecting from HBCs are in apposition
to the end feet. To improve the resolution of a single SUS cell end
foot, we analyzed the OE of mice intranasally injected with an
adenovirus expressing GFP, in which a small subset of SUS cells
are transduced (for methods, see McIntyre et al., 2012). Using
this approach, it is clear that the ARL13B� cilium projects into
the interstitial space between the HBC and SUS cell (Fig. 1I).
These data suggest the potential for cilia to act as an antenna for
communication between basal cells and SUS cells, perhaps in a
manner analogous to the immunological synapse (Bromley et al.,
2001; Finetti et al., 2011).

Cilia are present on distinct subpopulations of olfactory
stem cells
Given the close proximity of GBCs and HBCs at the base of the
OE, we assessed whether GBCs also possess primary cilia. We
identified a novel pan-GBC marker to distinguish between HBC
and GBC subpopulations. SEC8 is one of eight subunits in the
exocyst complex that was initially discovered in the secretory
pathway of yeast Saccharomyces cerevisae, and was proposed to
contribute to various mechanisms, including protein synthesis
and vesicle trafficking (Wang et al., 2004). Antibody staining for
SEC8 in the OE specifically labeled a large population of GBCs
overlapping with previous identified makers of GBC subpopula-
tions (Fig. 2A). Immunostaining with antibodies to either
MASH1 (also known as ASCL1; Manglapus et al., 2004), a basic
helix-loop-helix transcription factor that is required in the early
stages of olfactory neuron lineage (Cau et al., 1997), or LSD1, a

Figure 2. HBCs are the predominant ciliated olfactory basal stem cell. Immunofluorescence staining was performed in the olfactory epithelium of wild-type mice. A, The canonical GBC marker
MASH1 colocalizes with a subset of SEC8 � GBCs, while, LSD1 colocalizes with a larger subset of SEC8 � GBCs. B, Few SEC8-labeled GBCs possess ARL13B-labeled cilia (see arrows) compared with
K5-labeled HBCs (inset, magnified image). Scale bars, 10 �m. Dashed line, Basement membrane. †Occasional migrating GBC. C, Quantified data of SEC8 � cells that are either MASH1 � (N � 4) or
LSD1 � (N � 4). D, The percentage of HBCs (N � 6) and GBCs (N � 6) that possess cilia. ****p � 0.0001 by Student’s t test. Data are shown as the mean � SEM.
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chromatin-modifying complex protein (Krolewski et al., 2013),
in conjunction with SEC8 confirmed that SEC8 is indeed a pan-
GBC marker. All MASH1� or LSD1� cells coexpressed SEC8
(Fig. 2A). Approximately 41% of SEC8� cells were MASH1�,
while �90% of SEC8� cells were also LSD1� (Fig. 2A,C; N � 4).
Labeling of the OE with ARL13B and SEC8 antibodies revealed
that very few (�5%) SEC8� GBCs possess cilia, while 	70% of
K5� HBCs possess cilia (Fig. 2B,D; N � 6). These data show that
HBCs are the predominant ciliated olfactory basal stem cells and
suggest a specific role for cilia in this subpopulation of neural
progenitors.

Conditional deletion of intraflagellar transport machinery
results in the specific loss of cilia on HBCs
To study the cell autonomous function of cilia in HBCs, we
used a floxed allele for a gene essential for intraflagellar trans-
port (IFT; Ift88) and an inducible Cre driver specific to HBCs
in the OE (see Materials and Methods). IFT88 is a critical
component of the bidirectional IFT system (Singla and Reiter,
2006; Pedersen and Rosenbaum, 2008), and conditional
knockout of Ift88 ablates cilia from specific cell types (Croyle
et al., 2011; Sharma et al., 2013). Mice in which HBC cilia
were ablated (K5rtTA;TetOCre;Ift88fl/fl and K5rtTA;TetOCre;
Ift88fl/�) are hereafter referred to as iHBC-IFT88 mice, while
wild-type mice (K5rtTA;TetOCre;Ift88fl/wt) are hereafter re-
ferred to as control mice.

Control and iHBC-IFT88 mice were administered a dox-
containing diet to activate Cre expression (Gunther et al., 2002;
Grachtchouk et al., 2011) at P28, when the OE is mature (Mur-
doch and Roskams, 2007). One week after dox administration,
�90% of HBCs in mice with both TetOCre and K5rtTA alleles
showed Cre expression (Fig. 3A). Cre expression was not detected
in HBCs of mice that lacked the TetOCre allele (Fig. 3B). More
importantly, iHBC-IFT88 mice showed a significant loss (88.5%)
of ciliated HBCs after 4 weeks of eating a dox-containing diet
(Fig. 3C,D; N � 5). Interestingly, loss of cilia did not result in a
change in the number of HBCs (Fig. 3E; N � 5). Immunostaining
with the mature OSN marker OMP and acetylated �-tubulin
(Acet-Tub) revealed no changes in OSN composition (Fig. 3F).

An increase in cilia loss on HBCs (95.6%) was detected after 8
weeks of dox administration (Fig. 4A,B), with no effect on the
number of HBCs (Fig. 4C), GBCs (Fig. 4D,E), and OSNs (Fig.
4F,G; control mice, N � 2; iHBC-IFT88 mice, N � 4). These data
demonstrate that genetic ablation of Ift88 efficiently removes cilia
from HBCs, without altering HBC quiescence or the usual main-
tenance of the OE.

Loss of cilia in HBCs results in the improper regeneration of
the olfactory epithelium following injury
HBCs are believed to be a quiescent population of cells unless
activated by severe injury to participate in OE regeneration
(Leung et al., 2007). MMI is an olfactory toxicant whose me-
tabolites induce cell death of OSNs, SUS cells, and GBCs, but
spares HBCs in the mouse OE (Brittebo, 1995; Packard et al.,
2011). Four weeks after dox administration, iHBC-IFT88 and
control mice were given an intraperitoneal injection of MMI
(75 mg/kg) to chemically lesion the OE, and were analyzed at
8 weeks after recovery (Genter et al., 1995; Bergman and Brit-
tebo, 1999). The presence of cilia on HBCs remained signifi-
cantly reduced in iHBC-IFT88 mice after recovery (Fig. 5 A, C;
N � 5 for both groups), while no difference in the number of
HBCs was observed between iHBC-IFT88 and control mice, as
indicated by the number of K5 � cells (Fig. 5 A, D; N � 5 for
both groups). Surprisingly, there was a significant reduction
in the number of SEC8 � GBCs in iHBC-IFT88 mice compared
with control mice (Fig. 5 B, E; N � 5 for both groups). In
addition, the number of OMP � mature OSNs was reduced by
�75% in iHBC-IFT88 mice (Fig. 5 F, G; N � 5 for both
groups). Consequently, the thickness of the OE was also re-
duced by �50% (Fig. 5H; N � 5 for both groups). Interest-
ingly, no change in the number of cleaved caspase-3 � cells was
observed between control and iHBC-IFT88 mice 8 weeks after
recovery, suggesting that the reduction in the number of ma-
ture OSNs and the thickness of the OE were not due to in-
creased cell death (Fig. 5 I, J; N � 5 for both groups). While the
regeneration of neurons was not completely eliminated, the
OSNs that returned appeared, in some areas of the OE, to
possess acetylated �-tubulin-labeled cilia (Fig. 5F ). Since

Figure 3. Cell-specific deletion of Ift88 in HBCs results in the loss of HBC cilia with no effects on OSN cilia. Control and iHBC-IFT88 mutant mice (referred to as iHBC-IFT88) were administered a
dox-containing diet at P28 for 1 or 4 weeks, and immunofluorescence staining of the olfactory epithelium was performed. A, After 1 week of the dox-containing diet, Cre is present in K5-labeled HBCs
of mice with K5rtTA and TetOCre alleles. B, After 1 week of the dox-containing diet, Cre is absent in mice lacking the TetOCre allele. C, After 4 weeks of the dox-containing diet, in control mice but not
in iHBC-IFT88 mice, K5-labeled HBCs possess Arl13b-labeled cilia. D, E, Quantified data show that the percentage of HBCs that are ciliated in control mice is significantly reduced by �88.5% in
iHBC-IFT88 mice, with no significant difference in the number of HBCs per millimeter of OE in control and iHBC-IFT88 mice after 4 weeks of the dox-containing diet. F, Acet-Tub-labeled cilia are still
present in OMP-labeled mature OSNs (see short arrows). Scale bars, 10 �m. Dashed lines, Basement membrane. N�5 for both groups. ****p�0.0001. n.s., No significance by Student’s t test. Data
are shown as the mean � SEM.
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IFT88 is required for OSN cilia (McIntyre et al., 2012), the
presence of ciliated OSNs in the regenerated OE suggests that
these OSNs were derived from progenitors other than HBCs
lacking IFT88. In our iHBC-IFT88 mice that were adminis-
tered dox for 4 weeks, �12% of HBCs still possessed cilia (see
Results). It is therefore likely that this remaining population of
ciliated HBCs, in which IFT88 is present, contributed to re-
generation of the OE and not HBCs lacking cilia. Another
possible explanation is that OSNs in the regenerated OE were
derived from residual GBCs, not from HBCs lacking IFT88.
This is consistent with the MMI-induced lesion, which can
leave residual GBCs (Xie et al., 2013). However, further stud-
ies involving lineage tracing are required to conclusively de-
termine whether HBCs lacking cilia contribute to OE
regeneration. Nonetheless, such significant reduction of OSNs
should coincide with a decline in synaptic input into the OB,
which can be measured by the expression of TH in the dopa-
minergic interneurons of the OB (Baker et al., 1993, 1999).
Following recovery, there was a significant reduction in the
intensity of TH in the bulb of iHBC-IFT88 mice compared
with that in control mice (Fig. 5 K, L; p � 0.0001, N � 4 for
both groups), and the glomerular perimeter was significantly
reduced ( p � 0.0001, N � 4 for both groups; data not shown).
Together, these data indicate that, without cilia, HBCs are
unable to contribute to the regeneration of the OE, potentially

due to disrupted HBC proliferation, resulting in impaired
OSN recovery and olfactory function.

To link the observed effects to cilia function, and not to
off-target effects of IFT88 loss, we repeated these experiments
using a cell-specific knockout of Arl13b (Caspary et al., 2007;
Larkins et al., 2011). ARL13B is specifically localized to the
cilia membrane and is required for proper ciliogenesis (Cas-
pary et al., 2007). Moreover, mutations in Arl13b lead to loss
of cilia phenotypes as well as hedgehog-related phenotypes
due to the disruption in the localization and ciliary targeting of
hedgehog signaling proteins (Caspary et al., 2007; Duldulao et
al., 2009; Larkins et al., 2011). iHBC-ARL13B mice (K5rt
TA;TetOcre;Arl13bfl/fl) and control mice (K5rtTA;TetOcre;
Arl13bfl/wt) underwent the same MMI lesion paradigm as
stated above. After 8 weeks of recovery, ARL13B � HBC cilia
were observed in control mice but not in iHBC-ARL13B mice
(Fig. 6A). Similar to results observed in iHBC-IFT88 mice, the
number of HBCs did not differ between control and iHBC-
ARL13B mice (Fig. 6B; N � 3 for both groups). In addition,
there was a significant reduction (�30%) in the number of
SEC8 � GBCs (Fig. 6C,D; N � 3 for both groups) as well an
�75% reduction in the number of OMP � mature OSNs (Fig.
6 E, F; N � 3 for both groups) in iHBC-ARL13B mice com-
pared with controls. Interestingly, the apical surface of the OE
of iHBC-ARL13B mice had a reduced number of acetylated

Figure 4. Loss of HBC cilia has no homeostatic effects on the cell composition of the OE. Control and iHBC-IFT88 mice were administered a doxycycline-containing diet at P28 for 8 weeks. A, In
control mice, but not in iHBC-IFT88 mice, K5-labeled HBCs possess ARL13B-labeled cilia (see arrows; inset, magnified image). B, C, Quantified data show a significant loss of ciliated HBCs in
iHBC-IFT88 mice, with no change in the number of HBCs per millimeter of OE. D, SEC8-labeled GBCs in the OE of control and iHBC-IFT88 mice. E, Quantified data show no significant difference in the
number of GBCs per millimeter of OE in both groups. F, OMP-labeled mature OSNs in control and iHBC-IFT88 mice. G, Quantified data show no significant difference in the number of mature OSNs
per millimeter of OE between both groups. Scale bars, 10 �m. Dashed lines, Basement membrane. N � 2 for control mice, N � 4 for iHBC-IFT88 mice. ****p � 0.0001. n.s., No significance by
Student’s t test. Data are shown as the mean � SEM.
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�-tubulin-labeled OSN cilia. Together, these results not only
recapitulate those observed in the iHBC-IFT88 mice but also
suggest that Arl13b is required for HBC cilia function and
regeneration of the OE.

Depletion of HBC cilia results in the impaired development of
the OE
In mice, the OE begins to form at E10 (Murdoch and Roskams,
2007). Small numbers of p63-expressing cells first appear at

Figure 5. Loss of HBC cilia results in the improper regeneration of the OE and loss of TH expression in the OB. Control and iHBC-IFT88 mice were administered a dox-containing diet at
P28 for 4 weeks and then were given an intraperitoneal injection of 75 mg/kg methimazole to ablate the OE. Following 8 weeks of recovery, immunofluorescence staining was performed.
A, In the OE of control mice, but not of iHBC-IFT88 mice, K5-labeled HBCs possess ARL13B-labeled cilia. B, SEC8-labeled GBCs in the OE of control and iHBC-IFT88 mice. C, D, Quantified
data show that the percentage of HBCs that are ciliated in control mice is significantly reduced in iHBC-IFT88 mice with no difference in the number of HBCs per millimeter of OE between
both groups. E, Quantified data show a significant reduction in the number of GBCs per millimeter of OE. F, OMP-labeled mature OSNs and Acet-Tub-labeled cilia in the OE of control and
iHBC-IFT88 mice. G, Quantified data show a significant reduction in the number of mature OSNs per millimeter of OE. H, A significantly thinner OE in iHBC-IFT88 mice. I, J, No difference
in the number of cleaved caspase-3-labeled apoptotic cells was observed in the OE of control and iHBC-IFT88 mice. K, TH expression within glomeruli (dotted circles) in the OBs of control
and iHBC-IFT88 mice. L, Quantified data show that the intensity of TH measured in arbitrary units is significantly reduced in the OBs of iHBC-IFT88 mice. Scale bars, 10 �m. Dashed lines,
Basement membrane. N � 4 for both groups. *p � 0.05, ****p � 0.0001. n.s., No significance by Student’s t test. Data are shown as the mean � SEM.
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E14, after the emergence of all other cell types (Packard et al.,
2011). Therefore, HBCs are not believed to participate in the
establishment of the OE. HBCs settle to the basal lamina, begin
to express K5, and become dormant between �E16 and P10
(Packard et al., 2011). Exploiting this late development, iHBC-
IFT88 mice were administered dox starting at E16 for 4.5–5
weeks to ablate cilia during OE maturation. At P28, iHBC-
IFT88 mice had a near complete loss of cilia on HBCs across all
regions of the OE compared with control mice (control mice,
55.47 � 5.02%; iHBC-IFT88 mice, 5.67 � 2.91%; p � 0.01,
N � 5 for both groups), with no difference in the total number
of HBCs (control mice, 89.72 � 5.69%; iHBC-IFT88 mice,
87.86 � 2.83%; p 	 0.05, N � 5 for both groups). Interest-
ingly, the dorsal-lateral region associated with ectoturbinates
2 and 2
 exhibited a significantly reduced number of OMP �

mature OSNs in iHBC-IFT88 mice (Fig. 7A–H ). While other
regions of the OE also exhibit a reduction in the number of
mature OSNs, this reduction was variable along the anterior–
posterior axis of the OE and was most pronounced near the
midpoint of the anterior–posterior axis. Quantification of
OMP � neurons in the posterior OE revealed a reduction in the
number of mature OSNs in the dorsal-medial and dorsal-
lateral regions, but not the ventral-medial and ventral-lateral
OE (Fig. 7 E, I; N � 5 for both groups). These data show that

cilia on HBCs are important for proper neurogenesis during
the development of the OE, providing evidence that HBCs
participate in the establishment of this tissue that was thought
to be limited to GBCs (Treloar et al., 2010).

Discussion
Within the olfactory system, it is well known that cilia from indi-
vidual OSNs create a large receptive field in which an OSN can be
activated by an odorant (for review, see DeMaria and Ngai, 2010).
Until now it was widely believed that neurons were the sole cili-
ated cell type in the OE. Here, we show for the first time that
primary cilia exist on a reserve population of olfactory basal stem
cells, the HBCs. Furthermore, using the genetic deletion of two
cilia-specific genes in HBCs, we demonstrate that primary cilia
are critical for activation of the regenerative capacity of HBCs
following chemical lesion. While Ift88 is well established in play-
ing a critical role in ciliogenesis and maintenance, it has also been
implicated in G1-S transition in ciliated cells (Robert et al., 2007).
However in other studies, targeted deletion of Kif3a, a kinesin
motor important for cilia function, shows similar phenotypic
effects observed with the loss of Ift88, suggesting a common
mechanism of action through the cilium (Wong et al., 2009; Ber-
bari et al., 2013). In our study, we have validated the results
observed through the deletion of Ift88 by the targeted removal of

Figure 6. Loss of Arl13b in HBCs results in the improper regeneration of the OE. Control and iHBC-ARL13B mice were administered a doxycycline-containing diet at P28 for 4 weeks to induce the
deletion of Arl13b. Mice were then given an intraperitoneal injection of 75 mg/kg methimazole to ablate the OE and were allowed 8 weeks of recovery. A, K5-labeled HBCs in the OE of iHBC-ARL13B
mice do not possess ARL13B-labeled cilia. B, The number of HBCs per millimeter of OE in both control and iHBC-ARL13B mice. C, SEC8-labeled GBCs in the OE of control and iHBC-ARL13B mice. D,
Quantified data show a significant reduction in the number of GBCs per millimeter of OE. E, OMP-labeled mature OSNs and Acet-Tub-labeled cilia in the OE of control and iHBC-ARL13B mice. F,
Quantified data show a significant reduction in the number of mature OSNs per millimeter of OE. Scale bars, 10 �m. Dashed lines, Basement membrane. N � 3 for both groups. *p � 0.05, ***p �
0.001. n.s., No significance by Student’s t test. Data are shown as the mean � SEM. ARL13B, ADP-ribosylation factor-like protein 13b; mOSN, mature OSN.
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Arl13b. The loss of Arl13b has previously been demonstrated to
affect neural development, and mutations in Arl13b underlie hu-
man ciliopathies (Caspary et al., 2007; Cantagrel et al., 2008; Hig-
ginbotham et al., 2012; Zhang et al., 2013). As Ift88 and Arl13b
serve different roles in cilia function, the similar phenotypes ob-
served in two different mutant lines support the conclusion that
the loss in regenerative capacity of HBCs is due to dysfunctional
primary cilia.

HBCs are long-lived quiescent progenitors that are activated
only after extensive lesioning of the OE in which SUS cells and
GBCs are depleted (Leung et al., 2007). The mechanism by which
HBCs become activated remains unknown, however, SUS cell
end feet have been previously shown to terminate on HBCs (Hol-
brook et al., 1995). Given that the present findings demonstrate
an anatomical localization of the HBC cilia relative to SUS cell
end feet, it is possible that HBC cilia may act to sense cues from
the SUS cells regarding the health of the OE. This signaling par-
adigm may be analogous to the immunological synapse that
forms between a T cell and an antigen-presenting cell functioning
to orchestrate signals that drive T-cell activation (for review, see
Bromley et al., 2001). Following injury to the OE, signaling is
conceivably altered between SUS cells and HBCs, resulting in
activation of the quiescent HBCs. Without cilia, HBCs are un-
likely to detect signals necessary for proliferation and/or differ-
entiation. Additional support for an SUS cell–HBC connection in
regenerating the OE comes from different lesion models. In

OSN-specific lesions, where the deaths of SUS cells and GBCs are
spared, HBCs remain quiescent, and the GBCs are the leading
contributor to regeneration (Leung et al., 2007; Makino et al.,
2009). However, when lesions result in SUS cell and GBC death,
HBCs become active and contribute to regeneration (Leung et al.,
2007; Jia et al., 2010). These findings suggest that the death of SUS
cells stimulates HBCs to proliferate and contribute to regenera-
tion. However, an alternative explanation that cannot be ruled
out based on current lesion models is whether signaling occurs
between GBCs and HBCs, and how such signaling may contrib-
ute to HBC proliferation and OE regeneration. Interestingly,
negative-feedback signaling is known to occur in the OE, as is
observed between neuronal and stem/progenitor cells, to control
self-replication and differentiation of the stem progenitor cell
population (Beites et al., 2005; Gokoffski et al., 2010). It is there-
fore plausible that such feedback signaling may occur between
GBCs and HBCs via HBC cilia, and that this signaling is lost when
a lesion results in GBC death, resulting in HBC activation. In
either case, whether the injury results in the release of a stimula-
tory signal or the loss of a tonic inhibitory cue between HBCs and
other cell types remains to be determined.

Quiescent adult stem cells typically forgo cell cycle decisions
to respond to transient environment signals sensed through the
cilia (Plotnikova et al., 2009). These signals include the Notch,
Wnt, and hedgehog pathways, each of which are strongly linked
to neurogenesis in the brain (Kumamoto et al., 2012; Tong et al.,

Figure 7. Loss of HBC cilia results in the impaired development of regions in the OE. Control and iHBC-IFT88 mice were treated with a doxycycline-containing diet at E16 for 4.5–5 weeks and were
analyzed at P28 with immunofluorescence staining of the OE. A–F, OMP-labeled mature OSNs in anterior–posterior sections of control and iHBC-IFT88 mice. Scale bars, 200 �m. G, Illustration
depicting the location of sections A–F in a sagittal view of the mouse olfactory organ. H, Magnified view of the boxed region in D with OMP-labeled mature OSNs and Acet-Tub-labeled cilia in the
OE of control and iHBC-IFT88 mice. Scale bars, 50 �m. I, Quantified data show that the number of mature OSNs per millimeter of OE in iHBC-IFT88 mice is significantly reduced specifically in
dorsal-lateral and medial regions of the OE, but not in ventral regions. N�5 for both groups. *p�0.05 by Student’s t test. Data are shown as the mean�SEM. DL, Dorsal-lateral; DM, dorsal-medial;
VL, ventral-lateral; VM, ventral-medial.
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2014). The Wnt pathway has been previously implicated in OE
proliferation and neurogenesis during development and regen-
eration (Wang et al., 2011; Chen et al., 2014). In contrast, Notch
signaling appears to participate in the development of supporting
cells but not neurons in the OE (Manglapus et al., 2004;
Krolewski et al., 2012). Currently, there is no evidence for the role
of the hedgehog pathway in OE development. However, canoni-
cal hedgehog signaling is strongly linked to cilia in numerous
other systems (for review, see Goetz and Anderson, 2010). Nu-
merous hedgehog pathway components dynamically localize to
cilia, while the disruption of cilia results in aberrant Hedgehog
signal transduction and impaired morphogenesis in specific or-
gan systems (for review, see Berbari et al., 2009).

While the signaling pathways may be shared, the phenotypic
effects of cilia loss differ between ciliated cell types, including
various stem cells. In the adult skin, loss of cilia on basal cells
resulted in the proliferation of cells in the interfollicular epider-
mis with subsequent perturbation of epidermal homeostasis
(Croyle et al., 2011). In contrast, the conditional ablation of pri-
mary cilia postnatally from NSCs in the hippocampus led to a
reduction in amplifying progenitor cells without altering the
number of quiescent NSCs (Amador-Arjona et al., 2011). In ad-
dition, primary cilia in the cerebellum are required for the expan-
sion of the neural progenitor pool (Chizhikov et al., 2007).
Similarly, a recent report (Tong et al., 2014) suggested that local-
ized ablation of cilia in NSCs in the ventricular SVZ (V-SVZ)
decreases neurogenesis only in the ventral V-SVZ. These data in
NSCs are similar to what we observed with a loss of cilia from
HBCs in the OE: no change in the number of HBCs, but a reduc-
tion in the neurogenesis of the OE. Together, these data suggest
the convergence of a common cilia ablation phenotype between
neural stem cells as opposed to epidermis.

During development, neural stem cells are important for
early neurogenesis and morphogenesis of the OE (Gokoffski et
al., 2010). While maturing GBCs that migrate from the apical
surface clearly contribute to organogenesis (Cau et al., 2002),
the precise role of HBCs is unclear. Evidence from a lineage-
trace mouse model suggests that upon their establishment in
the OE at P10, HBCs do participate in neurogenesis (Iwai et
al., 2008). Our data support the notion of HBC-driven neuro-
genesis in early postnatal development of the OE and suggest
that cilia on HBCs are required for normal OE development.
Interestingly, the loss of OSNs observed in the developing OE
was regional, whereas in the recovering OE it was global. We
speculate that these differences can be attributed to the tem-
poral and spatial release of morphogens during development
that are synchronized after severe injury to the OE (Vedin et
al., 2009). Nevertheless, our data demonstrate a clear role for
HBCs and their cilia in the developing OE.

Our finding of cilia on HBCs and their importance in neuro-
genesis reveals a potential novel mechanism for the etiology of
olfactory dysfunction. It is now well recognized that anosmia is a
clinical manifestation of ciliopathies, a growing class of pleiotro-
pic genetic disorders that are traditionally associated with the loss
of cilia on OSNs. However, the ability to maintain a functional
olfactory system throughout life depends on the presence of a
stem cell population. While the OE undergoes constant neuro-
genesis, there is a net loss of neurons over time due to reduced
stem cell function (Ducray et al., 2002; Conley et al., 2003).
Changes that alter cilia function on HBCs could hasten this de-
cline and contribute to age-related olfactory loss. Moreover, cili-
opathy patients may show increased susceptibility to chemical
insult to the OE. Work here suggests that impaired neurogenesis

may be a new unforeseen mechanism for olfactory dysfunction in
congenital anosmias.
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