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Abstract

The olfactory system gives us an awareness of our immediate environment by allowing us to detect airborne stimuli. The
components necessary for detection of these odorants are compartmentalized in the cilia of olfactory sensory neurons. Cilia are
microtubule-based organelles, which can be found projecting from the surface of almost any mammalian cell, and are critical
for proper olfactory function. Mislocalization of ciliary proteins and/or the loss of cilia cause impaired olfactory function, which
is now recognized as a clinical manifestation of a broad class of human diseases, termed ciliopathies. Future work investigating
the mechanisms of olfactory cilia function will provide us important new information regarding the pathogenesis of human
sensory perception diseases.
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Introduction

Inhalation of odorants across the surface of the olfactory ep-

ithelium (OE) initiates the olfactory signaling cascade, which
involves the binding of odorants to receptors localized on the

cilia of olfactory sensory neurons (OSNs). In the well-

described canonical pathway, activated odorant receptors

(ORs) act through a stimulatory G protein–coupled mecha-

nism to activate adenylyl cyclase type III (ACIII) and in-

crease the ciliary concentration of cAMP. Olfactory cyclic

nucleotide-gated (CNG) channels open in response to cAMP

binding and allow the depolarization of the OSN that is fur-
ther amplified by the Ca2+-activated Cl– channel. All of these

components necessary for odorant detection are enriched in

olfactory cilia, and perturbation in the localization of these

components or in the cilia themselves causes impaired olfac-

tory function (Kulaga et al. 2004; McEwen et al. 2007). De-

spite this critical ciliary compartmentalization, there is

a relative paucity of information regarding membrane trans-

port to this microtubule-based organelle. The revelation that
many neuronal cells types possess a cilium, a unique cellular

compartment whose function remains obscure, has stimu-

lated interest in the segregation of proteins and the func-

tional specialization of these membrane subdomains

(reviewed in Fuchs and Schwark 2004). One cell type where

the ciliary function is well described is the OSN. In this re-

view, we will focus on olfactory cilia including structure and

function, developmental formation, and relation to human
disease.

Location of olfactory cilia

The main OE is a pseudostratified epithelium composed of

several cell types (Figure 1A). The OSN is the main sensory

cell, which contains the elements of the olfactory sensory cas-

cade (Figure 1B, Figure 2 reference). These neurons are

bounded apically by the somata of sustentacular cells and
basally by a heterogeneous population of proliferative basal

cells. OSN dendrites extend apically between the sustentac-

ular cells toward the nasal cavity, ending in a knob contain-

ing multiple basal bodies from which the cilia project into the

mucous of the OE (Cuschieri and Bannister 1975a, 1975b)

(Figure 1A,B).

Olfactory cilia structure

Axoneme

Cilia are nearly ubiquitous organelles that can be found pro-

jecting from the surface of most mammalian cell types (re-

viewed in Wheatley et al. 1996). These cilia are generally

divided into classes based on their axonemal structure and

motility. The structural component of the cilium, the axo-

neme, is most often composed of 9 doublets of microtubules
arranged symmetrically around a central core. Cilia that con-

tain a pair of microtubules within the central core are said to

be in the (9 + 2) configuration, whereas those that lack the
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central pair contain the (9 + 0) configuration. Although

OSNs possess cilia that have the (9 + 2) microtubule config-

uration normally found in motile cilia, they lack the dynein

arms necessary for movement and are thus rendered immo-
tile (Menco 1984). Interestingly, some nonmammalian verte-

brates, such as goldfish and frogs (Reese 1965; Lidow and

Menco 1984), display motile olfactory cilia, which have an

axoneme resembling that of respiratory cilia in their proxi-

mal segments and are suggested to play a role in odorant

clearance (Bronshtein and Minor 1973; Mair et al. 1982).

Much of the current knowledge about the structure of ol-

factory cilia can be credited to early electron microscopy

studies (Reese 1965; Cuschieri and Bannister 1975a, 1975b;

Menco 1980a, 1980c; Menco and Morrison 2003). These

reports demonstrated that the mammalian olfactory cilium

is approximately 50–60 lm in length and is divided into
2 distinct sections termed the proximal and distal segments.

The thicker proximal segment projects 2–3 lm from the

basal body in a (9 + 2) configuration with a thickness of

around 300 nm (Menco 1997). The distal segment projects

the remaining ;50 lm and dwindles down to an axonemal

configuration of 1–4 singlet microtubules, most commonly

consisting of a pair of singlet microtubules (Figure 1C)

(Menco 1997). The distal segments of the olfactory cilia

Figure 1 Anatomy of the OE and OSN. (A) Side view of a scanning electron micrograph at 1030· magnification from mouse OE. Mouse OE was dissected,
fixed in glutaraldehyde, and processed for scanning electron microscopy as previously described (McEwen et al. 2007). Scanning electron micrographs were
captured using an Amray 1910FE field emission scanning electron microscope at 5 kV. Images were recorded digitally with Semicaps software. Layers of the
OE are labeled in white. Cilia layer marked by bracket. Sus. Cells = sustentacular cells. Scale bar represents 10 lm. (Image generously provided by Wanda
Layman and Dr Donna Martin, Department of Human Genetics, University of Michigan). (B) Diagram of a single OSN. Boxed region of interest at base of
cilium shown at higher magnification in panel C. (C) Diagram of olfactory cilium and associated organelles. Cross sections of axonemal configuration from
distal segment (top), proximal segment (middle), and basal body (bottom) shown on the right. Solidi (//) mark transition from proximal to distal segments.
MTOC = Microtubule Organizing Center. +s indicate plus ends of microtubules. (D) Diagram of the ciliary and basal body components involved in olfactory
ciliary transport. Anterograde motors move cargo to the distal tip of the cilium. Heterotrimeric kinesin-II is composed of KIF3a, KIF3b, and KAP3, whereas
KIF17 comprises a homodimer. The retrograde motor, cytoplasmic dynein 1b moves cargo back out of the cilium. IFT complexes are shown as gray circles. BBS
proteins, CEP290, and PACS-1 are discussed in detail in the Selectivity of Ciliary Protein Entry section.
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are oriented parallel to the epithelial surface.Because there are

numerous cilia (10–30) per cell and because of the large

distance they project from the dendritic knob, there is sub-

stantial overlap of cilia from different OSNs (Menco 1997).

This intertwined mat of cilia increases the sensory surface
of the OE by over 40 times thus increasing our ability to detect

odorants (Menco 1992).

The ciliary axoneme is composed of long strands of a and b
tubulin dimers, which form the structural backbone for the

cilium (reviewed in Rosenbaum and Witman 2002; Scholey

2003). These microtubules provide the roadway for molecu-

lar motors, such as kinesins and dyneins, to transport cargo

into and out of the cilium. Olfactory ciliary axonemes are ori-
ented with the microtubule plus end located in the distal tip of

the cilium (Figure 1C), which means that plus end-directed

motors carry cargo to the tip of the cilium, whereas minus

end-directed motors are responsible for the return of cargo

(reviewed in Rosenbaum and Witman 2002; Scholey 2003).

Recently, a number of posttranslational modifications of

tubulin have been discovered to play functional roles in

the regulation of cargo transport (reviewed in Hammond
et al. 2008). Many modifications to tubulin have been found

on the ciliary axoneme, including acetylation (a), polygluta-

mylation (a + b), polyglycylation (a + b), and detyrosination

(a). Although all of these modifications have been detected in

olfactory cilia, their precise functional relevance is poorly

understood (Schwarzenbacher et al. 2005; Pathak et al.

2007). However, a recent study found that zebra fish lacking

an enzyme responsible for polyglutamylation exhibited a loss
of olfactory cilia (Pathak et al. 2007), indicating a role for

posttranslational tubulin modifications in assembly or main-

tenance of olfactory cilia. It is unclear if these modifications

are uniform along the length of the ciliary axoneme.

In addition to changes in the axoneme structure, there is

evidence for heterogeneity in protein content along the

length of the cilium. The proximal and distal cilia segments

may represent distinct subcellular compartments. During de-
velopment, signaling proteins appear to localize differen-

tially between these 2 regions. In newly formed cilia, the

olfactory signaling proteins are more evenly distributed be-

tween the proximal and distal segments. In mature cilia, the

signaling molecules, such as Gaolf, ACIII, and CNG channel,

appear to preferentially localize to the long distal segment

where the odorant presumably first makes contact with the

OSN (Menco 1997; Matsuzaki et al. 1999; Flannery et al.
2006). This clustering of signaling molecules at the site of

odorant exposure may increase the efficiency of odorant-

stimulated signaling.

Lipid composition

The microtubule-based axoneme is encased by the lipid bi-
layer in the form of a membrane sheath, which, given the

importance of lipids in cellular signaling, most certainly

plays a critical role in olfactory signaling. The canonical

olfactory signaling pathway includes several peripheral

and transmembrane proteins; therefore, there likely exists

a dynamic reciprocity between odorant signaling proteins

and membrane lipids in olfactory cilia such that perturbation

of membrane lipids can affect olfactory signaling.
Recently, there is growing evidence for the role of lipid

membrane microdomains, enriched in cholesterol and sphin-

golipids, in the organization of olfactory signaling proteins

(Schreiber et al. 2000; Kobayakawa et al. 2002; Brady et al.

2004). In OE, Schreiber et al. (2000) demonstrated that the G

protein and adenylyl cyclase isoforms involved in odorant

signaling associate with lipid rafts. They also reported that

Golf and ACIII interact with the cholesterol binding protein,
caveolin, and that disruption of the caveolin interaction in-

hibits odorant-induced cAMP production in OSNs. Addi-

tionally, the recently identified stomatin-related olfactory

(SRO) protein (Kobayakawa et al. 2002; Goldstein et al.

2003) has been shown to associate with lipid rafts in olfactory

cilia and bind both caveolin and ACIII. Importantly, anti-

SRO antibodies stimulated cAMP production in fractionated

cilia membranes suggesting that rafts and/or a caveolin/lipid/
protein complex regulate odorant signaling (Kobayakawa

et al. 2002). However, the study of lipid rafts and membrane

organization in cilia and membranes in general has been

hampered by the lack of quantitative biophysical ap-

proaches. Nevertheless, early ultrastructural data from the

Menco laboratory comparing olfactory cilia membranes

to that of respiratory cilia led them to conclude that the outer

leaflet membranes of olfactory cilia are thicker than inner
leaflets (Lidow and Menco 1984). This is consistent with a po-

tential enrichment of sphingolipids that are localized almost

exclusively to the outer leaflet (Tillman and Cascio 2003).

The enrichment of certain lipids is further supported by work

in invertebrates that has shown that the ciliary membrane of

Paramecium is highly enriched with sphingolipids (Andrews

and Nelson 1979). These investigators later showed that cil-

iary membrane excitability in the same invertebrate model
was sensitive to sterol composition (Hennessey et al.

1983). Others have reported that there is an enrichment of

cholesterol in the ciliary shaft, but not the necklace region,

of epithelial cilia that extends during ciliogenesis (Chailley

et al. 1983). Surprisingly, however, there is virtually no in-

formation regarding the precise lipid composition of this

important membrane structure in the olfactory system.

Ciliary necklace

One clearly delineated microdomain of the ciliary mem-

brane can be found where the lipid membrane sheath meets

the dendritic knob. This membrane specialization is termed

the ‘‘ciliary necklace’’ and likely represents the transition

zone between the cytoplasm and the ciliary compartment.
This highly ordered domain is marked by a spiraling array

of membrane particles (Andres 1969; Gilula and Satir

1972; Menco 1980d), which connect to the basal body just
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below the ciliary axoneme (Satir and Christensen 2007).

Although most cilia types possess a ciliary necklace, olfac-

tory cilia typically have more strands per cilium than their

respiratory counterparts, although the physiological rele-

vance of this is unknown (Menco 1980d). The formation
of the ciliary necklace precedes ciliogenesis as a patch

of membrane, and in malformed cilia, there are still

necklace-like structures (Menco 1980d; Carson et al.

1981). Interestingly, some ciliary transport proteins have

been found to be localized at the ciliary necklace indicating

that it may serve as a cargo-docking site connecting the cil-

iary shaft to the protein complexes at the base of the cilium

(Deane et al. 2001).

Basal body

The basal body is a modified centriole that migrates to the
plasma membrane prior to ciliogenesis (Figure 3). The basal

bodies are duplicated en masse in the cell body of the OSN

before they migrate to the dendritic knob (Figure 3A)

(Dirksen 1974; Cuschieri and Bannister 1975a, 1975b;

Hagiwara et al. 2004; Schwarzenbacher et al. 2005). Basal

bodies, like the ciliary axoneme, are composed of 9 sets of

microtubules arranged in a radial symmetry (Figure 1C).

However, basal bodies are composed of polymers of triplet
microtubules of c tubulin rather than the doublet microtu-

bules of a and b tubulin seen in the axoneme. The basal body

serves as the microtubule organizing center (MTOC) in the

dendritic knob with the axonemal tubules projecting from

the basal body, such that the plus ends orient toward the

distal tip of the cilium (Burton 1992).

In addition to serving as MTOCs for the ciliary axoneme,

the basal bodies are associated with electron-dense satellite
particles that appear to also be MTOCs (Burton 1992). These

organizing centers serve as nucleation sites for microtubules

that project from the dendritic knob back through the den-

drite toward the cell body (Burton and Laveri 1985). Some of

the MTOCs are connected to the basal body through a sheath

of material that surrounds the basal body and thickens at its

proximal end. The basal bodies and sheath are connected to

the plasma membrane through 9 struts that correspond to
the electron-dense endings, which anchor to the plasma

membrane (Figure 1C) (Menco 1980d).

Ciliary rootlet

The ciliary rootlet is a cytoskeletal feature found projecting

from the basal body in many ciliated cells and believed to

participate in anchoring of cilium (Engelmann 1880). Al-

though the structural components of the ciliary rootlet are

beginning to be elucidated (Yang et al. 2002), still very little

is known about its function. It seems unclear if olfactory cilia

possess a rootlet (Farbman and Gesteland 1974; Yamamoto
1976; Naguro and Iwashita 1992); however, OSNs have been

shown to express components of the ciliary rootlet in a local-

ization consistent with the dendritic knob/basal body region

(Yamamoto 1976; McClintock et al. 2008). More work is

necessary to definitively demonstrate the presence or absence

of an olfactory ciliary rootlet.

Ciliogenesis

The olfactory placode first appears in the mouse at embry-

onic day 9 (E9) postfertilization (Cuschieri and Bannister

1975a, 1975b; Menco 1980a, 1980b; Menco and Morrison

2003; Schwarzenbacher et al. 2005). At E10, the olfactory

placode invaginates and forms the olfactory pit, which is

composed primarily of 2 cell types: a population that is elec-
tron dense (proliferative basal cells) and those that appear

light (differentiated OSNs) (Cuschieri and Bannister

1975a, 1975b; Menco 1980a, 1980b; Menco and Morrison

2003). At E11, the dendrites begin to form and extend to-

ward the apical surface. Also, the olfactory pit deepens

and forms recesses that will eventually become the olfactory

turbinates (Cuschieri and Bannister 1975a, 1975b; Menco

1980a, 1980b; Menco and Morrison 2003). During this
time, the primary site of OSN growth and maturation

is the deep recesses of the olfactory pit (Cuschieri and

Bannister 1975a, 1975b; Menco 1980a, 1980b; Menco and

Morrison 2003).

By E11, several morphological changes occur in OSNs,

representing the initial stages of ciliogenesis. First, in the

perinuclear region of these neurons, numerous microtu-

bules and microfilaments form and extend vertically toward
the apical surface (Cuschieri and Bannister 1975a; Menco

and Farbman 1985; Menco and Morrison 2003). Second,

the distal end of the dendrite now extends into the lumen

of the nasal cavity, where it begins to swell and form the

dendritic knob (Figure 3B,C) (Cuschieri and Bannister

1975a; Menco and Farbman 1985; Menco and Morrison

2003). Finally, and perhaps most importantly, centriole du-

plication occurs and groups of centrioles accumulate in the
perinuclear region of the neuron (Figure 3A) (Cuschieri and

Bannister 1975a; Menco and Farbman 1985; Menco and

Morrison 2003).

By E12, the rate of OSN proliferation increases, and these

OSNs begin to develop well-formed dendrites and dendritic

knobs filled with mitochondria, small coated vesicles, and

numerous microtubules (Cuschieri and Bannister 1975a;

Menco and Farbman 1985; Menco and Morrison 2003).
The microtubules in the dendritic knob are arranged in 2

distinct populations; 1 is arranged concentrically around

the periphery of the knob, whereas the other is arranged

longitudinally and extends deep into the dendrite (Cuschieri

and Bannister 1975a; Menco and Farbman 1985; Menco

and Morrison 2003). In addition, the centrioles that were

duplicated at E11 begin to migrate to the dendritic knob

and eventually disperse singly around the knob periphery
where they associate with the plasma membrane (Figure 3C).

Ciliogenesis commences when a single, primary cilium of

approximately 1 lm extends into the nasal cavity (Cuschieri
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and Bannister 1975a; Menco and Farbman 1985; Menco and

Morrison 2003; Schwarzenbacher et al. 2005). As new cilia

form, their microtubule-based axoneme elongates and the

basal body, formed by the migrating centrioles, matures

and is anchored at the plasma membrane (Figure 3C,D)
(Dirksen 1974; Cuschieri and Bannister 1975a, 1975b;

Hagiwara et al. 2004; Schwarzenbacher et al. 2005). By E13

or E14, multiple cilia up to 2 lm in length can be seen

extending from a single dendritic knob (Figure 3D). Over the

next several days, olfactory cilia continue to elongate and

can reach up to 60 lm prior to birth. Intraflagellar transport

(IFT), which will be discussed in more detail below, plays

a key role in the transport of cargo responsible for the growth
and maintenance of cilia (Rosenbaum and Witman 2002;

Scholey 2003). In some species, the cilia will continue to grow

and can reach up to 200 lm in length (Reese 1965; Seifert 1971;

Menco and Morrison 2003).

In addition to ciliogenesis, the proper delivery of ciliary sig-

naling proteins is essential for normal olfactory function.

Most of the work examining developmental expression of ol-

factory signaling molecules has probed for mRNA expres-
sion using either Reverse transcriptase Polymerase chain

reaction, northern blot, or in situ hybridization analysis

(Margalit and Lancet 1993; Strotmann et al. 1995; Saito

et al. 1998; Schwarzenbacher et al. 2004, 2005). Interestingly,

there appears to be a differential temporal expression of the

components necessary for odor detection. ORs, of which

a subset begin to be expressed at E11, appear to be the first

member of the signaling cascade to be expressed as deter-
mined by both mRNA and protein expression (Saito et al.

1998; Schwarzenbacher et al. 2004, 2005). This expression

occurs prior to ciliogenesis, and thus the OR protein localizes

in high density at the dendritic knob (Schwarzenbacher et al.

2005). Eventually the diversity of expression continues to in-

crease during development thus allowing the expression of

hundreds of ORs (Margalit and Lancet 1993; Saito et al.

1998; Schwarzenbacher et al. 2004).
The downstream components of the olfactory signaling

cascade appear to be expressed later in embryonic develop-

ment. ACIII expression is first detected around E15, whereas

Golf and the CNG channel expression initiates at E16 and

E19, respectively (Margalit and Lancet 1993). It is assumed

that odor detection cannot occur until all proteins are pres-

ent in olfactory cilia; thus, the relevance of this temporal ex-

pression pattern remains unknown.
The protein expression of 1 specific OR, mOR256-17, has

been used to track ciliogenesis (Schwarzenbacher et al. 2004).

As mentioned above, ORs begin their expression prior to

the initiation of ciliogenesis. mOR256-17 accumulates at the

dendritic knob in high density at this stage. Only after the

ciliaformandelongate(;E11)cantheORbeproperlylocalized

initially to the knob and at the very proximal portions of

the cilia. Once the cilia reach 2 lm or longer (;E12–13),
mOR256-17 migrates almost exclusively to OSN cilia

(Schwarzenbacher et al. 2004). Interestingly, this work indi-

cates that, at least in the case of mOR256-17, the protein can

localize to the dendritic knob independent of any signal from

the cilium.

Intraflagellar transport

Cargo transport in cilia occurs through an evolutionarily

conserved process termed intraflagellar transport, which

was first discovered in the laboratory of Joel Rosenbaum

in Chlamydomonas (Kozminski et al. 1993). Because cilia

lack the necessary components for protein synthesis and

no obvious vesicular structures have been observed within

the cilium, cargo must be synthesized in the cell and carried
into the cilia through IFT, which involves movement along

microtubules by molecular motors in complex with transport

molecules, called IFT particles (reviewed in Rosenbaum and

Witman 2002; Scholey 2003, 2008). Because the basic mech-

anisms of IFT are widely conserved not only between cilia

types, but also often between species, we presume that these

mechanisms studied in invertebrates are also acting in mam-

malian olfactory cilia.
IFT involves bidirectional transport into and out of the cil-

ium by molecular motors that utilize the energy from ATP

hydrolysis to generate processive movement. The transport

of cargo out of the cilium back into the cell is accomplished

via the cytoplasmic dynein motor (Pazour et al. 1998),

whereas anterograde transport toward the distal, plus end

of the cilium microtubules has been shown to involve kinesin

motors (Cole et al. 1998) (Figure 1D). Work in Caenorhab-

ditis elegans has shown that the formation and maintenance

of the chemosensory ciliary axoneme and the delivery of

cargo is accomplished through coordination of 2 anterog-

rade kinesin motors: the heterotrimeric kinesin-II motor

and the homodimeric OSM-3 (Snow et al. 2004). The mam-

malian kinesin-II motor, consisting of KIF3a, KIF3b, and

the accessory protein, KAP3, has also been found to be nec-

essary for ciliogenesis (Figure 1D) (Lin et al. 2003). However,
differences are beginning to be recognized between special-

ized cilia types in invertebrates and mammals (Ou et al. 2005;

Jenkins et al. 2006). Expression of a dominant-negative

KIF17, the mammalian homolog of OSM-3, impaired ciliary

trafficking of the olfactory CNG channel; however, it had no

effect on cilia length as predicted by work in C. elegans (Ou

et al. 2005; Jenkins et al. 2006). Future studies are necessary

to determine if these motors are also responsible for cargo
transport in mammalian olfactory cilia. Interestingly,

OSM-3 operates on singlet microtubules of the distal seg-

ments of C. elegans cilia (Ou et al. 2005). Because olfactory

cilia have such prominent distal segments and several signal-

ing proteins, including the CNG channel, are found to be

enriched in the distal segment, it seems likely that KIF17

is also functioning on distal segments in the mammalian

olfactory cilium. Nevertheless, the differences in kinesin-2
motor coordination between the cilia of C. elegans and

mammals highlight the need to further explore the mecha-

nisms of IFT in mammalian olfactory cilia.
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Using electron microscopy, IFT particles can be seen as

electron-dense regions consisting of motors and IFT com-

plexes found along the olfactory ciliary axoneme (Reese

1965). It is known that IFT motors associate with 2 distinct

complexes of transport proteins called IFT proteins, which
are named according to their molecular weight. These 2 com-

plexes comprise 17 highly conserved proteins, termed com-

plex A and complex B (Cole 2003). Complex A consists of

IFT144, 140, 139, 122, and possibly 43, whereas complex B

consists of IFT 172, 88, 81, 80, 74/72, 57/55, 52, 46, 27,

and 20. Defects in either complex can impair IFT and cause

a host of human diseases including Jeune syndrome, polycys-

tic kidney disease, retinal degeneration, and situs inversus
(reviewed in Blacque et al. 2008). A recent report demon-

strated that mutation of the locus encoding the zebra fish ho-

molog of IFT88 caused a loss of cilia from OSNs (Tsujikawa

and Malicki 2004). Although the function of IFT proteins in

many cases remains elusive, some IFT proteins have been

shown to share significant homology with Golgi-localized

clathrin trafficking machinery (Avidor-Reiss et al. 2004). In-

terestingly, the clathrin AP-1 l adaptor, UNC-101, has been
shown to be responsible for the localization of ORs to the

cilia of C. elegans (Dwyer et al. 2001). In most cases, how-

ever, the precise role of the IFT complexes in mammalian

olfactory cilia transport remains undefined.

Recent work in C. elegans suggests that there is a dynamic

reciprocity between ciliary signaling and IFT-mediated cili-

ary structure maintenance. Mukhopadhyay et al. (2008)

have shown that the loss of activation of the sensory signal-
ing cascade modulates the structure of the AWB neuron

modified sensory cilia. This sensory signaling-dependent re-

modeling was shown to be dependent on kinesin-II as well as

Bardet–Biedl Syndrome (BBS) proteins (Mukhopadhyay

et al. 2008). This is similar to a previous study showing that

structure of AWC neuron cilia is also linked to sensory func-

tion (Roayaie et al. 1998). Although gross structural changes

have been reported in mice deprived of odorant stimulation
by naris occlusion (Farbman et al. 1988), it would be inter-

esting to examine ultrastructural changes in cilia architecture

due to loss of olfactory cues. Regardless, this suggests a po-

tential feedback interaction between the IFT proteins in-

volved in ciliary assembly and maintenance and those

involved in odorant-induced signaling.

Although we have learned a great deal about IFT from inver-

tebrate models, the olfactory systems of invertebrates may
not be homologous with those found in vertebrates (Northcutt

and Gans 1983). Additionally, differences are beginning to

be recognized even between cilia types within an organism.

Therefore it is critical that we continue to elucidate the function

of vertebrate, and specifically mammalian, olfactory cilia.

Selectivity of ciliary protein entry

Common to all organisms is the fact that only a subset of

cellular proteins is able to gain access to the cilium, because

it contains a protein population distinct from the extraciliary

compartment (Inglis et al. 2006). It is widely believed that

there must be a barrier to diffusion that restricts entry into

the cilium. This selective gate is thought to occur at the basal

body through interactions with a large complex of proteins
(Figure 1D) (Rosenbaum and Witman 2002; Scholey 2003).

One family of proteins that has been shown to be involved in

the regulation of ciliary transport is the BBS family of pro-

teins. BBS is a pleiotropic ciliopathy that include phenotypes

such as retinal degeneration, polydactyly, obesity, anosmia,

and others (discussed in more detail below). There are 12

known BBS proteins (BBS1-12), which encode proteins in-

volved in different stages of cilia transport. Although there
are a variety of ciliary phenotypes associated with defects in

BBS proteins, loss of function of BBS1 and BBS4 caused im-

paired olfactory function (Kulaga et al. 2004; Iannaccone

et al. 2005). Interestingly, mice null for BBS1 or BBS4

may exhibit defects in olfactory cilia maintenance or assem-

bly, although the mechanism for this defect remains un-

known (Kulaga et al. 2004; Iannaccone et al. 2005).

Mutation of the cilia/centrosomal protein CEP290 has
been implicated in the specific mislocalization of olfactory

G proteins (McEwen et al. 2007). Importantly, mutation

in CEP290 did not globally alter cilia structure and all other

olfactory signaling molecules tested were localized normally,

indicating that in olfactory cilia, regulation of cargo entry is

distinct for different proteins. Interestingly, CEP290 was re-

cently shown to interact with the centriolar satellite protein

PCM-1 in a retinal epithelial cell line (Kim et al. 2008). PCM-1
has been shown to interact with BBS4 (Kim et al. 2004) and

is dependent on the presence of BBS4 for proper ciliary

localization (Kulaga et al. 2004). Together, these reports

represent the beginning of the discovery of the mechanisms

of basal body/cilia function in the OSN, though much work

remains to further elucidate this process.

Recently, the intracellular trafficking protein, phosphofur-

in acidic cluster sorting protein 1 (PACS-1) has been shown
to localize to the base of human respiratory cilia and control

the localization of nephrocystin 1 to the transition zone of

respiratory cilia (Schermer et al. 2005). Although PACS-1

has been shown to interact with acidic cluster–containing

ion channels such as polycystin-2/TRPP2, TRPV4, and

CLC-7 (Kulaga et al. 2004; Youker et al. 2008), no direct

role has been demonstrated in the control of ciliary localiza-

tion of ion channels. Recent unpublished work from the
Martens laboratory has found that this protein localizes

to the dendritic knob of OSNs and is necessary for the local-

ization of the olfactory CNG channel, but not ACIII, to ol-

factory cilia. Interestingly, this mechanism is dependent on

phosphorylation of PACS-1 and CNGB1b by CK2, thus

providing a mechanism for the subunit-dependent traffick-

ing of the olfactory CNG channel (Jenkins et al. 2006).

Phosphorylation-dependent trafficking of olfactory signal-
ing proteins may represent a mechanism for the tuning of

the olfactory response. Another report demonstrated that
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ORs interact with b-arrestin in a phosphorylation-dependent

manner, and that this interaction may be responsible for traf-

ficking of ORs out of the cilium on prolonged exposure to

odorant (Mashukova et al. 2006). Despite these reports, very

little is known regarding the dynamic trafficking of proteins
into and out of olfactory cilia either under normal conditions

or in response to stimuli.

Growing interest in ciliary protein trafficking has led to the

identification of amino acid sequences necessary for entry of

cargo into cilia. For example, the ‘‘RVxP’’ motif originally

identified in polycystin-2 (Geng et al. 2006) was found to be

necessary for the ciliary delivery of the olfactory CNG chan-

nel (Jenkins et al. 2006). Interestingly, a recent report dem-
onstrated that the homologous ‘‘xVxP’’ motif in rhodopsin

interacts with the small GTPase Arf4 and regulates traffick-

ing of a ciliary targeting complex from the trans-Golgi net-

work (Mazelova et al. 2009). Additionally, several ORs were

recently found to contain another ciliary targeting motif con-

sisting of (AX[S/A]XQ), which was sufficient to drive ciliary

localization of nonciliary receptors (Berbari et al. 2008). The

precise mechanisms by which these motifs control ciliary lo-
calization remain unknown. Interestingly, only a subset of

ciliary proteins expresses these motifs indicating that there

are multiple potential ciliary targeting motifs that most likely

act through distinct ciliary entry mechanisms.

Due to the lack of rough endoplasmic reticulum, the den-

dritic knob is not a site for protein synthesis. This suggests

that ciliary cargo must be synthesized in the soma and trans-

ported down the length of the dendrite in order to gain access
to the cilium. Therefore, a loss of somatodendritic trafficking

of ciliary cargo could also cause ciliary dysfunction. For ex-

ample, in C. elegans, mutation in the membrane protein

ODR-4 causes a mislocalization of a subset of chemosensory

receptors (Dwyer et al. 1998). Because of the localization of

ODR-4 to intracellular membranes within the soma, the au-

thors conclude that this mislocalization could be due to a loss

of ODR-4-mediated OR folding, sorting, or transport from
the soma. Although this mechanism has yet to be seen in

mammalian OSNs, given the difficulty expressing ORs in

heterologous systems, it seems likely that mammalian OSNs

possess a similar set of proteins necessary for proper OR

transport.

Dynamics of protein movement within olfactory cilia

Although we are beginning to understand some of the mech-

anisms of ciliary cargo entry, we have virtually no informa-

tion regarding the dynamics of cargo movement once inside

the cilium. One might expect that members of signaling

cascades, especially transmembrane proteins, would move

relatively slowly within the cilium and display long half-

lives in order to increase the efficiency of the signaling cas-
cade. Indeed, in fluorescence recovery after photobleaching

experiments, the olfactory CNG channel moved within the

cilium at a rate consistent with slow diffusion (t1/2 of recovery

; 10 min) in a model system (Jenkins et al. 2006). However,

in C. elegans, the transient receptor potential channel OSM-9

moves along the ciliary membrane at rates comparable to

IFT (;1–2 lm per second) (Qin et al. 2005). One potential

reason for the rapid movement of cargo in cilia would be the
recycling of damaged signaling proteins; however, at this

point, the dynamics of protein movement within olfactory

cilia remains relatively unexplored.

Fate of mistargeted ciliary cargo

As discussed earlier, the basal body serves as the nucleation

site for the ciliary axoneme and appears to serve as a scaffold
for a complex of proteins that regulate entry of cargo into the

cilium. In addition to these functions, it appears that the

basal body also acts as a site of organization of proteolytic

machinery. For example, it has been shown that proteolytic

enzymes are enriched around the centrosome (Wigley et al.

1999). Recently, another group demonstrated that disrup-

tion of basal body function by suppression of BBS4 impairs

proteasome function (Gerdes et al. 2007). This basal body/
proteasome complex may serve to degrade improperly

folded or mistrafficked ciliary cargo. For example, mice null

for CNGB1b demonstrate very low levels of the remaining

CNG subunits (Michalakis et al. 2006). However, when these

mice are treated with a proteasome inhibitor, the remaining

channel subunits can be readily detected at the dendritic

knob suggesting that the knob is serving as the site of pro-

teolytic degradation.

Ciliary genomics and proteomics

Cilia contain a set of proteins distinct from the remainder of

the cell (Inglis et al. 2006). In addition, the components nec-

essary for odorant detection are all highly localized to cilia

(Figure 2). Although we understand the function of a handful
of these proteins, emerging areas of research are yielding new

insights into other cilia-related genes and novel proteins that

may be involved in olfactory signaling or ciliary structure

and maintenance (McClintock et al. 2008). Recent advances

in technology have vastly improved our ability to use bioin-

formatics as a tool to identify novel genes involved in various

cellular processes, such as cilia formation and function. Hun-

dreds of genes present in numerous ciliated species have re-
cently been identified to be important in cilia-related

functions (Avidor-Reiss et al. 2004; Li et al. 2004; Pazour

et al. 2005; Smith et al. 2005; Stolc et al. 2005; Blacque

et al. 2006; McClintock et al. 2008).

Although it is believed that cilia are widely conserved be-

tween cilia types, it is now becoming clear that differences

exist both between species and between cilia types within

1 organism. Only a few studies have concentrated on iden-
tifying ciliary genes in mammals, with only a few focusing on

olfactory cilia (Ostrowski et al. 2002; Su et al. 2004; Sammeta

et al. 2007; Klimmeck et al. 2008; Mayer, Kuller, et al. 2008;
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Mayer, Ungerer, et al. 2008; McClintock et al. 2008). Using

genomics and proteomics, these studies have identified hun-

dreds of cilia-related genes of known and unknown function

in OSNs. These studies represent a solid starting point for the

elucidation of ciliary proteome; however, improved cilia pu-
rification methods should facilitate further study. Neverthe-

less, the challenge remains to demonstrate the function and

physiological relevance of these ciliary proteins, especially in

relation to human ciliopathies.

Olfactory cilia and human disease

Although the olfactory system is necessary for detecting

odors and crucial for our sense of taste, it also plays impor-

tant roles in our quality of life, health, and safety. Dysosmia

(impaired sense of smell) or anosmia (loss of ability to smell)

can prevent us from detecting signs of danger such as

smoke or spoiled food, and also can lead to medical prob-
lems such as weight gain and poor nutrition (Toller 1999).

Impaired olfactory function is estimated to affect 3–6 million

Americans and over 50% of those over the age of 65 (Murphy

et al. 2002; Nguyen-Khoa et al. 2007); however, this may be

a gross underestimate given that olfactory dysfunction

frequently goes unreported (Nguyen-Khoa et al. 2007).

Although the leading causes of smell disorders in patients

are injury due to head trauma, upper respiratory tract infec-
tions, and chronic rhinosinusitis, in at least 20% of cases,

the underlying etiology remains unknown (Jafek 2000).

Olfactory dysfunction due to genetic mutations or neurode-

generative disorders affecting cilia is becoming increasingly

recognized and better studied.

Olfactory ciliopathies

One of the first documented cases of a human patient with

anosmia presumably due to ciliary defects was in 1975

(Douek et al. 1975; Afzelius 2004). A biopsy from this pa-

tient, who suffered from congenital anosmia, revealed that,

although the global architecture of the epithelium appeared

normal, his OSNs were devoid of cilia, the cause of which is
unknown (Douek et al. 1975). It has only been within the

past 5 years that patients with deficits in olfaction due to cil-

iary defects have been clearly identified (Kulaga et al. 2004;

Iannaccone et al. 2005; McEwen et al. 2007). In these cases,

the olfactory deficits were shown to occur in 2 different pleio-

tropic diseases, BBS and Leber congenital amaurosis (LCA).

BBS is highly pleiotropic with patients exhibiting mental

disabilities, obesity, retinal degeneration, polycystic kidneys,
hypertension, and hypercholesterolemia, which together

may lead to premature death (Bardet 1995; Biedl 1995;

Beales et al. 1999; Klysik 2008). The varied effects are depen-

dent on mutations in 1 of 12 members of the BBS gene fam-

ily, with the most severe mutations occurring in either BBS1

or BBS10 (Beales et al. 2003; Mykytyn et al. 2003; Hichri

et al. 2005; Stoetzel et al. 2006; Klysik 2008). Several BBS

proteins, BBS1-8, have been characterized as basal body pro-
teins that are thought to regulate protein entry into the cil-

ium (Klysik 2008). Human mutations in 2 BBS proteins,

BBS1 and BBS4, and genetic deletion of BBS1, BBS2, or

Figure 2 Localization of Olfactory Signaling Proteins to Cilia. Immunocytochemistry for olfactory signaling proteins was performed on 14-mm-thick sections
of frozen mouse OE as described previously (McEwen et al. 2007). Acetylated a tubulin is a marker for the cilia layer. The odorant receptor mOR28 (top
middle, antibody courtesy of Dr Richard Axel) is localized throughout the OSN including the cilia, which can be more easily visualized in an en face section (top
right). The olfactory G protein Gaolf (bottom left), adenylyl cyclase III (bottom middle), and CNG channel CNGA2 subunit (bottom right) are all enriched in the
cilia layer. NC = nasal cavity, OE = olfactory epithelium. Scale bars represent 10 lm for all images except en face mOR28 (bar represents 5 lm).
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BBS4 in mice resulted in severely impaired olfactory function

(Kulaga et al. 2004; Mykytyn et al. 2004; Nishimura et al.

2004; Iannaccone et al. 2005). However, mutations in the
BBS proteins do not seem to share a common underlying

mechanism of olfactory dysfunction. For example, patients

with mutations in BBS1 are anosmic, most likely due to a loss

of olfactory cilia, as the cilia are absent in the BBS1 null

mouse model (Kulaga et al. 2004; Iannaccone et al. 2005).

In the BBS2 null mouse, the status of olfactory cilia has

not been examined, but both renal and retinal cilia are able

to assemble (Nishimura et al. 2004). Finally, in 2 different
studies, patients with mutations in BBS4 exhibited decreased

olfaction or anosmia (Kulaga et al. 2004; Iannaccone et al.

2005). The divergent phenotypes observed with mutation or

loss of specific BBS proteins highlight the complex regulation

of ciliogenesis as well as the assembly and maintenance of the

axoneme. This is also true when comparing different ciliated

cells from a single BBS null animal. For example, mice de-

ficient in BBS4 have a diminished cilia layer in the OE, which
causes an almost complete loss of electroolfactogram re-

sponse (Kulaga et al. 2004). Similarly sperm from these null

mice completely lack flagella (Mykytyn et al. 2004). How-

ever, these mice are still capable of ciliogenesis (Mykytyn

et al. 2004). Renal epithelial cells from these animals possess

cilia but demonstrate altered timing for axoneme extension

(Mokrzan et al. 2007), which may allow the age-dependent

development of polycystic kidneys (Eichers et al. 2006).
These results demonstrate the sensitivity of different cell

types to alterations in BBS function and suggest that the

manifestation of disease may reflect the extent to which com-

plete elaboration of normal cilia is essential for a wildtype

phenotype

A second example of a ciliary defect leading to olfactory

impairment is a recent study investigating olfactory function

in patients with LCA (McEwen et al. 2007). LCA, first dis-

covered by Theodor Leber almost 140 years ago (Leber

1869), is a congenital retinal dystrophy accounting for more

than 5% of inherited retinopathies (Koenekoop 2004). LCA
can occur due to mutations in several proteins of varying

function, from retinoid metabolism and phototransduction

to cell-cycle progression (Koenekoop 2004). Recent reports

have also shown that LCA can be caused by mutations in the

centrosomal/basal body protein, CEP290 (den Hollander

et al. 2006; Cideciyan et al. 2007). Olfactory function was

tested in the original LCA patient population with muta-

tions in CEP290 using the Brief Smell Identification Test
(McEwen et al. 2007). For all patients tested, mutations in

CEP290 resulted in severely impaired olfactory function de-

spite a self-described normal sense of smell (McEwen et al.

2007). Using a mouse model, it was determined that the

olfactory impairment was due to a mislocalization of the ol-

factory G-protein rendering the signaling pathway nonfunc-

tional, despite cilia remaining intact (McEwen et al. 2007).

Together, these studies suggest that olfactory dysfunction
due to ciliary defects can occur by 2 separate mechanisms:

1) a complete loss of olfactory cilia and 2) a defect in protein

trafficking leading to a loss in olfactory signaling.

Although it is now clear that olfactory dysfunction is a clin-

ical manifestation of a subset of ciliopathies, there appears to

be a selective penetrance of phenotypes between different

cilia in the body. For example, hypomorphic mutation in

CEP290 causes anosmia and early-onset retinal degeneration
without a renal phenotype (Chang et al. 2006; McEwen et al.

2007). In addition, KIF17 is not essential for renal cilia main-

tenance; however it is necessary for the maintenance of the

rod outer segment, which is an extension of the modified con-

necting cilium (Jenkins et al. 2006; Insinna et al. 2008). De-

spite the varying penetrance of ciliopathies, the assessment of

olfactory function represents an attractive tool for pregenetic

screening due to the low cost and minimally invasive nature

Figure 3 Steps of Ciliogenesis in the OSN. (A) In a developing OSN (at approximately E10–E11) centrioles are duplicated en masse from the mother/
daughter centrioles in the cell body before migrating along the developing dendrite toward the eventual dendritic knob (B). (C) In the dendritic knob (at
approximately E12–E14), centrioles are converted to basal bodies and anchored to the plasma membrane, and ciliogenesis begins as the ciliary axonemes
extend from the basal body and elongate the cilia into the mucous layer where odorant transduction occurs (D) Interestingly, 1 single primary cilium of
approximately 1 lm in length forms before the appearance of the remaining cilia.
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of the procedure. In addition, screening for olfactory dys-

function may lead to the discovery of previously undescribed

ciliary diseases. Finally, the finding that loss of olfactory cilia

or perturbation in ciliary protein localization can represent

the underlying cause of olfactory dysfunction highlights the
necessity for further elucidation of the mechanisms and mo-

lecular machinery necessary for ciliary transport in OSNs.

The OSN as a site for pathogen entry

The mammalian olfactory system is unique in that it is the

only region of the central nervous system that is directly ex-

posed to the external environment (Doty et al. 1991; Doty
2008). It is estimated that the exposed surface of the OE,

comprising the dendritic knob plus cilia, is around 23 cm2

(Doty et al. 1991; Doty 2008). Together, this makes the

OE a unique and vulnerable target for the entry of pathogens

directly into the brain. Even though the OE is partially pro-

tected by the presence of the nasal mucous as well as high

levels of metabolizing enzymes, such as cytochrome P450s,

evidence exists that pathogens can enter the brain through
the OE (Baker and Genter 2003; Ding and Dahl 2003; Doty

2008). In the early 20th century, it was shown that viruses

could enter the monkey brain and that this was prevented

by lesioning either the OE, the axon tracts, or the olfactory

bulb (Flexner 1917; Brodie and Elvidge 1934; Schultz and

Gebhardt 1936; Doty 2008). One of the major debilitating

viruses shown to enter the brain via the OE was the polio-

myelitus virus (Flexner 1917; Brodie and Elvidge 1934;
Schultz and Gebhardt 1936). Today, the list of viruses able

to infect the OE has expanded and includes some major vi-

ruses, such as adenovirus, herpes simplex, hepatitis, influ-

enza A, and rabies, as well as many others (Doty 2008). A

subset of these pathogens may enter exclusively through

OSNs and specifically the cilia. For example, the olfactory

cilia from a patient with sporadic Creutzfeldt–Jakob disease

were positive for protease-resistant prion protein (Tabaton
et al. 2004). Following death, a neuropathological examina-

tion revealed nerve loss and gliosis in cerebral cortex, stria-

tum, and cerebellum, suggesting that the olfactory cilia

served as a site for pathogen entry (Tabaton et al. 2004).

Therefore, the OE, specifically the OSN cilia, is likely a major

target for pathogenic transmission of xenobiotics directly

into the brain.

Conclusions

Olfactory dysfunction in the general population is frequent,

affecting at least 2.5 million people in the United States

alone. In at least 20% of the cases, the etiology of the chemo-

sensory disturbance cannot be identified. Recent evidence

demonstrates that olfactory dysfunction is a clinical manifes-
tation of an emerging class of human genetic disorders,

termed ciliopathies, which involve defects in ciliary assembly

and/or protein transport. Given the plasticity of the olfac-

tory system and its regenerative properties, OSNs undergo

a continual process of ciliogenesis and protein transport that

is critical for olfactory function. Intrinsic mechanisms are

present in OSNs that direct cell surface localization and se-

lective ciliary compartmentalization of olfactory transduc-
tion proteins. Remarkably, the mechanisms and molecular

machinery necessary for ciliary transport in OSNs are poorly

understood. Future work in this area will afford new insights

into the regulation of sensory perception while emphasizing

that olfactory dysfunction represents an important clinical

manifestation of ciliary disease.
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