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Abstract: Cilia and flagella are highly conserved and important microtubule-based 

organelles that project from the surface of eukaryotic cells and act as antennae to sense 

extracellular signals. Moreover, cilia have emerged as key players in numerous physiological, 

developmental, and sensory processes such as hearing, olfaction, and photoreception. 

Genetic defects in ciliary proteins responsible for cilia formation, maintenance, or function 

underlie a wide array of human diseases like deafness, anosmia, and retinal degeneration in 

sensory systems. Impairment of more than one sensory organ results in numerous syndromic 

ciliary disorders like the autosomal recessive genetic diseases Bardet-Biedl and Usher 

syndrome. Here we describe the structure and distinct functional roles of cilia in sensory 

organs like the inner ear, the olfactory epithelium, and the retina of the mouse. The spectrum 

of ciliary function in fundamental cellular processes highlights the importance of elucidating 

ciliopathy-related proteins in order to find novel potential therapies. 

Keywords: primary cilia; intraflagellar transport; kinocilium; inner ear; olfactory epithelium; 

retina; connecting cilium 

 

1. Introduction 

Cilia and flagella are highly conserved microtubule-based organelles consisting of nine peripheral 

doublet microtubules (9 × 2) that project from the surface of eukaryotic cells. Doublet microtubules are 
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specialized structures composed of one complete microtubule (the A tubule) linked to an incomplete 

second microtubule (the B tubule) with fewer protofilaments [1]. There are four types of cilia: motile cilia 

with a central pair of microtubules (9 × 2 + 2 organization; e.g., respiratory cilia, ependymal cilia), motile 

cilia without a central pair of microtubules (9 × 2 + 0 organization; e.g., nodal cilia), non-motile cilia 

with a central pair of microtubules (9 × 2 + 2 organization; e.g., kinocilium of hair cells), and non-motile 

cilia normally lacking the central pair of microtubules (9 × 2 + 0 organization; e.g., photoreceptor-

connecting cilium) [2–4]. Additionally, numerous vertebrate cell types possess one single primary 

cilium, a non-motile cilium, located on their surface (Figure 1A–E). 

 

Figure 1. The primary cilium and its intraflagellar transport machinery. (A–D) Triple 

labeling of acetylated α-tubulin (A green, marker for the ciliary axoneme), ADP-ribosylation 

factor-like 13B (Arl13B; B red, marker for the ciliary membrane) and DAPI (D blue) as  

a nuclear marker in serum-starved NIH 3T3 mouse fibroblasts; (C,D) Merged images 

showing the localization of acetylated α-tubulin and Arl13B at a single primary cilium 

projecting from the cell surface; (E) 3D reconstruction of the non-motile primary cilium 

demonstrating that Arl13B (red) ensheathes the axoneme of the primary cilium (PC)  

labeled with an antibody against acetylated α-tubulin (green); (F) Schematic of the primary 

cilium and its intraflagellar transport machinery. The primary cilium is divided into the basal 

body complex (shaded in blue) and the membrane-bound axoneme (9 × 2 + 0 microtubule 

configuration) extending from the surface. The basal body complex comprises the basal body 

and its centriole (9 × 3 + 0 structure) enclosed by the pericentriolar material (PCM). 

Elongation of the axoneme is mediated by the intraflagellar transport (IFT) machinery. 

Anterograde IFT from the base to the tip of the cilium depends on IFT B proteins and the 

microtubule plus-end-directed kinesin II motor protein family. Retrograde IFT from the tip 

to the base of the cilium depends on IFT A proteins and the minus-end-directed cytoplasmic 

dynein 2 motor protein. Scale bars: 5 µm (A–D), 2 µm (E). 
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In most non-dividing cells the centrioles of the centrosome migrate to the cell surface, where the 

mother centriole forms a basal body which anchors the nine peripheral doublet microtubules and 

organizes formation of the axoneme (Figure 1F). Elongation of the membrane-bound axoneme is mediated 

by the intraflagellar transport (IFT) machinery, which transports axoneme precursors to the distal tip for 

assembly. Anterograde trafficking from the base to the tip of the cilium (minus to plus end) depends on 

microtubule plus-end-directed kinesin II motor proteins associated with IFT B protein complexes. 

However, the minus-end-directed cytoplasmic dynein 2 motor protein together with IFT A proteins 

appear to be required for retrograde trafficking (plus to minus end). IFT complex A and B comprise 17 

highly conserved proteins [5,6] (Figure 1F). The IFT system has enabled eukaryotic cells to move 

proteins to the tip of the cilium and back in a specific and well-regulated manner. The evolutionarily 

conserved mechanism of IFT, which was first described in the laboratory of Joel Rosenbaum in the green 

alga Chlamydomonas reinhardtii [7], is essential for assembly and maintenance (exclusively shown in 

Chlamydomonas so far) of these structures in all species [8–10]. IFT is a highly investigated and 

exceedingly complex process. For more details see e.g., [11,12]. 

In the last 15 years the cilium has emerged as a key organelle in numerous physiological and 

developmental processes. Cilia generate flow of mucus and cerebrospinal fluid, as well as leftward  

flow in the vertebrate node (motile cilia) [13–16]. The cilium also acts as a sensor for extracellular 

signals (non-motile primary cilia) and plays a part in several important pathways, e.g., Hedgehog, Wnt 

(wingless-Int-1), and PCP (planar cell polarity) signaling [1]. Genetic defects in cilia formation, 

maintenance, or function underlie a wide array of human diseases including retinitis pigmentosa, 

polycystic kidney disease (PKD), polydactyly, primary ciliary dyskinesia (PCD), and developmental 

delays, all of which are collectively called ciliopathies [17] (Table 1). It is increasingly important  

to elucidate the function of ciliary proteins associated with these ciliary defects in order to find  

potential therapies. 

An organism’s perception of its natural environment is dependent on sensory function. As sensors of 

our environment, cilia are involved in fundamental biological processes such as hearing, olfaction, and 

photoreception. The corresponding organs can therefore be affected by mutations in ciliary proteins. 

These ciliopathies are caused by deficient formation and dysfunction of cilia leading to sensory 

impairments. Mutations in genes encoding ciliary proteins mostly result in disrupted cilia formation up 

to degeneration of the entire ciliated cell [18–21]. Patients with ciliopathies affecting the inner ear are 

often deaf and/or exhibit balance difficulties [22]. Patients with an affected olfactory epithelium often 

show a complete loss of smell (anosmia) [23,24], and patients with retinal ciliopathies often become 

blind (retinal degeneration) [25–27]. Impairment of more than one sensory organ results, for instance, 

in Bardet-Biedl [28,29] or Usher syndrome [30,31], two autosomal recessive genetic diseases (Table 1). 

2. Cilia in the Inner Ear of Mammals 

The mammalian inner ear is comprised of two distinct regions: The cochlea which regulates auditory 

function (Figure 2A,B) and the vestibular system which perceives motion and balance. Cochlea and 

vestibular systems process sound and positional signals, respectively, with remarkable resolution and 

sensitivity. This ability depends largely on a sophisticated mechanotransduction apparatus on the surface 

of polarized epithelial mechanosensory hair cells and non-sensory supporting cells (Figure 2C). 
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Figure 2. Cilia in the inner ear of mammals shortly after birth. (A,B) Cross section of a 

mouse cochlea at P5 (postnatal day 5) stained with toluidine blue. The cochlea is divided 

into three fluid-filled compartments: scala vestibuli, scala tympani and scala media. Scala 

vestibuli (containing perilymph) is separated from the scala media (containing endolymph) 

by the Reissner’s membrane, while scala media and scala tympani (containing perilymph) 

are separated by the basilar membrane. The basilar membrane contains the Organ of Corti 

with sensory hair cells responsible for auditory function. The hair cells are arranged in four 

rows along the entire length of the cochlea—three rows of outer and one row of inner hair 

cells. The tectorial membrane responsible for their direct (outer hair cells) and indirect (inner 

hair cells) activation covers the hair cells; (C) Schematic of a mammalian cochlear hair cell 

shortly after birth. Hair cells are polarized epithelial mechanosensory cells with a mechanically 

sensitive organelle at the apical surface, known as stereovilli (SV). Stereovilli are non-motile 

hair bundles consisting of dozens of specialized F-actin-filled microvilli graduated in length 

to form a staircase-like structure. Within their V-shaped orientation stereovilli are connected 

by extracellular linkages called tip links. The longest stereovilli is closest to a single genuine 

microtubule-based cilium, the kinocilium with a (9 × 2 + 2) microtubule configuration 

(which begins to regress at around P8 in the mouse). Hair cells are surrounded by non-

sensory supporting cells with microvilli on their apical surface; (D–H) Transmission electron 

micrographs of a mouse cochlea; (D) Cross-section of a kinocilium (KC) showing the (9 × 

2 + 2) structure; (E) Longitudinal section of stereovilli and the kinocilium on the apical 

surface of an inner hair cell; (F) Immature synaptic ribbon (SR) of an inner hair cell with the 

typical electron-dense sphere surrounded by synaptic vesicles; (G) V-shaped orientation of 

stereovilli and the kinocilium on a vestibular hair cell; (H) Cross-section of a synaptic ribbon 

in a vestibular hair cell. CS: centrosome. CP: cuticular plate. Scale bars: 50 µm (A,B),  

100 nm (D,H), 200 nm (E,F), 500 nm (G). 
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At the apical surface, each hair cell contains a mechanically sensitive organelle, the hair bundle, which 

consists of dozens of specialized F-actin-filled microvilli, known as stereovilli or stereocilia (Figure 2C). 

We prefer the term stereovilli because of their non-motile character as an apical modification of the cell. 

Moreover, they contain actin filaments which distinguish them from microtubule-containing true cilia. 

Each bundle is made up of rows decreasing in height—to form a staircase-like structure—and is arranged 

in a V-shaped conformation with the stereovilli connected by extracellular linkages [32] (Figure 2C,E,G). 

The longest stereovilli is closest to a single true microtubule-based cilium, the kinocilium (9 × 2 + 2 

structure) [33] (Figure 2C–E,G). The kinocilium is thought to have its main function in hair cell 

differentiation. During development of the hair cell bundle (mouse embryonic day 15 to postnatal  

day 14), the microtubule-based kinocilium emerges from the basal body at the center of the apical surface 

and performs a directed migration toward its final position at the lateral edge, where the stereovilli 

organize around it in a V-shaped bundle [34–36]. Disruption of kinocilium formation in cochlea-specific 

conditional knockout mice of the Ift88 gene lead to abnormal morphologies, mislocalized basal bodies, 

and misoriented ciliary bundles. Since the direction of kinocilium migration predicts the orientation of 

the mature stereovilli bundle, the kinocilium is thought to be a relay station for positional information 

processing in the hair cells [37]. The mammalian kinocilium of cochlear hair cells does not play a role 

in sound transduction in the mature organ of Corti and degenerates after birth. In rat and mouse cochlear 

hair cells the kinocilium begins to regress at around P8, once the stereovilli bundle has formed and 

hearing starts [38]. However, the centrioles (previously acting as the ciliary basal body and its centriole) 

are retained in mature cochlear hair cells after the kinocilium has been completely reabsorbed [39].  

In the non-mammalian cochlea, the kinocilium exists throughout the whole life of the animal [35]. Both 

kinocilia and stereovilli of mouse vestibular hair cells are considerably longer than those in the cochlea 

and vary in length between the different vestibular sensory organs [40]. This variation in length 

presumably contributes to the transduction sensitivity of these cells in the respective organs. 

In summary, the kinocilium of inner ear hair cells is probably not involved in auditory perception. 

Nevertheless, the cochlear kinocilium is critical for the emergence of hair bundle polarity and therefore 

crucial for the hearing process [22]. The importance of proteins associated with cilia in audition is 

illustrated by Usher syndrome patients displaying deafness [30,31] and Bardet-Biedl syndrome patients 

displaying auditory deficiencies [28] (Table 1). 

Besides their function in hearing, mammalian cilia also have an essential role in olfaction. In contrast 

to the kinocilium of cochlear hair cells, cilia in the olfactory system perform a direct sensory task. 

3. The Structure and Role of Cilia in Olfaction 

Olfactory sensory neurons (OSN) are the receptor elements of the olfactory system. OSNs are bipolar 

neurons whose dendrites end in an olfactory knob, where their cilia are localized (Figure 3). OSNs are 

surrounded by supporting cells, which have a microvilli border on their apical surface (Figure 3C,D).  

In all vertebrates, olfactory receptor cells display cycles of birth, maturation and death. This turnover is 

remarkable given that neurons are not generally considered to undergo neurogenesis in adults. Stem 

cells, here called basal cells (BC), of the olfactory epithelium continually replace OSNs and non-neuronal 

support cells throughout life [41,42]. Cilia of the olfactory system are optimized for unique sensory 

function and the detection of external stimuli. Although OSNs possess 10 to 30 cilia with a (9 × 2 + 2) 
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microtubule configuration—normally found in motile cilia—they lack the dynein arms necessary for 

movement and are thus rendered immotile [43,44]. 

 

Figure 3. Structure of cilia in the mouse respiratory and olfactory epithelium. (A–C) 

Transmission electron micrographs of an adult mouse olfactory epithelium; (A) The respiratory 

epithelium contains multiple motile cilia on one cell; (B) Higher magnification of a cross 

section showing the (9 × 2 + 2) microtubule configuration of olfactory cilia; (C) Longitudinal 

section of an olfactory knob (OK) with extending olfactory cilia (OC); (D) Schematics of  

an olfactory sensory neuron (OSN) and its olfactory knob. OSNs are the receptor elements 

of the olfactory system. They are surrounded by supporting cells (SC) with a microvilli (MV) 

border on their apical surface and continually replaced by basal cells (BC) throughout life. 

OSNs are bipolar neurons with dendrites ending in an olfactory knob which has specialized 

sensory cilia responsible for olfaction. The mammalian olfactory cilium comprises the 

transition zone (TZ), the proximal segment (PS), and the distal segment (DS). The TZ (9 × 

2 + 0 structure) is located at the base of the olfactory cilium between the basal body and the 

origin of the axoneme’s central pair of microtubules. The PS projects from the basal body in 

a (9 × 2 + 2) configuration. The DS represents the end of the cilium and contains 

characteristic arrays of singlet microtubules (from 9 × 1 to 2 × 1); (E–H) Higher magnification 

electron micrographs showing the different microtubule configurations of the DS (E–G) and 

PS (H) of an olfactory cilium. CS: centrosomes. BL: basal lamina. Scale bars: 500 nm (A,C), 

200 nm (B), 100 nm (E–H). 

In contrast, the multiple cilia in the respiratory epithelium with a (9 × 2 + 2) microtubule backbone 

are motile and play a role in mucociliary clearance [3] (Figure 3A,B). The mammalian olfactory cilium 

is approximately 50–60 μm long—recent studies have shown the length of murine cilia to vary between  

2.5 and 110 µm [45]—and can be divided into the transition zone (TZ), the proximal (PS) and the distal 

segment (DS) (Figure 3D–H). The TZ (“ciliary necklace”) lies at the base of the olfactory cilium,  

where the lipid membrane sheath contacts the dendritic knob. This domain is located between the basal 

body and the origin of the central pair of microtubules (9 × 2 + 0 structure, Figures 3D and 4D–F) of the 

axoneme [1]. Interestingly, ciliary transport proteins have been found to be localized at transitional fibers 

(which anchor the basal body to the membrane and are located under the transition zone), indicating that 
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the TZ might serve as a cargo-docking site connecting the ciliary shaft to the protein complex at the base 

of the cilium [46,47]. The PS starts 2–3 µm away from the basal body in a (9 × 2 + 2) configuration and 

has a diameter of around 300 nm [48,49]. The thinner distal segment spans the upper part of the cilium, 

with the microtubule configuration going down from 9 × 1 to 4 × 1, usually ending with a pair of singlet 

microtubules (Figure 3D–H). The DSes of olfactory cilia are oriented parallel to the epithelial surface.  

As a result, cilia from different OSNs substantially overlap which results in an enlargement of the 

epithelial surface and lead in turn to the detection of several odorants [48]. 

 

Figure 4. Immunofluorescence analysis of olfactory cilia in the mouse olfactory epithelium. 

(A–C) Confocal laser scanning micrographs of a cryostat section through adult mouse olfactory 

epithelium double labeled with antibodies against Centrin 3 (green) and polyglutamylated 

tubulin (red); (A,B) Centrin 3 and polyglutamylated tubulin are localized in the ciliary region 

of the olfactory sensory neurons (OSNs); (C) Merge combined with a DAPI nuclear staining 

(blue); (D–F) Higher magnification views of the ciliary region; (D) Centrin 3 is preferentially 

localized at the basal body, the centriole and the transition zone of cilia in the olfactory knobs 

(OK) of receptor neurons; (E) Polyglutamylated tubulin labels the axoneme of olfactory cilia; 

(F) The merge shows a partial colocalization of Centrin 3 and polyglutamylated tubulin at  

the transition zone of the olfactory receptor neurons. ML: mucus layer. Scale bars: 10 µm 

(C for A–C), 1 µm (F for D–F). 

Olfactory cilia—like prototypic cilia—originate from a microtubule-based cell organelle, the basal 

body. Cells that develop a single copy cilium normally contain only one centrosome—the precursor of 

the basal body complex—before ciliogenesis. In contrast, OSNs multiply the centrosome in the cell body 

before migration to the dendritic knob. There, the modified mother centrioles move to the plasma 

membrane, become basal bodies and elongation of multiple cilia begins [50,51]. 

Olfactory sensory cilia are responsible for perception of smell. Once odorants contact the olfactory 

epithelium, olfaction signaling is initiated. This process starts in the long distal segment with the odorant 

acting as a ligand for odorant G-protein-coupled receptors (GPCRs) on the sensory neuron’s cilia. 

It is generally believed that from Drosophila to mice to humans, each olfactory neuron expresses only 

one type of odorant GPCR [52,53]. In comparison, Drosophila has about 80, mice over 1000 and humans 
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about 400 functional GPCR genes [52–56]. In mammals, odorants or mixtures of odorants bind a specific 

pattern of odorant GPCRs. As a result, the receptors activate adenylyl cyclase type III (ACIII) through  

a stimulatory G-protein (Golf). ACIII then generates an increase in cAMP, causing the opening of cyclic 

nucleotide gated (CNG) ion channels. This results in depolarization of the neuron, which is amplified 

via a Ca2+-activated chloride channel and transmitted to the brain, causing the sensation of smell [57–60]. 

This entire olfaction-signaling cascade takes place within the olfactory sensory cilia, with the signaling 

proteins, such as Golf, ACIII, and CNG channel, localized in the distal segment [61]. Cilia-dependent 

GPCR signaling is a widespread mechanism and has been widely studied over the last decade; for 

example, the role of vertebrate hedgehog (Hh) signaling in development and disease [62,63]. 

The importance of cilia in olfaction is illustrated by mouse mutants for ciliary proteins and  

Bardet-Biedl syndrome patients both displaying anosmia [24,28] (Table 1). In addition to their tasks in 

development, mechanoreception, and olfaction, another specialized group of modified cilia performs 

important functions in photoreception. 

4. The Connecting Cilium as an Environmental Sensor in Light Detection 

The vertebrate retina contains five classes of neurons: photoreceptors, bipolar cells, horizontal cells, 

amacrine cells, and ganglion cells (Figure 5A). Out of these, photoreceptors (which are highly polarized 

neurons) are optimized for the detection of light. A distinction is made between rod and cone 

photoreceptors, which adopt different functions in vision—rod photoreceptors mediate vision in dim 

light, cone photoreceptors in bright light. Moreover, they can easily be distinguished by their distinctive 

outer segment architecture [64]. The longer outer segment (OS) of rod photoreceptors is composed of 

stacks of tightly packed membrane discs physically separated from the plasma membrane (Figure 5B,C,F). 

The outer segment of cone photoreceptors consists of folds of the plasma membrane, which are in direct 

contact with the extracellular milieu. Photoreceptors are divided into morphologically and functionally 

distinct compartments. The light-absorbing molecules are concentrated in the outer segment at the apical 

end of the cell and separated from the synaptic terminal (ST) at the basal end by the nucleus and inner 

segment (IS). The inner segment contains the typical energy-producing and protein-synthesizing 

components of a eukaryotic cell. The light-sensitive outer segment is linked to the inner segment by  

a small intracellular bridge, the connecting cilium (CC). The connecting cilium originates from the basal 

body complex in the inner segment and extends into the outer segment which represents the upper part 

of an evolutionarily modified primary cilium [65–68] (Figure 5B,C,G). In comparison to cilia in the 

olfactory system, photoreceptor cilia are unique in two major ways: (1) the ciliary outer segment 

membrane contains coin stack-shaped discs to increase the efficiency of signal detection; and (2) the 

outer segment discs are periodically shed distally and proximally replaced by new discs and membrane 

components [69]. 
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Figure 5. Organization of rod photoreceptors in the mammalian retina. (A) Vertical section 

of a vertebrate retina stained with toluidine blue. The retina contains five classes of neurons 

(photoreceptors, bipolar cells, horizontal cells, amacrine cells, ganglion cells), and is divided 

into three nuclear layers (outer nuclear layer (ONL), inner nuclear layer (INL), ganglion cell 

layer (GCL)) and two synaptic layers (outer plexiform layer (OPL), inner plexiform layer 

(IPL)); (B) Schematic of a vertebrate rod photoreceptor consisting of the long, light-sensitive 

outer segment (OS) enclosed by the retinal pigment epithelium (RPE) which is connected 

via a small intracellular bridge, the connecting cilium (CC), to the metabolically active inner 

segment (IS) including the basal body complex (BBC; shaded in blue) and the apical region. 

The OS represents a modified primary cilium. The CC corresponds to the transition zone of 

a prototypic cilium with a (9 × 2 + 0) microtubule array; (C–H) Transmission electron 

micrograph of a photoreceptor-connecting cilium; (C) The CC connects the OS and IS. The 

BBC consists of the basal body (BB) and its centriole (Ce); (D) Cross-section of the CC 

showing the characteristic (9 × 2 + 0) microtubule array; (E) RPE with pigment granules and 

the Bruch’s membrane (BM); (F) OS composed of stacks of tightly packed membrane discs; 

(G) Higher magnification view of the ciliary apparatus; (H) Synaptic ribbon (SR) with 

invaginations of postsynaptic horizontal cells (HC) and bipolar cells (BC). Scale bars:  

100 µm (A), 200 nm (D,F,H), 500 nm (E,G). 
  



Cells 2015, 4 509 

 

 

The following description of transport processes will focus on rod photoreceptors as the mechanisms 

are understood best in these cells. The signal transduction cascade as well as the high membrane turnover 

in the OS require an efficient transport of disc components from the nuclear region and the IS to the  

OS [70] (Figure 6A–C). For example, the visual pigment rhodopsin is the most abundant protein in the 

OS (85% of total OS protein) and an enormous number of molecules (104–107) are synthesized by rod 

photoreceptors every day [65,67]. Rhodopsin is the light receptor that activates the phototransduction 

cascade, which results in membrane hyperpolarization and inhibition of synaptic transmission [71–77]. 

But how do photoreceptors realize this permanent transport of proteins? All the proteins synthesized in 

the IS but destined for the OS have to be delivered to the basal body complex for distal trafficking 

through the narrow non-motile-connecting cilium (Figure 6A–C). The connecting cilium is the structural 

equivalent of the transition zone of motile cilia and flagella (prototypic cilium) with the characteristic  

(9 × 2 + 0) microtubule array [65,66,78] (Figure 5B–D). The connecting cilium expands to the outer 

segment which represents the upper part of the evolutionarily modified primary cilium. Development  

of the photoreceptor outer segment and connecting cilium is mediated by IFT transport processes  

(well described for rod photoreceptors in [79]). In mature rod photoreceptors, we can distinguish 

between two types of molecular transport systems: (1) a myosin 7a motor transport system along actin 

filaments [66,80,81]; and (2) the microtubule-based intraflagellar transport system composed of IFT 

molecules (binding the cargo), kinesin II motor proteins (plus-end-directed) and cytoplasmic  

dynein 2 motor proteins (minus-end-directed) for transport [68,78,82] (Figure 6A–C). How the two 

distinct motors and the cytoskeletal systems are coordinated remains unknown. All components of the 

phototransduction cascade—such as rhodopsin, rhodopsin kinase, cyclic nucleotide gated channels, and 

phosphodiesterases—have to be transported to the OS. For instance, rhodopsin is synthesized and 

modified in the endoplasmic reticulum (ER). Then the visual pigment is packed into so-called rhodopsin 

transport carriers (RTCs) in the Golgi [68,83]. These RTCs are uni-directionally transported by cytoplasmic 

dynein 1 along microtubules to the base of the connecting cilium [84] (Figure 6B). There, they fuse with 

the plasma membrane surrounding the connecting cilium through which rhodopsin is then delivered to 

the rod outer segment [83]. The proteins arrestin and transducin undergo light-dependent translocation 

processes between the inner and outer segment, and must therefore be transported in both directions [85–87]. 

Many studies have shown that cone and rod photoreceptors possess distinct transport machineries and 

pathways for trafficking proteins to the outer segment (and back) [69,88,89]. In summary, the development 

and maintenance of photoreceptor cell function requires effective and well-regulated transport processes 

along the connecting cilium. Thus, the connecting cilium is the passage between the inner and  

outer segment with roads in both directions and a traffic control system for different cargos [90]  

(Figure 6A–C). 
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Figure 6. The connecting cilium of photoreceptors and its transport machinery. (A) 

Schematic of a vertebrate rod photoreceptor consisting of the light-sensitive outer segment 

(OS) enclosed by the retinal pigment epithelium (RPE) and linked via the connecting cilium 

(CC) to the metabolically active inner segment (IS); (B,C) Schematics of the two ciliary 

transport systems in photoreceptors; (B) Cargo transport to the CC is mediated along 

microtubules (MT) by cytoplasmic dynein 1 motor proteins (minus-end-directed). Delivery 

from the IS to the OS is mediated by IFT B molecules (binding the cargo) and kinesin II 

motor proteins (plus-end-directed). Delivery back to the IS is mediated by IFT A molecules 

and cytoplasmic dynein 2 motor proteins (minus-end-directed); (C) In addition, a myosin 

7a-driven transport along actin filaments is used for trafficking proteins to the OS; (D–G) 

Confocal laser scanning micrographs of a vertical cryostat section through an adult mouse 

retina double labeled for Centrin 3 (D, green) and Pericentrin (E, red) as markers for the 

cilia and the basal body complex (BBC), respectively; (F,G) As seen in the merge of the 

stainings with additional labeling of the cell nuclei with DAPI, centrin 3 and pericentrin 

partially colocalize at the ciliary region of the photoreceptors and at the centrosomes of other 

retinal cells; (H–J) Higher power views showing the partial colocalization of centrin 3 and 

pericentrin at the BBC of photoreceptor-connecting cilia. Scale bars: 20 µm (F), 1 µm (J). 
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5. Concluding Remarks 

Recently, cilia have received increasing attention as they are involved in multiple cellular functions 

and adopt crucial roles in vertebrate development. Ciliary malfunctions can result in human diseases 

called ciliopathies [3,10] (Table 1). The complexity of this organelle and the wide array of sensory and 

signaling activities that it plays a role in have raised many questions [59]. In this review, we focused on 

structure, development, and specialized sensory functions of cilia in mammalian sensory systems.  

In the mammalian auditory system, hair cells possess one single non-motile (9 × 2 + 2) kinocilium which 

is located at the end of a V-shaped bundle of actin-rich stereovilli. This kinocilium seems to be critical 

for the development of hair bundle polarity and is therefore indirectly involved in the hearing process.  

In the mammalian olfactory epithelium, multiple long non-motile cilia with a (9 × 2 + 2) structure are 

present in one cell, which contains the entire signal-processing machinery necessary for olfaction. In 

contrast to cilia in hair cells and olfactory sensory neurons, photoreceptors possess a connecting cilium, 

which corresponds to the transition zone of a prototypic cilium with a (9 × 2 + 0) microtubule array. It 

connects the metabolically active inner segment with the outer segment which contains the signal 

transduction machinery and evolutionarily represents the axonemal part of a modified primary cilium. 

Mutations in ciliary proteins of the inner ear, the olfactory epithelium, and the retina result in a wide 

array of human diseases. These ciliopathies are characterized by sensory impairments like deafness, 

anosmia, and retinal degeneration (Table 1). Mouse models have taught us a great deal about the 

pathogenesis of ciliopathy phenotypes and are withal the most important tool for studying human health 

and disease (a detailed overview of mouse mutants of ciliopathy genes is shown in [91]). 

Table 1. Ciliopathies affecting sensory systems. Table includes some of the most notable 

human syndromic disorders affecting sensory organs like the inner ear, the olfactory 

epithelium, and the retina, in addition to the genes that have been linked to the diseases. The 

Mouse Genome Informatics (MGI) database (http://www.informatics.jax.org) provides 

information about all mouse models known to date to investigate human health and disease. 

Ciliopathy or 

Related Disease 

Associated  

Genes 

Affected  

Tissues 

Symptoms in Mouse  

and Human 

Representative  

Mouse 

Mutants 

Key  

References 

Alström 

syndrome 
ALMS1 

Eyes, inner ear,  

adipose tissue 

Blindness, hearing  

loss, obesity 
Alms1−/− [92,93] 

Bardet-Biedl 

syndrome 
BBS1-BBS16 

Eyes, olfactory system, 

kidneys, bone, central 

nervous system,  

adipose tissue 

Blindness, anosmia, renal 

dysfunction, polydactyly, 

obesity, mental retardation 

Bbs1−/−  

Bbs3−/−  

Bbs4−/− 

[24,94,95] 

Joubert syndrome JBTS1-JBTS15 

Brain, eyes, olfactory 

system, muscle, kidney, 

liver, bone 

Mental retardation,  

blindness, anosmia, renal and 

liver dysfunction, 

uncoordinated movements 

Cep290rd16  

Arl13bhnn 
[96,97] 

Mainzer-Saldino 

syndrome 
IFT140 Eyes, bone, kidney 

Blindness, phalangeal  

cone-shaped epiphyses, 

abnormality of the proximal 

femur, renal dysfunction 

Ift140cauli/cauli [98–100] 
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Table 1. Cont. 

Ciliopathy or 

Related Disease 

Associated  

Genes 

Affected  

Tissues 

Symptoms in Mouse  

and Human 

Representative  

Mouse 

Mutants 

Key  

References 

MOPD II and 

Seckel syndrome 

PCNT  

POC1A 

Olfactory system, 

internal organs 

Anosmia, developmental 

defects, dwarfism 

Pcntocd  

Pcnt−/−  

Poc1aem1J 

[101–103] 

Senior-Loken 

syndrome 

NPHP1  

NPHP4  

NPHP6 

Eyes, internal organs, 

reproductive system 

Blindness, male  

infertility heterotaxy 
Cep290rd16 [96] 

Usher syndrome 

USH1A-G  

USH2A-C  

USH3A-B 

Inner ear, eyes, 

reproductive system 

Hearing loss,  

blindness, infertility, 

movement anomalies 

Ush1c−/−  

Waltzer2J 
[104–106] 

In all cilia, transport processes adopt important roles in ciliary development and function. Best known 

is the protein transport mediated by IFT and its molecular motors. In addition, other transport systems 

might also be important for ciliary function, such as an actin- and myosin-dependent transport which has 

thus far only been reported in photoreceptors. 

In this review, it was our intention to show that cilia adopt very important roles in various sensory 

tissues. Often, only one mutation in a ciliary protein leads to deficient formation and dysfunction of cilia, 

resulting in sensory impairments. Our group is currently focusing on the characterization of proteins 

located at the basal body complex of sensory cilia, e.g., Pericentrin (Figure 6D–J) [18,107–109]. The 

basal body complex, which is enclosed by the pericentriolar material (PCM), seems to be the organizing 

center of protein transport into and out of the cilium and might be the key to connect ciliary function to 

the phenotypes of numerous ciliopathies. In particular, the interactions between the different protein 

networks as well as their side branches are not fully understood. Future analysis of the molecular 

interactome at photoreceptor cilia and cilia in general will certainly provide new insights into the 

function and dysfunction of cilia in health and disease. 

Acknowledgments 

All the images shown were generated in our lab. This work was supported by grants from the Deutsche 

Forschungsgemeinschaft (GI 770/1-1), the funds of the Hertha und Helmut Schmauser-Stiftung (Erlangen, 

Germany) and the Universitätsbund Erlangen-Nürnberg E.V. (Erlangen, Germany). The funders had  

no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. 

Authors thank Michaela Fuchs, Sebastian Gableske and Katharina Pieger for helpful comments on  

this manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 
  



Cells 2015, 4 513 

 

 

Ethics Statement 

The experiments were performed in compliance with the guidelines for the welfare of experimental 

animals issued by the Federal Government of Germany and the University of Erlangen-Nürnberg. The 

animal experiments were approved and registered by the local authorities (Regierung von Mittelfranken, 

AZ 54-2531.31-26/07; Amt für Veterinärwesen der Stadt Erlangen, AZ TS - 10/07 Lehrstuhl für 

Zoologie-Tierphysiologie). Mouse breeding was performed in the animal facilities of the University of 

Erlangen-Nürnberg according to European and German laws on experimental animal welfare 

(Tierschutzgesetz; AZ 820- 8791.2.63). 

References 

1. Ishikawa, H.; Marshall, W.F. Ciliogenesis: Building the cell's antenna. Nat. Rev. Mol. Cell Biol. 

2011, 12, 222–234. 

2. Nonaka, S.; Tanaka, Y.; Okada, Y.; Takeda, S.; Harada, A.; Kanai, Y.; Kido, M.; Hirokawa, N. 

Randomization of left-right asymmetry due to loss of nodal cilia generating leftward flow of 

extraembryonic fluid in mice lacking KIF3B motor protein. Cell 1998, 95, 829–837. 

3. Fliegauf, M.; Benzing, T.; Omran, H. When cilia go bad: Cilia defects and ciliopathies. Nat. Rev. 

Mol. Cell Biol. 2007, 8, 880–893. 

4. Satir, P.; Christensen, S.T. Overview of structure and function of mammalian cilia.  

Annu Rev. Physiol. 2007, 69, 377–400. 

5. Scholey, J.M. Intraflagellar transport motors in cilia: Moving along the cell’s antenna. J. Cell Biol. 

2008, 180, 23–29. 

6. Cole, D.G. The intraflagellar transport machinery of chlamydomonas reinhardtii. Traffic 2003, 4, 

435–442. 

7. Kozminski, K.G.; Johnson, K.A.; Forscher, P.; Rosenbaum, J.L. A motility in the eukaryotic 

flagellum unrelated to flagellar beating. Proc. Natl. Acad. Sci. USA 1993, 90, 5519–5523. 

8. Silverman, M.A.; Leroux, M.R. Intraflagellar transport and the generation of dynamic, structurally 

and functionally diverse cilia. Trends Cell Biol. 2009, 19, 306–316. 

9. Pedersen, L.B.; Rosenbaum, J.L. Intraflagellar transport (IFT) role in ciliary assembly, resorption 

and signalling. Curr. Top. Dev. Biol. 2008, 85, 23–61. 

10. Goetz, S.C.; Anderson, K.V. The primary cilium: A signalling centre during vertebrate 

development. Nat. Rev. Genet. 2010, 11, 331–344. 

11. Silva, D.A.; Huang, X.; Behal, R.H.; Cole, D.G.; Qin, H. The RABL5 homolog IFT22 regulates 

the cellular pool size and the amount of IFT particles partitioned to the flagellar compartment in 

chlamydomonas reinhardtii. Cytoskelet. (Hoboken NJ) 2012, 69, 33–48. 

12. Huet, D.; Blisnick, T.; Perrot, S.; Bastin, P. The gtpase IFT27 is involved in both anterograde and 

retrograde intraflagellar transport. eLife 2014, 3, e02419, doi:10.7554/eLife.02419. 

13. Essner, J.J.; Vogan, K.J.; Wagner, M.K.; Tabin, C.J.; Yost, H.J.; Brueckner, M. Conserved 

function for embryonic nodal cilia. Nature 2002, 418, 37–38. 



Cells 2015, 4 514 

 

 

14. Essner, J.J.; Amack, J.D.; Nyholm, M.K.; Harris, E.B.; Yost, H.J. Kupffer’s vesicle is a ciliated 

organ of asymmetry in the zebrafish embryo that initiates left-right development of the brain, heart 

and gut. Development 2005, 132, 1247–1260. 

15. Kramer-Zucker, A.G.; Olale, F.; Haycraft, C.J.; Yoder, B.K.; Schier, A.F.; Drummond, I.A.  

Cilia-driven fluid flow in the zebrafish pronephros, brain and kupffer’s vesicle is required for 

normal organogenesis. Development 2005, 132, 1907–1921. 

16. Blum, M.; Schweickert, A.; Vick, P.; Wright, C.V.; Danilchik, M.V. Symmetry breakage in the 

vertebrate embryo: When does it happen and how does it work? Dev. Biol 2014, 393, 109–123. 

17. Luo, N.; Conwell, M.D.; Chen, X.; Kettenhofen, C.I.; Westlake, C.J.; Cantor, L.B.; Wells, C.D.; 

Weinreb, R.N.; Corson, T.W.; Spandau, D.F.; et al. Primary cilia signaling mediates intraocular 

pressure sensation. Proc. Natl. Acad. Sci. USA 2014, 111, 12871–12876. 

18. Zahnleiter, D.; Hauer, N.N.; Kessler, K.; Uebe, S.; Sugano, Y.; Neuhauss, S.C.; Gießl, A.;  

Ekici, A.B.; Blessing, H.; Sticht, H.; et al. Map4-dependent regulation of microtubule formation 

affects centrosome, cilia, and golgi architecture as a central mechanism in growth regulation.  

Hum. Mutat. 2015, 36, 87–97. 

19. Kessler, K.; Wunderlich, I.; Uebe, S.; Falk, N.S.; Gießl, A.; Helmut Brandstatter, J.; Popp, B.; 

Klinger, P.; Ekici, A.B.; Sticht, H.; et al. Dync2li1 mutations broaden the clinical spectrum of 

dynein-2 defects. Sci. Rep. 2015, 5, 11649, doi:10.1038/srep11649. 

20. Wheway, G.; Schmidts, M.; Mans, D.A.; Szymanska, K.; Nguyen, T.T.; Racher, H.; Phelps, I.G.; 

Toedt, G.; Kennedy, J.; Wunderlich, K.A.; et al. An sirna-based functional genomics screen for 

the identification of regulators of ciliogenesis and ciliopathy genes. Nat. Cell Biol. 2015, 17,  

1074–1087. 

21. Jimeno, D.; Lillo, C.; Roberts, E.A.; Goldstein, L.S.; Williams, D.S. Kinesin-2 and photoreceptor 

cell death: Requirement of motor subunits. Exp. Eye Res. 2006, 82, 351–353. 

22. Grati, M.; Chakchouk, I.; Ma, Q.; Bensaid, M.; Desmidt, A.; Turki, N.; Yan, D.; Baanannou, A.; 

Mittal, R.; Driss, N.; et al. A missense mutation in DCDC2 causes human recessive deafness  

DFNB66, likely by interfering with sensory hair cell and supporting cell cilia length regulation.  

Hum. Mol. Genet. 2015, 24, 2482–2491. 

23. McIntire, W.E.; Dingus, J.; Schey, K.L.; Hildebrandt, J.D. Characterization of the major bovine 

brain go alpha isoforms. Mapping the structural differences between the alpha subunit isoforms 

identifies a variable region of the protein involved in receptor interactions. J. Biol. Chem. 1998, 

273, 33135–33141. 

24. Kulaga, H.M.; Leitch, C.C.; Eichers, E.R.; Badano, J.L.; Lesemann, A.; Hoskins, B.E.; Lupski, J.R.; 

Beales, P.L.; Reed, R.R.; Katsanis, N. Loss of BBS proteins causes anosmia in humans and defects 

in olfactory cilia structure and function in the mouse. Nat. Genet. 2004, 36, 994–998. 

25. Patnaik, S.R.; Raghupathy, R.K.; Zhang, X.; Mansfield, D.; Shu, X. The role of RPGR and its 

interacting proteins in ciliopathies. J. Ophthalmol. 2015, 2015, doi:10.1155/2015/414781. 

26. Gakovic, M.; Shu, X.; Kasioulis, I.; Carpanini, S.; Moraga, I.; Wright, A.F. The role of RPGR in 

cilia formation and actin stability. Hum. Mol. Genet. 2011, 20, 4840–4850. 

27. Murga-Zamalloa, C.A.; Atkins, S.J.; Peranen, J.; Swaroop, A.; Khanna, H. Interaction of retinitis 

pigmentosa gtpase regulator (rpgr) with RAB8A gtpase: Implications for cilia dysfunction and 

photoreceptor degeneration. Hum. Mol. Genet. 2010, 19, 3591–3598. 



Cells 2015, 4 515 

 

 

28. Ross, A.J.; May-Simera, H.; Eichers, E.R.; Kai, M.; Hill, J.; Jagger, D.J.; Leitch, C.C.; Chapple, J.P.; 

Munro, P.M.; Fisher, S.; et al. Disruption of bardet-biedl syndrome ciliary proteins perturbs planar 

cell polarity in vertebrates. Nat. Genet. 2005, 37, 1135–1140. 

29. M'Hamdi, O.; Ouertani, I.; Chaabouni-Bouhamed, H. Update on the genetics of bardet-biedl 

syndrome. Mol. Syndromol. 2014, 5, 51–56. 

30. Kremer, H.; van Wijk, E.; Marker, T.; Wolfrum, U.; Roepman, R. Usher syndrome: Molecular 

links of pathogenesis, proteins and pathways. Hum. Mol. Genet. 2006, 15, R262–R270. 

31. Mathur, P.; Yang, J. Usher syndrome: Hearing loss, retinal degeneration and associated abnormalities. 

Biochim. Biophys. Acta 2015, 1852, 406–420. 

32. Webb, S.W.; Grillet, N.; Andrade, L.R.; Xiong, W.; Swarthout, L.; Della Santina, C.C.; Kachar, B.; 

Muller, U. Regulation of PCDH15 function in mechanosensory hair cells by alternative splicing of 

the cytoplasmic domain. Development 2011, 138, 1607–1617. 

33. Flock, A.; Duvall, A.J., III. The ultrastructure of the kinocilium of the sensory cells in the inner ear 

and lateral line organs. J. Cell Biol. 1965, 25, 1–8. 

34. Axelrod, J.D. Basal bodies, kinocilia and planar cell polarity. Nat. Genet. 2008, 40, 10–11. 

35. Jones, C.; Chen, P. Primary cilia in planar cell polarity regulation of the inner ear. Curr. Top.  

Dev. Biol. 2008, 85, 197–224. 

36. Fukuda, T.; Kominami, K.; Wang, S.; Togashi, H.; Hirata, K.; Mizoguchi, A.; Rikitake, Y.; Takai, Y. 

Aberrant cochlear hair cell attachments caused by nectin-3 deficiency result in hair bundle. 

Development 2014, 141, 399–409. 

37. Jones, C.; Roper, V.C.; Foucher, I.; Qian, D.; Banizs, B.; Petit, C.; Yoder, B.K.; Chen, P.  

Ciliary proteins link basal body polarization to planar cell polarity regulation. Nat. Genet. 2008, 

40, 69–77. 

38. Leibovici, M.; Verpy, E.; Goodyear, R.J.; Zwaenepoel, I.; Blanchard, S.; Laine, S.; Richardson, G.P.; 

Petit, C. Initial characterization of kinocilin, a protein of the hair cell kinocilium. Hear. Res. 2005, 

203, 144–153. 

39. Jagger, D.; Collin, G.; Kelly, J.; Towers, E.; Nevill, G.; Longo-Guess, C.; Benson, J.; Halsey, K.; 

Dolan, D.; Marshall, J.; et al. Alstrom syndrome protein ALMS1 localizes to basal bodies of cochlear 

hair cells and regulates cilium-dependent planar cell polarity. Hum. Mol. Genet. 2011, 20, 466–481. 

40. Li, A.; Xue, J.; Peterson, E.H. Architecture of the mouse utricle: Macular organization and hair 

bundle heights. J. Neurophysiol. 2008, 99, 718–733. 

41. Caggiano, M.; Kauer, J.S.; Hunter, D.D. Globose basal cells are neuronal progenitors in the 

olfactory epithelium: A lineage analysis using a replication-incompetent retrovirus. Neuron 1994, 

13, 339–352. 

42. Suzuki, J.; Sakurai, K.; Yamazaki, M.; Abe, M.; Inada, H.; Sakimura, K.; Katori, Y.; Osumi, N. 

Horizontal basal cell-specific deletion of PAX6 impedes recovery of the olfactory neuroepithelium 

following severe injury. Stem Cells Dev. 2015, 24, 1923–1933. 

43. Moran, D.T.; Rowley, J.C., III; Jafek, B.W. Electron microscopy of human olfactory epithelium 

reveals a new cell type: The microvillar cell. Brain Res. 1982, 253, 39–46. 

44. Menco, B.P. Ciliated and microvillous structures of rat olfactory and nasal respiratory epithelia.  

A study using ultra-rapid cryo-fixation followed by freeze-substitution or freeze-etching.  

Cell Tissue Res. 1984, 235, 225–241. 



Cells 2015, 4 516 

 

 

45. Williams, C.L.; McIntyre, J.C.; Norris, S.R.; Jenkins, P.M.; Zhang, L.; Pei, Q.; Verhey, K.; 

Martens, J.R. Direct evidence for bbsome-associated intraflagellar transport reveals distinct 

properties of native mammalian cilia. Nat. Commun. 2014, 5, 5813, doi:10.1038/ncomms6813. 

46. Deane, J.A.; Cole, D.G.; Seeley, E.S.; Diener, D.R.; Rosenbaum, J.L. Localization of intraflagellar 

transport protein IFT52 identifies basal body transitional fibers as the docking site for IFT particles. 

Curr. Biol. 2001, 11, 1586–1590. 

47. Wei, Q.; Xu, Q.; Zhang, Y.; Li, Y.; Zhang, Q.; Hu, Z.; Harris, P.C.; Torres, V.E.; Ling, K.; Hu, J. 

Transition fibre protein FBF1 is required for the ciliary entry of assembled intraflagellar transport 

complexes. Nat. Commun. 2013, 4, 2750, doi:10.1038/ncomms3750. 

48. Menco, B.P. Ultrastructural aspects of olfactory signaling. Chem. Senses 1997, 22, 295–311. 

49. Jenkins, P.M.; McEwen, D.P.; Martens, J.R. Olfactory cilia: Linking sensory cilia function and 

human disease. Chem. Senses 2009, 34, 451–464. 

50. Schwarzenbacher, K.; Fleischer, J.; Breer, H. Formation and maturation of olfactory cilia 

monitored by odorant receptor-specific antibodies. Histochem. Cell Biol. 2005, 123, 419–428. 

51. Burton, P.R. Ultrastructural studies of microtubules and microtubule organizing centers of the 

vertebrate olfactory neuron. Microsc. Res. Tech. 1992, 23, 142–156. 

52. Niimura, Y.; Nei, M. Evolution of olfactory receptor genes in the human genome. Proc. Natl. Acad. 

Sci. USA 2003, 100, 12235–12240. 

53. Barish, S.; Volkan, P.C. Mechanisms of olfactory receptor neuron specification in drosophila. 

Wiley Interdiscip. Rev. Dev. Biol. 2015, doi:10.1002/wdev.197. 

54. Buck, L.B. Olfactory receptors and odor coding in mammals. Nutr. Rev. 2004, 62, S184–S188. 

55. Gilad, Y.; Lancet, D. Population differences in the human functional olfactory repertoire.  

Mol. Biol. Evol. 2003, 20, 307–314. 

56. Malnic, B.; Hirono, J.; Sato, T.; Buck, L.B. Combinatorial receptor codes for odors. Cell 1999, 96, 

713–723. 

57. Firestein, S. How the olfactory system makes sense of scents. Nature 2001, 413, 211–218. 

58. Moon, C.; Ronnett, G.V. Molecular neurobiology of olfactory transducin. In Handbook on 

Olfaction and Gustation; Doty, R.L., Ed.; Information Health: New York, NY, USA, 2003;  

pp. 75–91. 

59. Berbari, N.F.; O’Connor, A.K.; Haycraft, C.J.; Yoder, B.K. The primary cilium as a complex 

signaling center. Curr. Biol. 2009, 19, R526–R535. 

60. Patel, R.M.; Pinto, J.M. Olfaction: Anatomy, physiology, and disease. Clin. Anat. (N. Y.) 2014, 27, 

54–60. 

61. McEwen, D.P.; Jenkins, P.M.; Martens, J.R. Olfactory cilia: Our direct neuronal connection to  

the external world. Curr. Top. Dev. Biol. 2008, 85, 333–370. 

62. Huangfu, D.; Liu, A.; Rakeman, A.S.; Murcia, N.S.; Niswander, L.; Anderson, K.V. Hedgehog 

signalling in the mouse requires intraflagellar transport proteins. Nature 2003, 426, 83–87. 

63. Mukhopadhyay, S.; Rohatgi, R. G-protein-coupled receptors, hedgehog signaling and primary 

cilia. Semin. Cell Dev. Biol. 2014, 33, 63–72. 

64. Wang, J.S.; Kefalov, V.J. The cone-specific visual cycle. Prog. Retin. Eye Res. 2011, 30, 115–128. 



Cells 2015, 4 517 

 

 

65. Besharse, J.C.; Horst, C.J.; Bloodgood, R.A. The photoreceptor connecting cilium—A model for 

the transition zone. In Ciliary and Flagellar Membranes; Plenum: New York, NY, USA, 1990;  

pp. 389–417. 

66. Roepman, R.; Wolfrum, U. Protein networks and complexes in photoreceptor cilia.  

Subcell. Biochem. 2007, 43, 209–235. 

67. Pazour, G.J.; Bloodgood, R.A. Targeting proteins to the ciliary membrane. Curr. Top. Dev. Biol. 

2008, 85, 115–149. 

68. Wang, J.; Deretic, D. Molecular complexes that direct rhodopsin transport to primary cilia.  

Prog. Retin. Eye Res. 2014, 38, 1–19. 

69. Yildiz, O.; Khanna, H. Ciliary signaling cascades in photoreceptors. Vis. Res. 2012, 75, 112–116. 

70. Besharse, J.C.; Forestner, D.M.; Defoe, D.M. Membrane assembly in retinal photoreceptors. III. 

Distinct membrane domains of the connecting cilium of developing rods. J. Neurosci. 1985, 5, 

1035–1048. 

71. Arshavsky, V.Y.; Lamb, T.D.; Pugh, E.N., Jr. G-proteins and phototransduction. Annu. Rev. Physiol. 

2002, 64, 153–187. 

72. Burns, M.E.; Arshavsky, V.Y. Beyond counting photons: Trials and trends in vertebrate visual 

transduction. Neuron 2005, 48, 387–401. 

73. Wensel, T.G. Signal transducing membrane complexes of photoreceptor outer segments.  

Vis. Res. 2008, 48, 2052–2061. 

74. Yau, K.W.; Hardie, R.C. Phototransduction motifs and variations. Cell 2009, 139, 246–264. 

75. Burns, M.E. Deactivation mechanisms of rod phototransduction: The cogan lecture.  

Investig. Ophthalmol. Vis. Sci 2010, 51, 1282–1288. 

76. Arshavsky, V.Y.; Burns, M.E. Photoreceptor signaling: Supporting vision across a wide range of 

light intensities. J. Biol. Chem. 2012, 287, 1620–1626. 

77. Palczewski, K. Chemistry and biology of the initial steps in vision: The friedenwald lecture. 

Investig. Ophthalmol. Vis. Sci 2014, 55, 6651–6672. 

78. Insinna, C.; Pathak, N.; Perkins, B.; Drummond, I.; Besharse, J.C. The homodimeric kinesin, 

KIF17, is essential for vertebrate photoreceptor sensory outer segment development. Dev. Biol. 

2008, 316, 160–170. 

79. Sedmak, T.; Wolfrum, U. Intraflagellar transport proteins in ciliogenesis of photoreceptor cells. 

Biol. Cell 2011, 103, 449–466. 

80. Liu, X.; Vansant, G.; Udovichenko, I.P.; Wolfrum, U.; Williams, D.S. Myosin viia, the product of 

the usher 1B syndrome gene, is concentrated in the connecting cilia of photoreceptor cells.  

Cell Motil. Cytoskelet. 1997, 37, 240–252. 

81. Colella, P.; Sommella, A.; Marrocco, E.; Di Vicino, U.; Polishchuk, E.; Garrido, M.G.; Seeliger, 

M.W.; Polishchuk, R.; Auricchio, A. Myosin7a deficiency results in reduced retinal activity which 

is improved by gene therapy. PLoS ONE 2013, 8, e72027. 

82. Sedmak, T.; Wolfrum, U. Intraflagellar transport molecules in ciliary and nonciliary cells of  

the retina. J. Cell Biol. 2010, 189, 171–186. 

83. Deretic, D. A role for rhodopsin in a signal transduction cascade that regulates membrane 

trafficking and photoreceptor polarity. Vis. Res. 2006, 46, 4427–4433. 



Cells 2015, 4 518 

 

 

84. Tai, A.W.; Chuang, J.Z.; Bode, C.; Wolfrum, U.; Sung, C.H. Rhodopsin’s carboxy-terminal 

cytoplasmic tail acts as a membrane receptor for cytoplasmic dynein by binding to the dynein light 

chain tctex-1. Cell 1999, 97, 877–887. 

85. Artemyev, N.O. Light-dependent compartmentalization of transdu cin in rod photoreceptors.  

Mol. Neurobiol. 2008, 37, 44–51. 

86. Slepak, V.Z.; Hurley, J.B. Mechanism of light-induced translocation of arrestin and transducin in 

photoreceptors: Interaction-restricted diffusion. IUBMB Life 2008, 60, 2–9. 

87. Lobanova, E.S.; Herrmann, R.; Finkelstein, S.; Reidel, B.; Skiba, N.P.; Deng, W.T.; Jo, R.;  

Weiss, E.R.; Hauswirth, W.W.; Arshavsky, V.Y. Mechanistic basis for the failure of cone 

transducin to translocate: Why cones are never blinded by light. J. Neurosci. 2010, 30, 6815–6824. 

88. Zhang, H.; Li, S.; Doan, T.; Rieke, F.; Detwiler, P.B.; Frederick, J.M.; Baehr, W. Deletion of 

prbp/delta impedes transport of GRK1 and PDE6 catalytic subunits to photoreceptor outer 

segments. Proc. Natl. Acad. Sci. USA 2007, 104, 8857–8862. 

89. Zhang, H.; Constantine, R.; Vorobiev, S.; Chen, Y.; Seetharaman, J.; Huang, Y.J.; Xiao, R.; 

Montelione, G.T.; Gerstner, C.D.; Davis, M.W.; et al. UNC119 is required for g protein trafficking 

in sensory neurons. Nat. Neurosci. 2011, 14, 874–880. 

90. Gießl, A.; Regus-Leidig, H.; Brandstätter, J.H. Signal transduction and signal transmission:  

The two faces of a photoreceptor. e-Neuroforum 2010, doi:10.1007/s13295-010-0007-9. 

91. Norris, D.P.; Grimes, D.T. Mouse models of ciliopathies: The state of the art. Dis. Models Mech. 

2012, 5, 299–312. 

92. Arsov, T.; Larter, C.Z.; Nolan, C.J.; Petrovsky, N.; Goodnow, C.C.; Teoh, N.C.; Yeh, M.M.; 

Farrell, G.C. Adaptive failure to high-fat diet characterizes steatohepatitis in ALMS1 mutant mice. 

Biochem. Biophys. Res. Commun. 2006, 342, 1152–1159. 

93. Collin, G.B.; Cyr, E.; Bronson, R.; Marshall, J.D.; Gifford, E.J.; Hicks, W.; Murray, S.A.;  

Zheng, Q.Y.; Smith, R.S.; Nishina, P.M.;et al. ALMS1-disrupted mice recapitulate human alstrom 

syndrome. Hum. Mol. Genet. 2005, 14, 2323–2333. 

94. Nishimura, D.Y.; Fath, M.; Mullins, R.F.; Searby, C.; Andrews, M.; Davis, R.; Andorf, J.L.; 

Mykytyn, K.; Swiderski, R.E.; Yang, B.; et al. BBS2-null mice have neurosensory deficits, a defect 

in social dominance, and retinopathy associated with mislocalization of rhodopsin. Proc. Natl. 

Acad. Sci. USA 2004, 101, 16588–16593. 

95. Zhang, Q.; Nishimura, D.; Seo, S.; Vogel, T.; Morgan, D.A.; Searby, C.; Bugge, K.; Stone, E.M.; 

Rahmouni, K.; Sheffield, V.C. Bardet-biedl syndrome 3 (BBS3) knockout mouse model reveals 

common BBS-associated phenotypes and bbs3 unique phenotypes. Proc. Natl. Acad. Sci. USA 

2011, 108, 20678–20683. 

96. Chang, B.; Khanna, H.; Hawes, N.; Jimeno, D.; He, S.; Lillo, C.; Parapuram, S.K.; Cheng, H.; 

Scott, A.; Hurd, R.E.; et al. In-frame deletion in a novel centrosomal/ciliary protein 

CEP290/NPHP6 perturbs its interaction with RPGR and results in early-onset retinal degeneration 

in the RD16 mouse. Hum. Mol. Genet. 2006, 15, 1847–1857. 

97. Caspary, T.; Larkins, C.E.; Anderson, K.V. The graded response to sonic hedgehog depends on 

cilia architecture. Dev. Cell 2007, 12, 767–778. 



Cells 2015, 4 519 

 

 

98. Perrault, I.; Saunier, S.; Hanein, S.; Filhol, E.; Bizet, A.A.; Collins, F.; Salih, M.A.; Gerber, S.; 

Delphin, N.; Bigot, K.; et al. Mainzer-saldino syndrome is a ciliopathy caused by IFT140 

mutations. Am. J. Hum. Genet. 2012, 90, 864–870. 

99. Miller, K.A.; Ah-Cann, C.J.; Welfare, M.F.; Tan, T.Y.; Pope, K.; Caruana, G.; Freckmann, M.L.; 

Savarirayan, R.; Bertram, J.F.; Dobbie, M.S.; et al. Cauli: A mouse strain with an IFT140 mutation 

that results in a skeletal ciliopathy modelling jeune syndrome. PLoS Genet. 2013, 9, e1003746. 

100. Schmidts, M.; Frank, V.; Eisenberger, T.; Al Turki, S.; Bizet, A.A.; Antony, D.; Rix, S.; Decker, C.; 

Bachmann, N.; Bald, M.; et al. Combined ngs approaches identify mutations in the intraflagellar 

transport gene IFT140 in skeletal ciliopathies with early progressive kidney disease. Hum. Mutat. 

2013, 34, 714–724. 

101. Miyoshi, K.; Kasahara, K.; Miyazaki, I.; Shimizu, S.; Taniguchi, M.; Matsuzaki, S.; Tohyama, M.; 

Asanuma, M. Pericentrin, a centrosomal protein related to microcephalic primordial dwarfism,  

is required for olfactory cilia assembly in mice. FASEB J. 2009, 23, 3289–3297. 

102. Endoh-Yamagami, S.; Karkar, K.M.; May, S.R.; Cobos, I.; Thwin, M.T.; Long, J.E.; Ashique, A.M.; 

Zarbalis, K.; Rubenstein, J.L.; Peterson, A.S. A mutation in the pericentrin gene causes abnormal 

interneuron migration to the olfactory bulb in mice. Dev. Biol. 2010, 340, 41–53. 

103. Shaheen, R.; Faqeih, E.; Shamseldin, H.E.; Noche, R.R.; Sunker, A.; Alshammari, M.J.;  

Al-Sheddi, T.; Adly, N.; Al-Dosari, M.S.; Megason, S.G.; et al. Poc1a truncation mutation causes 

a ciliopathy in humans characterized by primordial dwarfism. Am. J. Hum. Genet. 2012, 91,  

330–336. 

104. Di Palma, F.; Holme, R.H.; Bryda, E.C.; Belyantseva, I.A.; Pellegrino, R.; Kachar, B.; Steel, K.P.; 

Noben-Trauth, K. Mutations in CDH23, encoding a new type of cadherin, cause stereocilia 

disorganization in waltzer, the mouse model for usher syndrome type 1D. Nat. Genet. 2001, 27, 

103–107. 

105. Johnson, K.R.; Gagnon, L.H.; Webb, L.S.; Peters, L.L.; Hawes, N.L.; Chang, B.; Zheng, Q.Y. 

Mouse models of USH1C and DFNB18: Phenotypic and molecular analyses of two new 

spontaneous mutations of the USH1C gene. Hum. Mol. Genet. 2003, 12, 3075–3086. 

106. Yan, D.; Kamiya, K.; Ouyang, X.M.; Liu, X.Z. Analysis of subcellular localization of MYO7A, 

PCDH15 and sans in USH1C knockout mice. Int. J. Exp. Pathol. 2011, 92, 66–71. 

107. Mühlhans, J.; Brandstätter, J.H.; Gießl, A. The centrosomal protein pericentrin identified at the 

basal body complex of the connecting cilium in mouse photoreceptors. PLoS ONE 2011, 6, e26496. 

108. Thiel, C.; Kessler, K.; Gießl, A.; Dimmler, A.; Shalev, S.A.; von der Haar, S.; Zenker, M.; 

Zahnleiter, D.; Stoss, H.; Beinder, E.; et al. Nek1 mutations cause short-rib polydactyly syndrome 

type majewski. Am. J. Hum. Genet. 2011, 88, 106–114. 

109. Ramamurthy, V.; Jolicoeur, C.; Koutroumbas, D.; Mühlhans, J.; Le, Y.Z.; Hauswirth, W.W.; 

Gießl, A.; Cayouette, M. Numb regulates the polarized delivery of cyclic nucleotide-gated ion 

channels in rod photoreceptor cilia. J. Neurosci. 2014, 34, 13976–13987. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


