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Abstract

The rod cell has an extraordinarily specialized structure that allows it to carry out its unique 

function of detecting individual photons of light. Both the structural features of the rod and the 

metabolic processes required for highly amplified light detection seem to have rendered the rod 

especially sensitive to structural and metabolic defects, so that a large number of gene defects are 

primarily associated with rod cell death and give rise to blinding retinal dystrophies. The structures 

of the rod, especially those of the sensory cilium known as the outer segment, have been the 

subject of structural, biochemical, and genetic analysis for many years, but the molecular bases for 

rod morphogenesis and for cell death in rod dystrophies are still poorly understood. Recent 

developments in imaging technology, such as cryo-electron tomography and super-resolution 

fluorescence microscopy, in gene sequencing technology, and in gene editing technology are 

rapidly leading to new breakthroughs in our understanding of these questions. A summary is 

presented of our current understanding of selected aspects of these questions, highlighting areas of 

uncertainty and contention as well as recent discoveries that provide new insights. Examples of 

structural data from emerging imaging technologies are presented.
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I. Introduction

Rod photoreceptor cells of the vertebrate retina have a number of unusual features that make 

them particularly interesting and important objects of study. One is that they have an 

extraordinarily highly amplified signal transduction cascade that allows them to respond 

with a reliable physiological signal to the absorption of a single photon of light. The other 
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unique features appear to be related to this fundamental one, and to be necessary for it to be 

realized. They have an unusual morphology, with a long and, especially in mammals, very 

thin shape (Fig. 1). Roughly half of their length consists of a modified primary cilium, 

known as an outer segment, which contains within it a stack of disk-shaped membranes 

attached to a long axoneme (a 9+0 bundle of microtubules, which transition from doublet 

microtubules at the base to singlet microtubules in the distal region of the outer segment), a 

structure not found elsewhere in the body. Likely because of their highly amplified signaling 

cascade, which places tremendous demands on their energy metabolism, they are highly 

susceptible to cell death resulting from deprivation of oxygen or nutrients, or from inborn 

metabolic defects, including mutant proteins. This last feature renders them of great medical 

and basic scientific interest, because loss of rods can lead to severe visual defects, including 

total blindness. Despite the great interest of researchers over the years, and much effort 

expended by them, there are still many features of rods we understand very poorly. 

Fortunately, in recent years, progress in this area has been accelerating due to the advent of 

new structural techniques, and to recent enhancements in our ability to analyze genomes and 

to manipulate those of animal models. This article is intended to review our current 

understanding of the questions, “what are the important structural features of rods and how 

do they arise,” and “how do defects in those structures and in the functions of both rod-

specific and widely expressed proteins lead to cell death?” It is not intended to be a 

comprehensive review of these topics, but rather to focus on particular aspects of these 

questions that have been the subject of ongoing research in our laboratory. Excellent reviews 

have been published recently on protein trafficking in rods (Anand and Khanna, 2012; 

Constantine et al., 2012; Hollingsworth and Gross, 2012; Pearring et al., 2013; Schwarz et 

al., 2012; Wang and Deretic, 2014; Zhang et al., 2012a), which is touched on only briefly 

here, but is highly relevant for rod structure and diseases of the rod. The same is true for 

proteins of the intraflagellar-transport (IFT) pathway (Insinna and Besharse, 2008; Malicki, 

2012; Nachury et al., 2010; Roepman and Wolfrum, 2007). There have also been a number 

of useful reviews of retinal degeneration mechanisms and animal models, e.g. (Bales and 

Gross, 2015; Chan et al., 2016; Daiger et al., 2015; Fletcher et al., 2011; Flisikowska et al., 

2014; Gorbatyuk and Gorbatyuk, 2013; Miyadera et al., 2012; Sahel et al., 2010; 

Siemiatkowska et al., 2014; Veleri et al., 2015; Wright et al., 2010). Recently, he molecular 

basis for rod cell function has been reviewed (Goldberg et al., 2016).

2. Evolution of methods for studying rod cell structure

2.1 Early work

Vertebrate retina was one of the first objects of study when light microscopy developed to 

the point that cells within tissues could be visualized using selected stains. Ramón y Cajal’s 

classic 19th century work (Ramón y Cajal, 1892) clearly identified the layers of the retina 

and noted the essential structural features of the rods. However, many of the most interesting 

features of the rod, such as the disk membranes, the connecting cilium, the ciliary rootlet, 

and intracellular vesicles and filaments, are beyond the resolution of conventional light 

microscopy. The development of electron microscopy in the 1930s and 1940s led to a 

revolution in the understanding of rod cell ultrastructure in the 1950s and 1960s One of the 

first studies by Fritjof Sjostrand in 1949 (Sjostrand, 1949) identified many of the familiar 
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features of rod ultrastructure. This was followed by additional classic work from Sjostrand 

(Sjostrand, 1953a, b), and from DeRobertis (De Robertis, 1956), which called attention to 

the ciliary structures associated with outer segments and the connecting cilium. Work by 

Godfrey on chick retina (Godfrey, 1973) noted the substantial differences in apparent 

dimensions of structures such as disk membranes and inter- and intra-diskal spaces 

visualized by EM using different stains. Fig. 2 illustrates the appearance of the cilium-

associated structures in mouse rods by conventional transmission electron microscopy 

(TEM) using tissue samples extensively fixed, embedded in resin, sectioned with an 

ultramicrotome, and stained with heavy metals.

2.2 Freeze-fracture/deep etch/SEM

In recent years the freeze-fracture technique for preparing membrane samples for scanning 

electron microscopy has fallen into disuse. However, in past decades it provided invaluable 

information on the surface properties of rod membranes and inter-bilayer boundaries 

(Andrews and Cohen, 1981; Clark and Branton, 1968; Corless and Costello, 1982; Leeson, 

1970; Roof and Heuser, 1982; Roof et al., 1982; Rosenkranz, 1970, 1973; Rosenkranz and 

Stieve, 1969). Work by Röhlich (Rohlich, 1975) and Matsusaka (Matsusaka, 1974) revealed 

key features of the ciliary membrane, including arrays of inter- and external membrane 

particles known as the “ciliary necklace,” a feature found in the transition zone of many 

primary cilia. Although the existence of these characteristic structures in cilia has been 

known for more than 40 years (Flower, 1971; Gilula and Satir, 1972), their molecular 

composition and function remain unknown.

The deep freeze-etch technique (Kajimura et al., 2000; Roof and Heuser, 1982; Roof et al., 

1982) has been particularly valuable in revealing extensive connections between disks and 

between the plasma membrane and disks. Although these have been confirmed by cryo-ET 

(Nickell et al., 2007) and biochemistry combined with electron microscopy (Molday and 

Molday, 1987), they are not routinely observed by conventional TEM of ultrathin sections, 

presumably because of their narrow width and irregular spacing.

Scanning EM (SEM) has the ability to visualize three-dimensional profiles of surface 

features of cells or fracture faces, which can be correlated with conventional TEM of 

ultrathin sections to elucidate fine structure in three dimensions. There have been a number 

of studies of rods by SEM, e.g., (Molday, 1976; Peters et al., 1983; Wensel, 2012), including 

in animal models of retinal degeneration, e.g., (Cagianut et al., 1985; Lee et al., 2006; May 

et al., 2005; Ulshafer and Allen, 1984; Zhang et al., 2009).

2.3 Cryo-electron tomography

Cryo-electron tomography (cryo-ET) is an emerging technique with the potential to bridge 

the gap between conventional or super-resolution fluorescence (see below) microscopy and 

conventional transmission electron microscopy. It also offers the ability to obtain structures 

of cells that have simply been flash-frozen at speeds that prevent ice crystal formation, and 

that have not been subjected to the extensive structural distortions that occur when samples 

are fixed, impregnated with organic solvents, embedded in plastic, sectioned in an 

ultramicrotome, and stained with heavy metal salts (ref. reviews). To date there have been 

Wensel et al. Page 3

Prog Retin Eye Res. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



two cryo-electron tomography studies of rods, one focused on the outer segments and disk 

structures (Nickell et al., 2007), and the other focused on structures of the distal inner 

segment, connecting cilium, and proximal outer segment (Gilliam et al., 2012). The latter 

study included mice with genetic defects causing retinal degeneration with varying degrees 

of severity, along with wildtype mice. Examples of cryo-ET data from this study are shown 

in Fig. 3. Both studies revealed clearly a wealth of structural detail on the nanometer scale, 

and provided unprecedented views of rod structure in three dimensions. For example, 

sparsely distributed large structures connecting adjacent disks were observed for the first 

time (Nickell et al., 2007), as were vesicles within the lumen of the connecting cilium 

(Gilliam et al., 2012). These structures are presumably difficult to observe in ultrathin 

sections because of the low probability of capturing them in any one section, whereas the 

availability of three-dimensional density profiles in tomograms enhances the ability to 

observe them.

2.3.1 Sub-tomogram averaging—The technique of sub-tomogram averaging, in which 

portions of maps containing repeating features within a single specimen, or between similar 

specimens, are combined to improve signal-to-noise, has been used to reveal a remarkable 

level of detail in maps of axonemes and basal bodies from motile cilia (Gilliam et al., 2012; 

Koyfman et al., 2011; Li et al., 2012; Nicastro et al., 2011; Song et al., 2015). Figs. 4 and 5 

show some promising early results from our group using data acquired as described (Gilliam 

et al., 2012; Wensel and Gilliam, 2015) and internally averaged using the nine-fold 

symmetry of the microtubule bundles.

2.3.2. Combining focused ion beam milling of frozen samples with cryo-
electron tomography—In focused ion beam milling, a fixed or frozen sample of tissue 

can be precisely trimmed using a focused ion beam as is available in a number of scanning 

electron microscopes. The sample can be cut to a thickness (< 500 nm) that makes it 

amenable to TEM. An initial demonstration of the application of focused-ion-beam milling 

with more conventional SEM of heavily fixed retina showed great promise for elucidating 

rod cell structure (Mustafi et al., 2011), but suffered from the defects, e.g., in disk spacing, 

observed in other samples fixed and stained for conventional TEM. These results suggest 

that combining ion beam milling of samples subjected to high pressure freezing with cryo-

ET (Villa et al., 2013) or with serial scanning electron microscopy using detection of 

secondary electrons (Villinger et al., 2012) will add substantially to our understanding of rod 

structure in normal and diseased retinas.

2.4 Subcellular localization with antibodies: immuno-EM and immunofluorescence

The use of staining with antibodies allows combining structural imaging with identification 

of molecular components of structure. There have been multiple studies applying immuno-

electron microscopy to localize antigens in rods, e.g. (Arikawa et al., 1992; Arikawa and 

Williams, 1991, 1993; Chaitin, 1992; Chaitin and Burnside, 1989; Chaitin et al., 1988; 

Chaitin and Coelho, 1992; Kachi et al., 1999; Liu et al., 1997; Maerker et al., 2008; Mangini 

and Pepperberg, 1988; Moritz and Molday, 1996; Nir and Papermaster, 1986; Roof et al., 

1991; Sedmak et al., 2009; Sedmak and Wolfrum, 2010; Vigh-Teichmann et al., 1986; 

Wolfrum, 1995; Wolfrum and Schmitt, 2000). However, this technique is technically 
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challenging and often somewhat limited in information content due to the small number of 

immuno-labelled particles visualized in a given area of an ultrathin section. Sparsely labeled 

antigens may have densities comparable to those of background signals. Conventional 

fluorescence has much poorer resolution, but offers the ability to visualize distributions of 

samples over large volumes and areas. An early study of dissociated amphibian rods with 

monoclonal antibodies (Witt et al., 1984) revealed the uniformity of distribution (at the 

resolution of optical microscopy) of rhodopsin and the phototransduction G protein, 

transducin. The advent of widely available confocal and multiphoton microscopy greatly 

enhanced the information content of immunofluorescence images, because of the enhanced 

resolution and capability of optical sectioning. One of the earlier applications of this 

technique to rods revealed numerous microtubules radiating away from the basal body and 

the cilium in frog rods (Hale and Matsumoto, 1993), and a study of effects of a disease-

causing mutation on sub-cellular distribution of rhodopsin (Sung et al., 1994) marked the 

beginning of an era in which application of confocal and multiphoton immunofluorescence 

has become standard for the characterization of antigen distributions both in both wildtype 

retina, and in disease models. Around the same time, confocal immunofluorescence was 

used to localize rab GTPases, important regulators of ciliary trafficking, within the rod 

(Deretic et al., 1995; Deretic and Papermaster, 1993).

However, these techniques are restricted in resolution by the width of the Airy disk 

representing the diffraction limit for conventional optical microscopy, so that practically 

speaking, features less than 300–500 nm apart are not usually resolved. Thus, for example, 

the determination of sub-cellular localization within the connecting cilium, whose width 

essentially corresponds to a single pixel in such images, is very challenging with these 

techniques.

2.5 Super-resolution fluorescence

In 2014, the Nobel Prize in Chemistry was awarded to three physicists, Stefan Hell, William 

Moerner, and Eric Betzig, who had contributed to the development of new forms of optical 

microscopy that yield resolution well below the diffraction limit which had previously 

limited even confocal and multiphoton microscopies to resolutions of hundreds of 

nanometers. This limitation has hindered our ability to locate specific molecules within the 

small substructures of great importance to photoreceptor biology: post-Golgi vesicles, 

endosomes, lysosomes, centrioles, the axoneme, the transition zone, etc. Among the most 

promising of the new imaging technologies are those that fall under the general heading of 

Single Molecule Localization Microscopies. The most popular versions of these are known 

by other acronyms: STORM, dSTORM, PALM. All involve using light to switch molecules 

which are essentially non-fluorescent within a certain wavelength range, into brightly 

fluorescent states, and then using light to switch them off again. If the excitation intensity 

and detection optics and camera are sufficient for single molecules to be imaged reliably, 

then collecting many thousands of images during cycles of sparse activation, imaging, and 

inactivation makes it possible to build up maps of molecule locations with resolutions 

reaching 20 nm to 30 nm. This approach has great promise for analyzing rod structure, but 

such applications have yet to be published. In our laboratory, we have confirmed that 

labeling of fixed, permeabilized, isolated rods with secondary antibodies suitable for the 
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dSTORM technique can yield images of rod disk membranes (rhodopsin antibodies) and the 

connecting cilium (centrin 2 or acetylated tubulin antibodies) with resolution approaching 20 

nm (Fig. 6). A recent 4-color 3D STORM study of synaptic input fields in retinal 

interneurons confirmed the suitability of mouse retinal samples for such studies (Sigal et al., 

2015).

Animals expressing photo-switchable fluorescent protein fusions suitable for PALM have 

also been described (Gross, 2014; Lodowski and Imanishi, 2015; Lodowski et al., 2013), 

suggesting another approach likely to be successful. Although working out the proper 

conditions for single molecule imaging of tissue samples is far from trivial, and almost no 

super-resolution results for such samples from retina have been reported to date, it is to be 

expected that there will be a flurry of them in the near future.

2.6 Correlative light and electron microscopy

The great advantage of fluorescence microscopy is that it can be used with antibodies or 

with genetically encoded fluorescent fusion proteins to determine sub-cellular localization of 

specific molecules, with greater reliability and sensitivity than immuno-electron microscopy. 

However, even with super-resolution fluorescence techniques, the resolution obtainable is 

much poorer than can be obtained by electron microscopy in the form of cryo-ET or 

conventional TEM. The ideal way to bridge this gap would be to carry out fluorescence and 

electron microscopy on the same sample. Application of correlative PALM and cryo-ET to 

bacterial structure has been described (Chang et al., 2014), and it is likely only a matter of 

time before this approach is applied to rods. New alternative approaches for molecular 

localization at the EM level include use of miniSOG (mini Singlet Oxygen Generator, a 

fluorescent flavoprotein engineered from Arabidopsis phototropin 2) fusions, which 

facilitates visualization both by fluorescence and EM (Shu et al., 2011), and the use of 

SNAP tag fusions, which can be used to couple to either fluorescent probes or gold particles, 

as has been described for motile cilia (flagella) of Chlamydomonas reinhardtii (Song et al., 

2015).

3. Genetic approaches to understanding the molecular basis of structure 

and disease

In recent years forward and reverse genetics have become very powerful tools for 

understanding the molecular basis of rod structure and diseases affecting rod structure and 

function. In the early days of genetic studies of vision, investigators were limited to studying 

spontaneously occurring blinding mutations in in-bred animal models, primarily rodents, but 

also dogs (Aguirre, 1973; Aguirre et al., 1982; Suber et al., 1993; Wrigstad et al., 1994) and 

chickens (Semple-Rowland et al., 1998). Important early models included the rd1 and rds 
mice and the RCS rat (LaVail, 1981), but the causative molecular defects in these disease 

models were not uncovered until gene mapping and DNA sequencing technology had 

advanced to the point that a mutation in a novel protein, peripherin/rds, could be identified 

as responsible for disease in rds (Travis et al., 1989) and a mutation in the gene encoding the 

PDE6 β subunit was found to be responsible for the defect in rd1 (Bowes et al., 1990; Bowes 

et al., 1993; Pittler and Baehr, 1991). These advances were followed by many others 
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including identification of a Mertk mutation in the RCS rat (D’Cruz et al., 2000). Relevance 

of these animal models to human disease was underscored by the discovery of disease 

causing mutations in the human homologues MERTK (Gal et al., 2000) and RDS (Kajiwara 

et al., 1991). These three models highlight four recurring themes in proteins whose defects 

cause rod or rod/cone dystrophies: phototransduction proteins (rd1), proteins important for 

rod cell structure (rds/peripherin, important for structure of disk rims), proteins that cause 

defects in membrane trafficking or recycling (Mertk, whose principal functional defect 

seems to be in disk phagocytosis by RPE), and RPE-resident proteins important for 

maintaining rod health (Mertk). These and additional recurring themes in rod cell defects are 

discussed in more detail below.

As genetic engineering technology has progressed, a more common approach to animal 

models for studying disease mechanisms, and for studying the functional roles of specific 

proteins, has become the use of transgenic, knock-out, or knock-in animals, principally mice 

(Huang et al., 1993; Kedzierski et al., 1997; Naash et al., 1993; Olsson et al., 1992; Portera-

Cailliau et al., 1994), supplemented in a few instances by frogs (Haeri and Knox, 2012; 

Hollingsworth and Gross, 2013; Lee et al., 2012; Lin-Jones et al., 2003; Moritz et al., 2001; 

Tam and Moritz, 2006, 2007; Tam et al., 2014), rats (Gorbatyuk et al., 2012; Kroeger et al., 

2014; LaVail et al., 1998; Shinde et al., 2012), or pigs (Ross et al., 2012), to create 

engineered defects. With the dramatic recent increases in throughput and decreases in cost of 

sequencing human exomes and genomes, human patients are now the most important 

experimental system for identifying naturally occurring disease-causing mutations. The 

paradigm has shifted to one in which the mutations initially found in humans are modeled by 

design in mice. With the advent of a new generation of genome editing tools (Wijshake et 

al., 2014) such as zinc-finger nucleases (Chou et al., 2012; Jabalameli et al., 2015; Overlack 

et al., 2012; Pittler et al., 2013; Sandoval, 2012; Sasson and Kelleher, 2014), the CRISPR/

Cas9 system (Pelletier et al., 2015; Sander and Joung, 2014), and TALENS (Sommer et al., 

2015) (transcriptional activator-like effector nucleases), the generation of such animals is 

becoming even more efficient. An important use of existing and new animal models is to 

apply structural methods, as well as biochemical and physiological analyses, to gain insights 

into structural and functional consequences of mutations, and to understand mechanisms of 

cell death.

4. Structural Organization of the Rod

The emphasis in this section is on recent results from cryo-electron tomography and from 

gene ablation studies combined with more conventional imaging techniques. These are 

considered in light of previous studies using a wide range of techniques.

4.1 Outer Segments

The most characteristic feature of rod cells, which gives them their name, is a long, and, 

especially in mammals, thin cylindrical rod-like structure, the rod outer segment. This is the 

principal, if not exclusive, light-sensitive organelle in the rod. It is perhaps best described as 

a highly modified primary cilium (Horst et al., 1990; Pazour and Bloodgood, 2008; 

Roepman and Wolfrum, 2007), arising from the distal end of a ciliary transition zone, known 
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as the connecting cilium (see below). An axoneme, consisting of a 9 + 0 bundle of doublet 

microtubules at its base, runs along its length, but the number of microtubules in the 

axoneme diminishes toward the distal end as doublets transition into a 9 + 0 arrangement of 

single microtubules. Attached to the axoneme and enclosed by the plasma membrane is a 

highly ordered stack of disk membranes.

The length and width of the outer segment, as well as the number of disks in each, vary 

widely among vertebrates. Mammals have some of the smallest rod outer segments, with a 

mouse rod outer segment typically measuring 1.4–1.5 µm in diameter and 24–32 µm in 

length (Carter-Dawson and LaVail, 1979; Price et al., 2012), and the rod of the mudpuppy, 

Necturus, has outer segments with diameters of 10–13 µm, and a length of 30 µm (Brown et 

al., 1963). In amphibians, the disk membranes have deep incisures dividing the disks into 

lobes, whereas mammalian disks typically feature a single incisure. Despite the wide range 

of volumes, the longitudinal dimensions and spacings of the disks membranes are relatively 

constant across species, for example, 37 per µm in Necturus (Brown et al., 1963) and 32 per 

µm in mouse (Gilliam et al., 2012). The mechanism by which this spacing is determined is 

uncertain, but it is interesting to note that a spacing of 1/32 nm is an integral multiple of the 

tubulin dimer repeat distance of 1/8 nm. Cryo-ET (Nickell et al., 2007) and freeze-etch/SEM 

(Rohlich, 1975; Roof and Heuser, 1982; Roof et al., 1982) have revealed multiple 

connections of unknown composition between adjacent disks, between disk and plasma 

membrane, and between disks and axoneme.

Functionally, the outer segment is responsible for phototransduction, that is, for the detection 

of light, and for the conversion of the signal inherent in photon capture to a highly amplified 

electrical signal, which is converted into an extracellular chemical signal at the synaptic 

terminus. To carry out this function, the outer segment is packed with high concentrations of 

the molecules essential for the phototransduction cascade. The most abundant protein, 

rhodopsin, is present in disk membranes at densities of about 25,000 µm2, and in the plasma 

membrane at about half that density. Thus rhodopsin accounts for a little less than half of the 

mass of outer segment membranes, with the rest consisting primarily of phospholipids and 

cholesterol. It must therefore be considered as having a structural role, as well as serving as 

the light receptor and activation of the G protein cascade of vision, and this role has 

important implications for the effects of rhodopsin mutations on rod structure. The 

biochemistry of the phototransduction cascade, which converts a light signal, 

photoisomerization of rhodopsin, into an electrical signal, decreased inward current and 

membrane hyperpolarization, has been reviewed previously (Arshavsky and Burns, 2012; 

Arshavsky et al., 2002; Burns and Arshavsky, 2005; Gross and Wensel, 2011; Wensel, 2008, 

2012).

4.1.1 The structure of basal disks in the rod—The standard model for rod disk 

formation starts with an evagination of the plasma membrane at the distal end of the 

connecting cilium, which then folds inward to form one or more basal disks whose lumens 

are continuous with the extracellular space. As the disks mature, it is thought that they 

somehow become pinched off so that their lumens are osmotically intact, and the disks are 

“free-floating”- although it is generally understood that there are many connections between 

disks and between disks and plasma membrane and microtubules. A number of lines of 
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evidence support this idea, or, more specifically, the idea that one or more basal disks have 

membranes continuous with the ciliary plasma membrane, and lumens continuous with the 

extracellular space. First, in cold-blooded species, it has been reported that low molecular 

weight dyes can penetrate the rod at its base (Laties et al., 1976) Second, numerous electron 

micrographs collected in many laboratories over the years display basal disks without 

surrounding plasma membrane, and more distal disks clearly enveloped by an external 

membrane.

However, there have been reports that challenge this view with respect to mammalian rods, 

including results from conventional electron microscopy and cryo-electron tomography, 

which show basal disks predominantly enveloped by an external membrane (Chuang et al., 

2007; Gilliam et al., 2012). The lumen of the basal disks was not accessible to ferritin-

labeled concanavalin A (Gilliam et al., 2012), but this result could simply reflect the large 

size of this probe as compared to the width of the intradiskal space. However, an earlier 

study by conventional EM (Cohen, 1968, 1970) found that lanthanum nitrate, a probe of 

much smaller size, also did not appear to penetrate the intradiskal space in rods as it did in 

cones, and in the space between the distal inner segment plasma membrane and the basal 

outer segment membrane. In studies of monkey, pigeon, rat, and mouse retina, lanthanum 

infiltration was never observed (Cohen, 1970). However, it was also noted that the region 

surrounding the axoneme in rods whose plasma membrane had been disrupted allowing 

lanthanum access to the cytoplasm (but not the disk lumen) was also devoid of lanthanum 

staining. This result suggests that diffusion barriers other than bilayer membranes, such as 

gels, could block access to this ion in regions of the cell despite their continuity with 

accessible regions.

Additional evidence for transient or prolonged continuity between the lumen of basal disks 

and the extracellular space comes from experiments with fluorescent dyes. Unfortunately, 

there is some ambiguity with regard to the dye penetration results as well (Laties et al., 

1976). Convincing evidence was presented that in rods from the lizard Gekko gekko, dye 

injected into the vitreous was rapidly incorporated into the lumen of basal disks, and then 

subsequently became trapped and migrated toward the distal tip as the disks matured. In the 

same work, only basal staining of mudpuppy rods was presented, which could have reflected 

penetration of the region between inner and outer segments, and results with mammals did 

not provide convincing evidence of consistent dye penetration. Gekko gekko may be a 

special case. The rods of this species appear to have differentiated from cones rather 

recently, on an evolutionary time scale, and at the molecular level resemble cones more than 

they do rods (Zhang et al., 2006). Thus, their ultrastructure may not be representative of 

vertebrate rods in general. In a study with Xenopus laevis rods (Kaplan et al., 1982), 

intravitreal injection with Lucifer yellow on successive days led to fluorescent bands whose 

distance from one another varied linearly with the time between injections, suggesting that at 

some point during disk formation and maturation, the lumen of basal disks is open to the 

extracellular space, even if only transiently. Both basal disk staining and distal disk staining 

by Lucifer yellow were observed in Xenopus by Matsumoto and Besharse (Matsumoto and 

Besharse, 1985). However, some Xenopus rods express cone-like pigment, and it is not clear 

that all of them have morphologies representative of rods in general, or of those in 

mammals. Thus, the issue of basal disk structure and mechanism of disk morphogenesis 
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remains an open one requiring additional study. A model consistent with available data but 

requiring further testing is shown in Fig. 7. The proposal is that during disk morphogenesis 

the most basal disk (s) is (are) continuous with the plasma membrane and as the disk forms 

(either through invagination or evagination of the plasma membrane), the lumen of the disk 

is open to the extracellular space via a small opening, through which diffusion is limited. 

This opening may be transient, or may persist even after additional disks begin to form so 

that the membranes of the first few most basal disks may all be continuous with the outer 

segment plasma membrane. Two recent electron tomography studies using conventionally 

prepared tissue sections support this model (Burgoyne et al., 2015; Volland et al., 2015). 

Readers are advised to consult these papers and the accompanying on-line material such as 

animations to visualize these complex membrane structures.

In any such model, a process of separation from the plasma membrane and sealing of the 

disk rims must take place, and this process must involve protein complexes similar to those 

involved in other membrane fusion and fission events. Their identities are currently 

unknown, but it seems likely that some may be rod-specific, as a similar process is 

unnecessary in cones. Peripherin-2/rds and rom1, tetraspanin proteins localized to disk rims, 

have been proposed to play a key role in membrane fusion during disk morphogenesis 

(Boesze-Battaglia et al., 2003; Boesze-Battaglia et al., 1997; Boesze-Battaglia et al., 1998; 

Boesze-Battaglia et al., 2000), but molecular details of this process remain unclear. A C-

terminal amphipathic helix in peripherin-2/rds has been shown to promote tight membrane 

curvature (Khattree et al., 2013). Prominin1 (CD133) has been localized to membrane 

protrusions and the bottom of the outer segment, and it has been proposed to play a role in 

membrane bending (Corbeil et al., 2001; Han et al., 2012).

4.2 Connecting cilium and associated structures

The connecting cilium is a cylindrical structure approximately 300 nm in diameter (Gilliam 

et al., 2012) and consists of a 9 + 0 bundle of microtubules surrounded by a ~50 nm layer of 

cytoplasm connecting the inner and outer segments. It has become conventional wisdom 

among those studying rod structure that the proximal region of this structure is equivalent to 

the transition zone found in primary cilia from other cells. This structure is immediately 

adjacent to the basal body from which the axonemal bundle of doublet microtubules emerges 

(Horst et al., 1987). Within the lumen of the connecting cilium, particles of irregular shape 

have been observed by cryo-ET (Gilliam et al., 2012), consistent with classic observations 

by conventional TEM of amorphous material of lower electron density than the 

microtubules. The molecular composition of these particles is unknown, but they may 

contain centrin isoforms, which have been reported to stain the lumen of the connecting 

cilium (Drivas and Bennett, 2014; Drivas et al., 2013; Giessl et al., 2006). This observation 

has recently been confirmed in our laboratory by super-resolution 3D STORM fluorescence 

microscopy (M. A. Robichaux and T. G. Wensel, unpublished observations and Fig. 6), 

which reveals a structure within the connecting cilium less than 200 nm in diameter staining 

with antibodies specific for centrin 2.

A number of discrete structures within the transition zone have been described for other 

ciliated cells. The structures in the vertebrate rod appear to be similar but not identical. 
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Transition fibers, structures connecting the microtubules at the junction between the mother 

centriole and the axoneme to the plasma membrane, have been described as a general feature 

of cilia. These are generally depicted as triangular weather vane-like structures, with one 

base of a right triangle aligned along the side of the axoneme or basal body, with the 

opposite angle attached to the plasma membrane, and are sometimes referred to as “alar 

sheets” rather than as “fibers”. These have a pinwheel appearance in ultrathin sections. The 

molecular composition of these structures is unknown Fibers leading from the microtubules 

of the axoneme to the plasma membrane near the base have been observed in cryo-electron 

tomograms of mouse connecting cilia (Gilliam et al., 2012). However, triangular weather 

vane-like structures were not observed. Evidence of these pinwheel vanes in published 

conventional TEM of rods is rare. However, evidence for connectors or appendages of 

triangular profile are clearly evident in some studies, e.g. from immature ferret retina 

(Greiner et al., 1981) and from developing (Sedmak and Wolfrum, 2011) or mature (Li et al., 

2015) mouse rods. It is possible that these structures are difficult to visualize in mammalian 

rods because they are quite small and must be sectioned in a narrow range of angles to be 

observed, so they may not have been sampled frequently. It is also possible that they do not 

appear clearly in cryo-tomograms because they have low electron density, but are visible 

upon staining because they have an affinity for the heavy metal staining material. Their 

presence and function in rod cells are important, because they have been proposed to limit 

the size of vesicles that can enter the cilium (Nachury et al., 2010). Indeed, experiments with 

antibody entry into cultured cells whose plasma membranes, but not ciliary membranes, had 

been permeabilized by digitonin, revealed that even soluble proteins of diameter > 9 nm are 

blocked from entry, although diffusion kinetics within the cilium are similar to those in the 

cytoplasm (Breslow et al., 2013). In any case, their molecular composition is unknown.

In the transition zone of typical cilia, additional structures connecting the microtubules and 

plasma membrane are described as “Y-shaped links,” and these have been observed in 

electron micrographs of cross-sections through the proximal region of the rod connecting 

cilium (Besharse et al., 1985; Horst et al., 1987) (see also Fig. 2D). In the three-dimensional 

maps provided by cryo-ET, a somewhat different picture emerges (Gilliam et al., 2012). The 

tomograms reveal regularly spaced fibers connecting the microtubules to tubular structures 

adjacent to the plasma membrane and extending along the axis of the axoneme. When the 

proximal region of the connecting cilium is sectioned perpendicular to the axoneme axis, 

and through the connecting fibers, the profile appears as the familiar Y-shape. Interestingly, 

an earlier study of serial sections by conventional TEM of mammalian rods (Tokuyasu and 

Yamada, 1959) came to a similar set of conclusions: the authors reported fibers leading from 

the microtubules to tubular structures running the length of the plasma membrane at the base 

of the connecting cilium, and fibers, but not weather vane-shaped structures connecting the 

basal body and base of the connecting cilium to the plasma membrane. A model for the 

structure of the connecting cilium and adjacent structures is depicted in Fig. 8, along with a 

standard model of a primary cilium (Szymanska and Johnson, 2012).

It has been proposed that CEP290, also known as NPHP6 or BBS14, forms the Y-shaped 

links in rod cells (Drivas and Bennett, 2014; Drivas et al., 2013). The evidence for this 

proposal is far from conclusive, and does not include electron microscopy, although it is 

supported by electron microscopy of mutant Chlamydomonas reinhardtii (Craige et al., 
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2010). Conflicting with this proposal are reports that CEP290 localizes to the basal body, or 

centriolar satellites, and that it co-localizes with the centriolar satellite protein, PCM-1 (Kim 

et al., 2008). However, consistent with this proposed role in the Y-shaped links are reports of 

localization to the base of the connecting cilium (Chang et al., 2006; Cideciyan et al., 2011; 

McEwen et al., 2007; Murga-Zamalloa et al., 2010; Rachel et al., 2012). CEP290 has been 

reported to interact directly with and co-localize with a number of transition zone/

connecting cilium proteins, including RPGR, RGRIP1, NPHP5, AHI1, CCD2a, and RKIP/

PEBP1 (Murga-Zamalloa et al., 2011). It has also been reported to interact directly with and 

co-localize with a number of centriolar/basal body and pericentriolar proteins, including 

PCM-1, MKK5/BBS6, rab8a, and γ tubulin (reviewed in (Rachel et al., 2012)).

An obstacle to determining the precise structural elements formed by CEP290 is that the 

structures involved have dimensions and distances from one another on the order of 300 nm 

or less, which is near to or beyond the practical resolution for conventional fluorescence 

microscopy. Combining super-resolution immunofluorescence with electron microscopy and 

cryo-ET could likely help to resolve this question. A recent study of cilia in cultured human 

retinal pigment epithelial cells (RPE-1) by Stimulated Emission Depletion (STED) 

fluorescence microscopy, a super-resolution technique, shows promise in this regard (Yang 

et al., 2015).

4.2.1 The BBSome—One of the most interesting cilium-associated complexes is 

composed of, or regulated by, the protein products of the BBS genes, mutations in which 

give rise to Bardet-Biedl syndrome. The structures and roles of the BBSome and its 

component proteins remain to be clearly determined. There is convincing evidence that 

seven BBS gene products, (BBS1, 2, 4, 5, 7, 8, and 9) form a complex that binds tightly to 

Arf-like GTP binding protein, Arl6 (BBS3), in its activated (GTP-bound) state, and can be 

isolated by affinity chromatography, size exclusion chromatography, cation exchange 

chromatography, or density gradient ultracentrifugation (Jin et al., 2010; Nachury et al., 

2007). There is also evidence that upon addition to synthetic lipid vesicles, this complex, 

together with Ar1l6 forms a membrane coat (Jin et al., 2010). However, it is not clear what 

fraction of the cellular pool of each BBSome protein is typically present in the complete 

complex, and whether there are functions for some of them that do not depend on 

participation in BBSome function. Although all subunits co-migrated upon size fractionation 

(Nachury et al., 2007), the complexes analyzed had already been selected for BBSome 

assembly by affinity purification. It is also not clear where BBSomes are localized, as 

opposed to localization of individual subunits which are found in multiple locations, some 

overlapping and some not, and if such membrane coats form in vivo, where they are, what 

their lipid composition is, and what their function is. The fractionation and co-purification 

behavior of the BBSome “core complex” subunits suggest that there may be sub-complexes, 

missing one or more components. How these might differ functionally is unknown, but it is 

clear from human genetics that absence or malfunction of any of them is detrimental. More 

precise localization and co-localization experiments, especially those capable of higher 

spatial resolution, and combining improved antibodies with expression (but preferably not 

over-expression) of tagged proteins should help to clarify these issues in the near future.
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Part of the difficulty in answering these questions lies in experimental shortcomings. One of 

these is a dearth of antibodies with well-documented specificity not only for immunoblots, 

but also for immunostaining and immunoprecipitation. This problem exists for many 

proteins important for ciliary structure or function. This deficiency leads to ambiguity in 

many studies aimed at localizing endogenous BBSome subunits within photoreceptors. 

Frequent attempts have been made to overcome this problem by localizing heterologously 

expressed subunits with tags, but these suffer from ambiguities in interpretation resulting 

from the artifacts caused by over-expression and from unknown effects of tags. These 

problems are further compounded by the fact that most such studies are carried out in 

immortalized cell lines which produce cilia in G1 or G0 phases of the cell cycle, but whose 

ciliary structures and mechanisms may differ from those in post-mitotic neurons such as rod 

cells. An instructive example of cell-type specific differences is the finding that mutations in 

a photoreceptor-specific splice variant of BBS8 leads to non-syndromic retinopathy 

(Riazuddin et al., 2010).

In addition to forming a complete BBSome, a number of the BBSome subunits are capable 

of forming subcomplexes with two or more partners. Upon co-expression, binary complexes 

formed included nearly stoichiometric complex of BBS2 with BBS9, and of BBS9 with 

BBS8. Additional binary complexes of moderate strength were formed between BBS9 and 

BBS1, BBS2, BBS4, and BBS5 (Nachury et al., 2007).

Sequence analysis has been used to predict likely structural domains within the BBSome 

subunits, which have homology to domains found in other membrane coat complexes (Jin, 

2010). These include WD40-repeat/β-propeller domains, which typically mediate protein-

protein interactions, α-solenoid domains, phosphoinositide pleckstrin homology (PH) 

domains, helical bundle-forming (α-solenoid) tetratricopeptide repeat domains, and gamma-

adaptin “ear” (GAE) domains (Nogi et al., 2002; Robinson, 1990). These domains are found 

in other vesicle coat complex proteins (McMahon and Mills, 2004; Stagg et al., 2007), such 

as clathrin, and the components of the COPI and COPII complexes. Analysis of their domain 

structures, the quaternary structure of the coat complex, and the phenotypes associated with 

genetic deficiencies should provide insights into their functional roles.

BBS1 is predicted to have a WD40-repeat/beta propeller domain and a GAE domain. A 

single mutant BBS1 allele, M390R, is involved in >30% of all BBS cases and 80% of all 

BBS1 disease-associated alleles (Mykytyn, 2007). BBS1 was initially reported not to be 

involved in complex inheritance patterns, but later studies (Beales et al., 2003) suggested 

BBS1 is involved in complex inheritance and interactions with other alleles in some 

families. BBS1 binds directly to Rabin8, the guanine nucleotide exchange factor for the 

small GTPase, Rab8, and binds to the small G protein, Arl6 (BBS3), in the GTP form 

through its beta-propeller domain (Jin, 2010). Arl6-GTP is required for formation of a 

membrane coat by the BBSome, in an interaction likely mediated in part by its N-terminal 

myristoyl group.

BBS2 has a predicted domain composition which is also found in BBS7 and BBS9, with a 

β-propeller domain, and a GAE domain with an adjacent α-helical domain, an arrangement 

that forms a “platform” or “appendage” structure in other coat complexes (McMahon and 
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Mills, 2004). Mice with an engineered deficiency in BBS2 undergo retinal degeneration 

similar to that observed in other BBS knockouts (Nishimura et al., 2004). At 10 weeks of 

age, outer segments were short, and beginning to undergo apoptosis; however, rhodopsin 

was predominantly correctly localized, with only occasional cell body staining, possibly 

corresponding to apoptotic cells. These results indicate that BBS2 is necessary for cell 

survival, but not for ciliogenesis or rhodopsin trafficking.

BBS4 has multiple TPR domains and is predicted to have an alpha solenoid structure similar 

to BBS8. It has been reported that BBS4 is localized to pericentriolar satellites, and binds 

directly to PCM1 and P150 glued (Kim et al., 2004). However, the physiological relevance 

of the reported protein-protein interactions is subject to question due to a dearth of controls 

presented. This paper also concluded, based on siRNA knockdown experiments that BBS4 is 

essential for cell cycle progression, a conclusion refuted by the viability of BBS4 null mice, 

illustrating the uncertainty of conclusions relying solely on that approach to understand gene 

function.

At 2 weeks of age, BBS4 null mice show little evidence of apoptosis or rhodopsin 

mislocalization, whereas at 4 weeks they have numerous TUNEL-positive puncta, and begin 

to mislocalize rhodopsin (Kim et al., 2004). Thus, BBS4 is not essential for cilium formation 

or rhodopsin sorting to the outer segment, but is essential for some other unknown cellular 

function, likely related to cilium function. Deficiencies in BBS4, which lead to severe 

compromise of cell health, ultimately cause cell death, which, as it approaches leads to 

rhodopsin mislocalization perhaps as a secondary, rather than a primary defect. In another 

study of BBS4-null mice (Abd-El-Barr et al., 2007), the authors proposed rhodopsin 

mislocalization as a direct consequence of BBS4 inactivation; however, the conclusion was 

based on comparison of a greatly over-saturated immunofluorescence image of rhodopsin 

staining in BBS4-null mice. Cryo-electron tomography of BBS4 null mice revealed 

essentially normal connecting cilium structure, but aberrant disk membrane structure, and an 

accumulation of small vesicles within the connecting cilium and the immediately adjacent 

area of the inner segment (Gilliam et al., 2012). Given their similarities in structure, and the 

fact that both can bind directly to BBS9 and PCM1 (Nachury et al., 2007), it may be that 

BBS4 and BBS8 can substitute for one another to some extent, albeit with poor efficiency, 

based on the pathology observed. In addition to localization to the base of the connecting 

cilium in rods or transition zone in general, BBS4 has been reported to bind directly to the 

pericentriolar material protein PCM1 and to the centriolar satellite protein AZI1 or CEP131 

(Chamling et al., 2014). It was reported that knockdown of AZI1 in zebrafish yields a BBS-

like phenotype (Chamling et al., 2014). BBS4 with a fluorescent protein tag has been 

reported to move within cilia of cultured cells at rates consistent with intraflagellar transport, 

and to move from a pericentriolar location to the inside of the cilium upon serum starvation 

(Nachury et al., 2007)

BBS5 contains two pleckstrin homology-like domains, and binds preferentially to 

phosphatidylinositol-3-phosphate (PI3P) (Nachury et al., 2007), a marker of early 

endosomes and autophagosomes. Thus, it may cooperate with Arl6, also known as BBS3, in 

targeting the BBSome to specific vesicles or membrane compartments. A monoclonal 

antibody directed against BBS5 labels predominantly the axoneme in the outer segment, 
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with barely detectable staining in the connecting cilium and basal body by immuno-EM, 

and, in contrast, co-localization in the basal body, transition zone and outer segment by 

immunofluorescence (Smith et al., 2013).

BBS6 is not part of the “core” BBSome, but is essential for BBSome formation. Three BBS 

genes (BBS6, BBS10, and BBS12) have homology to those encoding type II chaperonins 

and interact with CCT/TRiC proteins and BBS7 to form a complex termed the BBS-

chaperonin complex. This complex is required for BBSome assembly (Zhang et al., 2012b).

BBS7. The domain architecture of BBS7 is similar to that of BBS2 and BBS9, and is 

essential for BBSome formation (Zhang et al., 2013). Like other BBS knockouts, BBS7 null 

mice suffer from retinal degeneration and loss of the photoreceptor layer, but appear to be 

able to form cilia and to carry out some ciliary transport functions (Zhang et al., 2013). It 

was shown that BBS7 interacts with BBS2 to form core complex of BBS7, BBS2, and 

BBS9, to which additional BBS subunits are added, with the last being BBS4 (Zhang et al., 

2012b).

BBS8 has an α solenoid (TPR) structure similar to BBS4. A knockout of BBS8 yielded, 

among other BBS-like defects, retinal degeneration, defects in olfactory cilia, and severe 

defects in planar cell polarity in cochlear development (May-Simera et al., 2010; May-

Simera et al., 2015; Tadenev et al., 2011). BBS8 was found to bind to Vangl2, and to co-

localize with filamentous actin, as well as with microtubules (May-Simera et al., 2015). 

BBS8 has been reported to act as an adaptor for cargo undergoing IFT (intraflagellar 

transport) (Ansley et al., 2003; Tadenev et al., 2011). An interesting recent finding was that 

there is a splice variant of BBS8 that is unique to the retina (Riazuddin et al., 2010). This 

variant appears to be the predominant form in rod cells, and mutations that affect only this 

variant cause non-syndromic retinitis pigmentosa (Riazuddin et al., 2010).

BBS9 has a domain structure similar to that of BBS2 and BBS7, and is the only BBS protein 

which has been reported to be capable of forming binary complexes with every other 

BBSome subunit (Nachury et al., 2007). Thus, it likely plays a key role in stabilizing the 

overall complex, whose stability likely depends on cooperation among multiple weak 

protein-protein interactions that are not strong enough to sustain binary complexes.

4.3 Primary vs. motile cilia

Much of what we know about the principles of cilium structure, biogenesis, and function 

derives from studies of motile cilia, especially those of the model organism Chlamydomonas 
reinhardtii. The experimental tractability of these blue-green algae have made them 

extremely useful for this purpose, and numerous studies have confirmed the many 

commonalities of motile cilia in algae and primary cilia in the mammalian retina. However, 

the differences are also numerous. A recent single cell RNAseq survey of brain cell types 

(Zeisel et al., 2015) found 69 cell-type restricted transcripts in ependymal cells, which are 

multi-ciliated cells lining the ventricles. Presumably, these are mRNAs encoding proteins 

important specifically for motile cilia, and not found at comparable levels in the rest of the 

brain where primary cilia predominate. In support of this interpretation, most genes 

implicated in retinal ciliopathies were not included, a notable exception being myosin VIIa. 
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Thus structures and mechanisms identified in motile cilia provide an imperfect model for 

analogous features of primary cilia. Similar caveats may well apply to potential differences 

between the highly specialized primary cilia of rods and cones as opposed to those of other 

cell types, especially those in cells that have not permanently exited the cell cycle, during 

which cilia disassemble and reassemble, and transformations and migrations occur between 

centrioles and centrosomes.

4.4 The inner segment

The inner segment can be considered as consisting of two major sub-regions, the ellipsoid, a 

mitochondria-rich region immediately adjacent to the outer segment, and the myoid, a region 

of variable length extending to the nucleus, whose depth within the outer nuclear layers is 

quite variable. This region is enriched in biosynthetic membranes, such as Golgi 

membranes, rough endoplasmic reticulum, and ribosomes, and typically stains strongly for 

mRNA species encoding outer segment proteins. However, both mitochondrial and smooth 

and rough ER membranes are found throughout the inner segment. Dominating electron 

micrographs of the inner segment is a long striated cytoskeletal element known as the ciliary 

rootlet, composed largely of the coiled-coil protein, rootletin (Gilliam et al., 2012; Yang et 

al., 2005; Yang et al., 2002). This extends from near the basal body all the way to the 

nucleus and beyond.

4.5 Nuclei

Because the nuclei have much larger diameters than the outer or inner segments, they are 

arranged in rows parallel to the long axes of the rods. Within the nuclei, the chromatin 

organization depends on whether the species is nocturnal or diurnal. The rods of diurnal 

retinas have most of their heterochromatin located at the nuclear periphery, euchromatin 

located more centrally, whereas in nocturnal retinas, the rods have an unusual inverted 

pattern, with heterochromatin in the center, and euchromatin, nascent transcripts and 

splicing machinery, distributed around the border of the nucleus (Solovei et al., 2009).

4.6 Axon and nerve terminal

A thin axon extends from the nucleus to the synaptic terminus, known as the rod spherule 

for its shape. This region contains many synaptic vesicles loaded with the neurotransmitter 

glutamate, many of them lining the synaptic ribbon, a structural specialization found in only 

a few neuronal types (Heidelberger et al., 2005; Sterling and Matthews, 2005).

5. Rod Dystrophies

There are a number of retinal dystrophies in which rod cell dysfunction or death is the 

earliest or primary pathology that is observed. These can be diagnosed as rod dystrophies, 

rod/cone dystrophies, or the many varieties of retinitis pigmentosa. In these diseases, some 

of the earliest symptoms are often loss of peripheral vision and night-blindness. 

Unfortunately, these relatively mild symptoms often progress to a narrower and narrower 

field of vision, or to a patchy loss of visual field due to geographic atrophy, and eventually to 

loss of central vision as increasing numbers of cones are lost. There has been tremendous 

progress over the last 25 years in uncovering the genes whose mutations are involved in 
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these diseases, which now includes close to 200 different genes (Daiger et al., 2013). These 

are often genes encoding rod-or photoreceptor-specific proteins, or proteins whose function 

is particularly critical to rod cell survival, such as proteins involved in the visual cycle or 

disk phagocytosis in the retina pigmented epithelium. Many are genes encoding proteins 

important for the structure or function of primary cilia and are referred to as either 

syndromic or non-syndromic ciliopathies, depending on the degree of involvement of 

pathologies outside the retina. Some of these are discussed below.

5.1 Retinitis pigmentosa and other rod dystrophies

Retinitis pigmentosa (RP) (Daiger et al., 2013; Ferrari et al., 2011; Hartong et al., 2006) is 

the most common form of retinal dystrophy with a worldwide incidence estimated as about 

one in 4,000 (Ayuso and Millan, 2010; Boughman et al., 1980; Jay, 1982). This class of 

diseases is quite heterogeneous, but the common characteristics are a progressive disease 

primarily affecting rods, at least in early stages, with night-blindness and loss of peripheral 

vision being among the first detectable symptoms. Loss of rods and rod function can be 

detected as diminished light responses (especially the scotopic a-wave) in 

electroretinography (ERG). Rod cell loss leads to exposure of underlying pigment, whose 

appearance in fundus examinations is responsible for the “pigmentosa” term in the name of 

this disease. Over time, progressive loss of visual field is observed, leading to increasing 

cone involvement, tunnel vision, and eventual blindness. Cardinal features apparent in 

fundus examinations include attenuated retinal vessels, and bone spicule-like pigmentation. 

There are many genes whose defects lead to RP, including phototransduction protein-

encoding genes such as Rhodopsin (RHO), cGMP phosphodiesterase subunit-encoding 

genes (PDE6A, PDE6B, PDE6G), and cGMP-gated channel-encoding genes (e.g. CNGA1, 
CNGB1); genes important for disk structure (e.g. ROM1, PRPH2); transcription factors (e.g. 
NEUROD1, NR2E3, NRL); visual cycle and pigment-epithelium specific genes (e.g. 
ABCA4, RDH12, LRAT, MERTK, RPE65, BEST1); and numerous genes encoding cilium 

associated proteins, (e.g. BBS1, BBS2, RPGR, IFT40, IFT172, PROM1, SPATA7, ARL6) 

among many others.

Additional forms of inherited retinal dystrophies, other than RP, also involve functional 

defects affecting rods. These include rod-cone dystrophies and a very severe and early onset 

form of retinal dystrophy known as Leber Congenital Amaurosis. There is considerable 

overlap among the genes encoding the different retinal dystrophies, and in many cases 

defects in a given gene can give rise to a range of retinal defects or to syndromic disease, 

depending on the mutation and genetic background.

5.2 Syndromic vs. non syndromic retinal dystrophies

Roughly one-half (16.7% to 65.2%, based on studies in different countries) of RP cases can 

be classified as syndromic (Ayuso and Millan, 2010), meaning that they are accompanied by 

a range of extra-retinal symptoms. The rest are classified as non-syndromic (Estrada-

Cuzcano et al., 2012), with retinal degeneration being the only obvious inherited defect. A 

somewhat surprising observation that has emerged as increasing numbers of defects in 

different genes have been associated with non-syndromic RP is that while some of them 

encode rod- or photoreceptor-specific proteins, many encode proteins expressed in many cell 
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types throughout the body, suggesting that rods are particularly sensitive to disruption of 

certain regulatory pathways.

The inheritance of retinal dystrophies can fall into the categories of autosomal dominant, 

autosomal recessive, X-linked, mitochondrial, and sporadic- meaning isolated cases for 

which an inheritance mode (pattern) cannot be established (Daiger et al., 2013; Ferrari et al., 

2011; Hartong et al., 2006). In addition, there are examples of digenic or trigenic disease 

(Beales et al., 2003; Dryja et al., 1997; Eichers et al., 2004; Katsanis et al., 2001; Katsanis et 

al., 2002). These modes of inheritance serve not only to help assess risk among family 

members, but also to determine what conclusions can be drawn about gene function from 

disease phenotype, and what approaches to gene-based therapy should be considered.

5.3 Functional classes of disease genes

Proteins encoded by genes associated with retinal dystrophies fall largely within a few major 

classes. One such class encompasses phototransduction proteins, such as rhodopsin, PDE6, 

guanylate cyclase isozymes, guanylate cyclase activating proteins, and cyclic nucleotide-

gated channels. Another class includes proteins that play important roles in the visual cycle, 

the metabolism of retinoids essential for conversion of vitamin A to 11-cis-retinal, the light 

sensing chromophore of rhodopsin, and for recycling all-trans-retinal back to 11-cis retinal 

following photoisomerization. Some of these, such as ABCA4 (Molday, 2007; Quazi and 

Molday, 2014; Shroyer et al., 2001a; Shroyer et al., 2001b), a lipid transport protein of the 

ATP-binding cassette family, and retinol dehydrogenase isoform 12, rdh12 (Haeseleer et al., 

2002; Janecke et al., 2004; Perrault et al., 2004), function in photoreceptors, while others 

function in the retinal pigmented epithelium (RPE), such as lecithin-retinol acyl transferase 

(LRAT) (Barry et al., 1989; Saari and Bredberg, 1989) and the isomerohydrolase enzyme 

RPE65 (Hamel et al., 1993), are localized to the retinal pigmented epithelium (RPE). A third 

rather large class falls into the category of ciliopathies, either syndromic or non-syndromic. 

This class includes the BBS proteins, the intraflagellar transport (IFT) proteins, and the 

Usher syndrome proteins (Adams et al., 2007; Daiger, 2004; Koenig, 2003; Liu et al., 2010). 

Additional classes include mitochondrial defects, defects in proteins important for 

transcriptional regulation or mRNA processing, and metabolic enzymes, such as inosine 

monophosphate dehydrogenase (Daiger et al., 2013).

5.4 Theories of retinal disease

An outstanding problem for the fields of photoreceptor biology and retinal dystrophies is to 

understand the mechanisms that link gene defects to loss of rods and rod function. Despite 

years of intensive research using animal models, it would be hard to find a single gene defect 

for which this question has been definitively answered. It could be argued that autosomal 

recessive genes encoding proteins essential for phototransduction (rhodopsin, rod 

transducin, PDE6) or photoreceptor structure (e.g., rhodopsin, rom1, peripherin/rds) or 

regulation of photoreceptor gene expression (CRX, NRL, NR2E3) would lead to defects in 

rod structure and function by obvious mechanisms. However, the question remains, why do 

the cells die in response to these defects? Why do defects in some genes, such as those 

encoding rod transducin or arrestin or rhodopsin kinase lead to autosomal recessive night 

blindness without progressive degeneration, whereas mutations in others, such as those 
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encoding rhodopsin, PDE6, or the cGMP-gated cation channel lead to autosomal recessive 

retinitis pigmentosa?

5.4.1 Equivalent light hypothesis—Based on the observations that relatively modestly 

increased light exposure can cause retinal degeneration in albino animals, and that certain 

disease-causing mutations in phototransduction cascade proteins might be expected to 

produce dysregulation of phototransduction, an “equivalent light” hypothesis has been 

proposed (Fain and Lisman, 1993; Fain and Lisman, 1999; Lisman and Fain, 1995) 

suggesting that these mutations may have deleterious effects on cell survival similar to those 

of excessive light, both through unrestrained operation of the highly amplified 

phototransduction cascade. This idea was challenged, based on the observation that the 

G90D mutation in rhodopsin, which causes constitutive signaling, and thereby mimics 

continual light exposure, leads to photoresponse desensitization and stationary night 

blindness, but not to cell loss or retinal degeneration (Sieving et al., 2001). Moreover, the 

G90D mutation actually rescues the retinal degeneration induced by a mutation in the 

guanylate cyclase activating protein, GCAP-1, which leads to elevated levels of cGMP 

(Woodruff et al., 2007). Interestingly, a study of effects of phototransduction cascade 

mutants found evidence that constitutive G-protein activation due to inactivating mutations 

in rhodopsin kinase or arrestin, but not constitutive membrane hyperpolarization due to 

inactivation of the cGMP-gated cation channel that is the ultimate downstream target of the 

phototransduction cascade, led to activation of the Unfolded Protein Response (Wang and 

Chen, 2014). Thus, constitutive signaling may act on cell survival differently, depending on 

the step(s) of the cascade affected.

5.4.2 Disruption of Ca2+ homeostasis—Related to the “equivalent light” hypothesis 

are the hypotheses that either excessively elevated or abnormally reduced levels of 

intracellular [Ca2+] play a key role in linking rod cell death to abnormalities in 

phototransduction cascade proteins. Under dark-adapted conditions, resting [Ca2+] has been 

estimated to be in the range of 250 nM to 670 nM (Korenbrot and Miller, 1989; Sampath et 

al., 1998; Woodruff et al., 2002), a value that is determined by the balance between leak of 

Ca2+ into the outer segment through the cGMP-gated cation channel (CNG-channel), and 

the extrusion of Ca2+ out of the cell by the Na/Ca/K exchanger (Prinsen et al., 2002; 

Schnetkamp, 1995). Upon illumination, the CNG channel closes as cGMP levels fall, while 

the extrusion process continues, and [Ca2+] falls to very low levels, perhaps as low as 1 nM 

or less (Gray-Keller and Detwiler, 1994). Constitutive signaling would be expected to 

maintain abnormally low intracellular [Ca2+], which would likely be detrimental to the many 

cellular processes that are regulated by Ca2+ and Ca2+-binding proteins. Conversely, 

suppression of phototransduction or the basal activity of phototransduction proteins would 

be expected to lead to an excessively high resting level of [Ca2+], a condition known to be 

toxic in many cell types. This latter situation may well be involved in the mechanism of cell 

death in the rd1 mouse, which suffers from an autosomal recessive defect in the cGMP 

phosphodiesterase PDE6 beta subunit (Bowes et al., 1990; Pittler and Baehr, 1991). A recent 

study in cultured cells revealed that Ca2+ homeostasis within cilia is markedly different from 

that in the rest of the cell (Delling et al., 2013). Intra-ciliary [Ca2+] was reported to be 

regulated by a cilium-specific ion channel, composed of members of the polycystin-1 and 
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polycystin-2 families, PKD1L1 and PKD2L1 (also known as TRPP3), and not to be in 

equilibrium with [Ca2+] in the cytoplasm (DeCaen et al., 2013; Delling et al., 2013). 

PKD2L1 is expressed in the retina (Gilliam and Wensel, 2011), and its mRNA levels have 

been reported to decrease following retinal detachment (Delyfer et al., 2013).

Dysregulation of calcium homeostasis has also been invoked (Sizova et al., 2014) as a 

contributor to cell death due to misfolded proteins or environmental insults inducing 

endoplasmic reticulum stress (ER-stress) (Mohlin et al., 2014) and the unfolded protein 

response (UPR) (Gorbatyuk et al., 2010; Nakanishi et al., 2013; Rana et al., 2014; Zhang et 

al., 2014a)

5.4.3 Programmed Cell Death or Apoptosis—It has long been held that apoptosis 

represents a general pathway for cell death in retinal degeneration resulting from rod cell 

defects (Chang et al., 1993; Gregory and Bird, 1995; Reme et al., 1998). It should be noted 

that in most published studies, only TUNEL (Terminal deoxynucleotidyl transferase 

mediated dUTP Nick End) assays were used to test for apoptosis, and correlations, rather 

than mechanistic cause-and-effect relationships were demonstrated. A universal causative 

role for apoptosis in rod degeneration has been questioned (Kunchithapautham and Rohrer, 

2007a, b; Lohr et al., 2006; Trifunovic et al., 2012) A recent study found that ablating pro-

apoptotic genes, CHOP and Ask1, did not suppress photoreceptor cell death in a mouse 

model of ADRP (Adekeye et al., 2014).

5.4.4 Necrosis/Necroptosis—Programmed necrosis, or necroptosis (Khan et al., 2014), 

has been proposed as an alternative cell death pathway that may play an important role in 

rod dystrophies. A recent study concluded, based on effects of knocking down receptor-

interacting protein kinase 3 (Rip3) in a cone-rod dystrophy model, that primary 

photoreceptor cell death occurs by necroptosis, with “bystander” death of nearby rods is 

associated with caspase activation, and, presumably, apoptosis (Viringipurampeer et al., 

2014), while another found that Rip3 knockout in the rd10 rod dystrophy model, necroptosis 

played an important role in death of cones, but not rods (Murakami et al., 2012).

5.4.5 Autophagy—The role of autophagy, a pathway of self-digestion in response to 

nutrient deprivation and other stresses, in retinal degeneration is also unclear. It has been 

proposed that autophagy can play a protective role (Chen et al., 2013; Zhou et al., 2015), but 

also that it can contribute to photoreceptor cell death (Mohlin et al., 2014; Zhang et al., 

2014b), and that the balance between macroautophagy and chaperone-mediated autophagy 

may shift with age, and thus render aging retinas more susceptible to degeneration 

(Rodriguez-Muela et al., 2013). Selective knockout of Atg5, a protein essential for normal 

autophagy, leads to progressive retinal degeneration (Rodriguez-Muela et al., 2013; Zhou et 

al., 2015) leading to the conclusion that basal autophagy, even in the absence of disease-

induced stress, is essential for photoreceptor survival. Selective knockout of Vps34, and 

Type III phosphatidylinositol 3-kinase essential for synthesis of phosphatidyl inositol 3-

phosphate and completion of autophagasome maturation, also leads to rod cell death (He et 

al., 2016).
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5.4.6 Autosomal Dominant Disease Mechanisms: Haploinsufficiency vs. 
Dominant Negative or Toxic Gain-of-Function Mutations—The problem of 

understanding mechanisms of cell death is especially daunting in the case of autosomal 

dominant disorders, such as most of the cases of RP caused by rhodopsin mutations, the 

most common genetic cause of ADRP. Haploinsufficiency, or pathology due to shortage of 

wildtype protein, does not explain these diseases, as certain rhodopsin null alleles lead to 

recessive disease in both humans (E249X mutation (Rosenfeld et al., 1992) and W161X 

mutation (Kartasasmita et al., 2011) and mice (Lem et al., 1999). Thus, the mutant proteins 

must act either through a dominant-negative effect, or through a toxic gain-of-function effect 

(Wilson and Wensel, 2003). These mechanisms can be tested experimentally by over-

expressing the wildtype protein in the mutant background. As dominant-negative alleles are 

defined as producing non-functional proteins that compete with wildtype protein for binding 

to functional sites or ligands, their phenotype should be at least partly suppressed by 

increasing levels of wildtype protein, whereas phenotypes in the toxic gain-of-function case 

should not be affected (Wilson and Wensel, 2003). This test has been applied in one case, 

that of murine models of retinal degeneration due to the ADRP rhodopsin mutation P23H 

(Price et al., 2012) using gene dosage experiments. Increasing the levels of rhodopsin 

mRNA and protein was found to preserve rod cell viability so that as many as four times as 

many photoreceptor nuclei remained in mice expressing a P23H mutant rhodopsin. This 

form of rhodopsin is known to fold inefficiently (Liu et al., 1996; Sung et al., 1991), to be 

unstable (Chen et al., 2014), and to mislocalize to the inner segment (Tam and Moritz, 

2006), so it has been assumed to cause cell death through a toxic gain-of-function, such as 

triggering the unfolded protein response, or toxic stress of the endoplasmic reticulum. The 

genetic experiments show clearly that the primary mechanism is a dominant negative effect, 

consistent with the observation that over-expression of wildtype rhodopsin, which has a 

protective effect on the P23H background, increases, rather than decreases, the percentage of 

a P23H rhodopsin-EGFP fusion that is transported to the outer segment (Price et al., 2012), 

and with the observation that P23H rhodopsin has a harmful effect on disk structure in the 

outer segment (Sakami et al., 2011).

6. Future Directions

Understanding the mechanisms of disease is important for the development of new 

therapeutic approaches, which are sorely needed for retinal neurodegeneration. New gene 

delivery and gene editing technologies hold the promise for inducing the expression of 

beneficial genes or inactivating toxic alleles, but an understanding of mechanism is 

necessary to determine which genes should be manipulated in which way, and what 

pathways may be impacted by doing so. This understanding will be facilitated by developing 

a deeper understanding of the cilium-associated structures of the rod, and the roles of 

specific proteins within them, which will be facilitated by combining the latest genetic 

engineering technology with the most advanced structural techniques. The most important 

gaps to be filled are the molecular identities of the structural features associated with the 

cilium, and the mechanisms leading from functional defects to rod cell death.
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Abbrevations

ADRP autosomal dominant retinitis pigmentosa

BBS Bardet-Biedl syndrome, BBSome, membrane coat complex formed by BBS 

gene products

Cryo-ET cryo-electron tomography

miniSOG mini singlet oxygen generator, a fluorescent flavoprotein engineered from 

Arabidopsis phototropin

PALM photactivated localization microscopy

RP retinitis pigmentosa

SEM scanning electron microscopy

SIM structured illumination microscopy

SNAP tag fusion to a 20 kDa mutant of the DNA repair protein O6-alkylguanine-DNA 

alkyltransferase that allows covalent labeling with with benzylguanine 

derivatives

STED stimulated emission depletion

STORM stochastic optical reconstruction microscopy

TEM transmission electron microscopy

TPR tetratricopeptide repeats

UPR unfolded protein response
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Highlights

• Review of historical and most recent structural studies of vertebrate rod 

cells

• Current state of understanding of basal disk structure and 

morphogenesis

• Cryo-electron tomography and superresolution microscopy of rods

• Advances in understanding of cilium-associated structures

• BBSome structural and functional insights

• Current understanding and uncertainties in mechanisms of rod 

dystrophies
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Figure 1. 
A. Schematic drawing of mouse rods. Sub-regions of the cell are depicted according to the 

indicated scale based on dimensions taken from a range of microscopic techniques. This 

accurate scaling is in contrast to highly distorted scales typically used in cartoons of rods. B. 

Transmission electron micrograph showing the corresponding retinal layers from a mouse 

retina. Sample preparation and imaging were as described in (He et al., 2016).
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Figure 2. 
Conventional transmission electron microscopy of mouse rod sensory cilium. Sample 

preparation and imaging were as described in (He et al., 2016). A. Longitudinal section 

showing connecting cilium and adjacent regions of outer and inner segments (Labels: d, 

disks; cc, connecting cilium; bb, basal body complex; a, axoneme; m, mitochondria). B-F, 

cross-sectional views through the same regions. B, a region where the CC membrane is 

continuous with the plasma membrane. C, a connecting cilium sectioned near the base of the 

outer segment (d, disks). D, a centriole next to a connecting cilium from an adjacent cell (y, 
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y-links; bp, base plate or terminal plate, a structure observed within the lumen of the 

transition zone immediately above the mother centriole). E, a basal body complex (bb), 

showing the triplet microtubules (t) of one centriole. F. An isolated centriole with visible 

microtubule triplets (t).
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Figure 3. 
Cryo-ET data from WT mouse rods (Gilliam et al., 2012). A. Projection image through slice 

of tomogram (grayscale) with overlaid segmented isosurfaces (color) showing the basal 

body complex (mother centriole, mc; daughter centriole, dc), the base of the connecting 

cilium/transition zone, with segmented a, b, and c microtubules (colored red, green and blue, 

respectively), and adjacent intracellular fibers and organelles, including mitochondria (m), 

electron-dense ribosomes (ri), and ciliary rootlet (rt). B. Partially segmented image, 

highlighting the a, b, and c microtubules (colored red, green and blue, respectively), and 
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fibers (tan and magenta) connecting the microtubular structures to one another (tan) and to 

ciliary and cellular membranes (magenta). C. Slice through a tomogram of a rod cell 

fragment. The outer segment has been isolated from most of the inner segment, and the inner 

segment membrane has resealed to contain the mother (mc) and daughter (dc) centrioles as 

well as numerous membrane vesicles. The outer segment is flattened, revealing the disks (d) 

emanating from the axoneme (ax) above the transition zone (tz). D. Slice through a 

tomogram showing the highly ordered stack of disks (d) on the edge of a rod outer segment, 

and their relationship to the OS plasma membrane (pm).
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Figure 4. 
Enhancement of cryo-ET reconstruction of a daughter centriole by sub-tomogram averaging. 

A. External view perpendicular to the central axis; B. cut-away view with outer half 

removed to reveal internal structures; C. Cross-sectional views of slices taken at the 

indicated axial positions. Colors indicate distance from central axis, orange (closest) to blue 

(furthest).
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Figure 5. 
Reconstruction of a transition zone/connecting cilium base from cryo-electron tomography 

(Cryo-ET) data, with sub-tomogram averaging used to enhance signal-to-noise. A. 

Tomogram with segmented region highlighted in light yellow. B. segmented version with 

color-coding of axial displacements; C-E, cross-sectional views of the maps resulting from 

sub-tomogram averaging of the nine microtubule doublets and membranes, with axial 

displacement of each section color-coded as in B.
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Figure 6. 
Super-resolution STORM images of isolated mouse rods. A-F. Centrin 2 

immunofluorescence in mouse retinal sections imaged by wide-field fluorescence (A–C) and 

differential interference contrast (DIC, A), or 3D STORM (D–F). Arrows show the CC in 

the low-magnification images (B, D) corresponding to the higher magnification views (C, 

E). The 3D map whose projection is shown in E has been rotated to produce the projection 

in F, illustrating the nearly isotropic resolution achieved. Each dot in E and F represents a 

single localization event, corresponding to individual molecule fluorescence. G-I, STORM 

images at varying magnifications showing rhodopsin immunofluorescence in isolated mouse 

rods using monoclonal antibody 1-D4, which recognizes the C-terminus of rhodopsin.
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Figure 7. 
A model for the topology of basal disk (s) of mammalian rods. A model consistent with 

available data proposes that all disks, including the ones nearest to the connecting cilium, are 

enveloped by the plasma membrane, but that there is continuity with the plasma membrane 

with the first disk or first few disks, with only a very narrow entry-way into the lumen of the 

basal disk (s), which would be continuous with the extracellular space. A. Schematic of 

outside view of basal outer segment, with disks visible through translucent plasma 

membrane. B. Schematic representation of a section through a tomographic map of an outer 

segment based, derived from results reported in (Volland et al., 2015). Labeled structures are 

i, invaginations of plasma membrane; n, nascent disks; d, mature disks, p, plasma membrane
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Figure 8. 
Alternative models of basal body and connecting cilium structure based on cryo-electron 

tomography of isolated mouse rods. Panel A shows a model for the structural organization of 

the regions of the rod cell adjacent to the connecting cilium, based on available structural 

data, largely from various EM techniques. Distinctive features include: intersection of fibers 

emanating from the axoneme with tubules running along the length of the transition zone 

giving rise to the characteristic “Y-shaped links” in cross section; absence of clearly-defined 

triangular “alar sheet” transition fibers, and presence of multiple filaments connecting the 

microtubules to the plasma and ciliary membranes; vesicles adjacent to and within the lumen 

of the connecting cilium; filaments extending from the cytoplasm into the cilium lumen; 

thinning of basal body from minus (triplet) to plus (doublet) end; slight tilt of microtubules 

with respect to ciliary axis; envelopment of basal disks within plasma membrane (not 

necessarily to exclusion of some regions of continuity; see text). The arrangement of tubulin 

dimer units (circles) in doublet microtubules is based on the structure determined by cryo-

ET and sub-tomogram averaging of axonemes from Chlamydomonas reinhardtii flagella 

(Nicastro et al., 2011), and that of the triplet microtubules is based on the basal body 

structure determined using similar approaches to basal bodies from the same organism (Li et 
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al., 2012). The arrangement of the doublet and triplet microtubules is based on cryo-electron 

tomography and sub-tomogram averaging of mouse rod centrioles (Figs. 3 and 4 and 

Zhixian Zhang, Michael F. Schmid, Feng He, Theodore Wensel, unpublished observations). 

At the base of the outer segment, actin filaments are found within the lumen of the axoneme, 

and extending out between microtubules to contact the disk membranes (Chaitin and Bok, 

1986; Chaitin and Burnside, 1989; Chaitin et al., 1984). Not shown is the daughter centriole 

invariably associated with the depicted structures. Panel B depicts a standard model of 

primary cilia, based on reference (Szymanska and Johnson, 2012).
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