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Introduction

Our vision begins upon photoexcitation of the visual pigment 
located in one of many disc membranes stacked inside the cil-
iary outer segment of rod and cone photoreceptor cells. The 
functional role of this structural arrangement is well under-
stood. Disc stacks provide vast, layered surfaces for efficient 
light capture, which is required for the high sensitivity of verte-
brate vision (Arshavsky and Burns, 2012). The organization of 
discs resembles that of chloroplast thylakoids, which likewise 
evolved to maximize light absorption.

Discs are continuously renewed throughout the lifetime 
of a vertebrate animal, with older discs being phagocytized by 
the retinal pigment epithelium (RPE) at the outer segment tip 
and replaced with new discs formed at the outer segment base 
(Young, 1967). It is now firmly established that disc formation 
starts with evagination of the plasma membrane at the outer 
segment base followed by lateral membrane outgrowth and, in 
the cases of rods and mammalian cones, subsequent disc enclo-
sure (Kinney and Fisher, 1978; Steinberg et al., 1980; Burgoyne 
et al., 2015; Ding et al., 2015; Volland et al., 2015). However, 
the molecular and cellular mechanisms underlying the ongoing 
disc production remain elusive.

The outer segment is unique among all cilia for its abil-
ity to build intraciliary membrane structures. In contrast, many 
other cilia produce extracellular vesicles called ectosomes 
(Wood and Rosenbaum, 2015). One proposed function of ecto-
somes is to perform efficient disposal of select proteins from the 
cilium, thereby allowing a rapid change in its molecular com-

position (Nager et al., 2017; Phua et al., 2017). Another perhaps 
more sophisticated function of ciliary ectosomes is to serve as 
vehicles for exchanging proteins and genetic material among 
cells (Hogan et al., 2009; Wood et al., 2013; Wang et al., 2014; 
Cao et al., 2015; Wood and Rosenbaum, 2015).

We now report that the photoreceptor cilium also has an 
innate ability to produce massive amounts of ectosomes, but 
in normal photoreceptors their release is blocked by the pro-
tein called peripherin (also known as peripherin-2 and RDS). 
The ectosomal membranes retained at the cilium through this 
mechanism are shaped into discs through elongation and flat-
tening to ultimately form the elaborate outer segment structure. 
This novel function of peripherin is performed by its C-terminal 
cytoplasmic sequence and does not require the transmem-
brane core, which is responsible for another, previously estab-
lished, function of peripherin to provide structural support of 
highly curved disc rims.

Results

Extracellular vesicles produced by 
peripherin knockout photoreceptors are 
ciliary ectosomes
A unique animal model in which photoreceptors produce a pri-
mary cilium but do not elaborate it into an outer segment is the 
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peripherin knockout mouse (also known as the rds−/− mouse; 
Sanyal and Jansen, 1981; Travis et al., 1989; Connell et al., 
1991). The subretinal space in these mice is filled with vesicular 
material (Fig. 1 A), which was previously attributed as cellu-
lar debris formed because of ongoing photoreceptor degenera-
tion caused by this mutation (Cohen, 1983; Jansen and Sanyal, 
1984). However, using a recently developed tissue fixation 
protocol that enables superior preservation of photoreceptor 
ultrastructure (Ding et al., 2015), we reexamined rds−/− retinas 
and noticed that the appearance of these vesicles is more in line 
with ciliary ectosomes than debris. Most of them have similar 
diameters (231 ± 44 nm; means ± SD; Fig. 1 B), which corre-
spond to typical ectosome dimensions (Cocucci and Meldolesi, 
2011), and on occasion, we were able to capture a vesicle still 
connected to the primary cilium as predicted for a budding ec-
tosome (Fig. 1 C). Consistent with their outer segment origin, 
these vesicles are highly enriched in rhodopsin (Fig. 1 D; Nir 
and Papermaster, 1986; Usukura and Bok, 1987).

The hypothesis that subretinal vesicles in rds−/− mice are 
ciliary ectosomes rather than cellular debris predicts that they 
contain other outer segment proteins but not those from the ad-
jacent cell body. Indeed, immunostaining of an outer segment 
protein, R9AP, colocalized with rhodopsin immunostaining in 
extracellular vesicles (Fig. 2 A), as did immunostaining of an-

other outer segment protein, Rom-1 (Fig. 2 B). In contrast, R9AP 
immunostaining did not overlap with that of Na+K+-ATPase 
present in the photoreceptor plasma membrane (Fig. 2 C).

Another prediction of our hypothesis relates to the orien-
tation of rhodopsin molecules in the membrane of extracellular 
vesicles formed upon an outward membrane budding event. If 
these vesicles are ectosomes, rhodopsin’s C terminus should 
be located inside the lumen, whereas its N terminus is exposed 
outside. This is in contrast to discs, whose enclosure results in 
rhodopsin assuming an opposite membrane orientation with its 
N and C termini exposed at the luminal and cytoplasmic disc 
surfaces, respectively. We immunostained retinal cross sections 
of rds−/− mice with antibodies recognizing either the N or C 
terminus of rhodopsin (4D2 and 1D4, respectively; Fig. 2 D). 
Although both antibodies labeled rhodopsin in sections perme-
abilized with detergent, only the N-terminal antibody labeled 
sections that were not permeabilized. Therefore, these vesicles 
expose rhodopsin’s N terminus outside, as predicted for ecto-
somes but not for discs.

We next examined postembryonic development of the 
rds−/− rod cilium to capture when and where the first vesicles 
are formed (Fig. 3). The biogenesis of primary cilia, including 
the outer segment, begins with an attachment of a ciliary vesicle 
to the basal body followed by axoneme extension with simulta-

Figure 1.  Ultrastructural analysis of subreti-
nal vesicles in rds−/− mice. (A) EM images of 
retinal cross sections from rds−/− (left) and WT 
(right) mice at P21. (B) Gaussian histogram 
of Feret diameters for extracellular vesicles in 
rds−/− retinas (n = 250 pooled from two ani-
mals). Means ± SD are shown. (C) An exam-
ple of extracellular vesicle budding from the 
ciliary membrane of an rds−/− rod. (D) Immu-
nogold labeling of rhodopsin (4D2 mAb) in 
the distal cilium and extracellular vesicles of a 
rod photoreceptor in rds−/− and WT retina. In-
sets show magnified areas marked by red and 
blue rectangles. Bars: (A and D, main images) 
500 nm; (C) 200 nm; (D, insets) 100 nm.
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neous vesicle expansion, ciliary vesicle fusion with the plasma 
membrane, and additional axoneme elongation to form the cil-
ium (Sorokin, 1962; Sedmak and Wolfrum, 2011; Pearring et 
al., 2013). These early ciliogenesis steps proceed identically 
in wild-type (WT) and rds−/− rods. However, around postnatal 
day (P) 10, when WT rods produce their first discs, rds−/− rods 
start releasing vesicles at the distal ends of their cilia. After this 
developmental stage, WT rods continued to build and elongate 
their outer segment structure, whereas cilia in rds−/− mice re-
mained at the same length (∼3 µm; Fig. S1) and continued to 
release vesicles into the surrounding space. Collectively, these 
data demonstrate that extracellular vesicles produced by rds−/− 
photoreceptors meet all criteria of being ciliary ectosomes.

Ectosomes are occasionally produced 
by the primary cilia of developing 
photoreceptor cells
Remarkably, the ability to produce ectosomes could also be 
documented for WT photoreceptors during a narrow window 
of their postnatal development. Thorough examination of ul-
trastructural images from WT retinas collected at P10 revealed 
that ∼3% of rods produce rhodopsin-positive vesicles at their 
ciliary tips, whose appearance is identical to ectosomes in rds−/− 
mice (Fig. 4, A and B). This suggests that at the onset of disc 
morphogenesis, a small population of rods may experience a 
delay in peripherin expression, resulting in the release of a few 
ectosomes before discs are formed. Consistently, ectosomes 
were never observed in WT retinas at P14 or later, indicating 

that any such mismatch is settled by this age and that the few 
ectosomes produced earlier are likely cleared by the RPE.

The idea of a potential mismatch between photoreceptor 
development and peripherin expression in a subset of photo-
receptors was further supported by examining ectosome pro-
duction in P10 rds+/− mice characterized by reduced peripherin 
expression (Nour et al., 2004). In this case, the prevalence of 
photoreceptors producing clusters of ectosomes at P10 in-
creased from 3% to 12.8% (Fig. 4, C and D).

The ability of peripherin to suppress 
ectosomal release is confined to its 
intracellular C terminus
The data obtained so far indicate that peripherin is a molecule 
responsible for preventing ectosome release from photore-
ceptors. This provides their cilia with membrane material re-
quired to build discs. A well-established function of peripherin 
is to induce membrane bending and support the highly curved 
structure of disc edges (Stuck et al., 2016). In the remaining 
experiments, we demonstrate that peripherin’s functions to ar-
rest ectosome release and to bend membranes are not mutually 
dependent and are confined to different parts of the peripherin 
molecule: the cytoplasmic C terminus and tetraspanin mem-
brane core, respectively.

Two recombinant constructs representing each part of the 
peripherin molecule, along with a full-length peripherin control, 
were expressed in rods using the technique of in vivo electropo-
ration (Matsuda and Cepko, 2004). In the first construct, the C 

Figure 2.  Subretinal vesicles in rds−/− mice are ciliary ectosomes. (A and B) Immunostaining of rhodopsin (1D4) with the outer segment proteins R9AP (A) and 
Rom-1 (B) in cross sections of WT and rds−/− retinas. (C) Immunostaining of Na+K+-ATPase and R9AP in cross sections of WT and rds−/− retinas. (D) Rhodopsin 
immunostaining with N-terminal (4D2) and C-terminal (1D4) antibodies in rds−/− retinal cross sections with and without Triton X-100 treatment. Below is a cartoon 
representation of extracellular vesicles and antibodies under each condition. In all panels, mice are at P14 and nuclei are stained with Hoechst (blue). Bars, 10 µm.
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Figure 3.  Developmental stages of the photoreceptor cilium in WT and rds−/− mice. EM images showing the progression of rod outer segment morpho-
genesis at the indicated postnatal ages for WT and rds−/− retinas. At P10, red arrows highlight the first discs that form at the end of the cilium in WT 
rods, as opposed to ectosomes that form in rds−/− rods. Schematic representations of each developmental stage are shown above their correspond-
ing images. Bars, 200 nm.

Figure 4.  Ectosome occurrence in 10-d-old WT and rds+/− mice. (A) EM image of a WT rod with ectosomes next to the distal ciliary end. (B) Immunogold 
labeling of rhodopsin (4D2 mAb) in these ectosomes. (C) EM image of an rds+/− retina with three ectosome clusters next to developing cilia. Red arrows 
point to ectosomes. Bars: (A and B) 200 nm; (C) 500 nm. (D) The prevalence of cilia with adjacent ectosomes in WT and rds+/− retinas. Between 350 and 
450 cilia were analyzed in three retinas of each genotype. Data are averaged among three retinas and shown as SEM. 
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terminus of peripherin was fused behind full-length rhodopsin 
to achieve membrane attachment and expose it to the cytoso-
lic side of the ciliary membrane (Per-CT construct; Fig. 5). We 
expected this construct to be targeted to the outer segment be-
cause both rhodopsin and peripherin’s C termini contain outer 
segment targeting motifs (Tam et al., 2000, 2004; Salinas et al., 
2013). The second construct contained peripherin’s tetraspanin 
core fused to rhodopsin’s C terminus (Per-TS construct; Fig. 5), 
with the latter providing an outer segment targeting signal (Tam 
et al., 2000). An N-terminal FLAG tag was added to each con-
struct for easy detection.

We first confirmed that each construct was reliably ex-
pressed in the outer segments of WT rods and that their expres-
sion was comparable to that of FLAG-tagged rhodopsin (note 
that only a subset of rods was typically transfected by this tech-
nique; Fig. S2). We next expressed these constructs in rds−/− 
rods and found each to be localized in structures of comparable 
sizes and shapes atop the photoreceptor cell layer (Fig. 5, A–C).

Despite the similar localization and sizes of these struc-
tures, their appearance in EM images was strikingly different. 

As expected, full-length peripherin restored normal-looking 
outer segments containing disc stacks inside (Fig. 5 D). Rds−/− 
rods expressing Per-CT also produced ciliary extensions, but 
instead of discs, they contained vesicular material surrounded 
by multiple membrane layers (Fig.  5  E; this phenotype is 
contrasted by the two neighboring cells on the left that dis-
play an rds−/− nontransfected phenotype). This indicates that 
peripherin’s C terminus is sufficient for outer segment mem-
brane retention, but the structural organization of the resulting 
outer segment is severely distorted without peripherin’s core 
supporting the subsequent stages of disc morphogenesis. Un-
fortunately, our attempts to further narrow the region within 
peripherin’s C terminus responsible for ciliary membrane re-
tention were unfruitful because of an unforeseen property of 
these constructs (designed similar to Per-CT but with shortened 
C-terminal sequences) to get stuck in biosynthetic membranes 
of transfected rods (not depicted).

The expression of Per-TS produced a different type of 
unusual structure consisting of tightly packed clusters of mem-
brane vesicles, often tubular in shape (Fig.  5  F). These clus-

Figure 5.  Transfection of FLAG-tagged re-
combinant peripherin constructs into rods of 
rds−/− mice. (A–C) FLAG immunostaining in 
cross sections of retinas transfected with pe-
ripherin (A), Per-CT (B), and Per-TS constructs 
(C). A cartoon representation of each construct 
is shown on the left side of each correspond-
ing panel with peripherin sequences shown in 
yellow, rhodopsin sequences shown in red, 
and the FLAG tag shown in green. Nuclei are 
stained with Hoechst (blue). (D–F) EM images 
of cilia from rods transfected by peripherin (D), 
Per-CT (E), and Per-TS (F) constructs. Yellow as-
terisks mark cilia. (G) FLAG immunostaining of 
retinal wholemounts transfected by each con-
struct after RPE detachment. Bars: (A–C and 
G) 10 µm; (D–F) 500 nm. (H) Mean volumes 
of FLAG-positive objects for each construct in 
retinal cross sections and wholemounts. The 
data are averaged from at least six individual 
retinas of each type and are shown as SEM. *, 
P = 0.009; n.s., not significant. Student’s t test.
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ters were typically intertwined with RPE microvilli and did 
not appear to be attached to the photoreceptor cilium. These 
membrane clusters displayed strong immunogold staining with 
an anti-FLAG antibody, consistent with their origin from elec-
troporated rods (Fig. S3).

To further demonstrate that membrane structures pro-
duced upon expression of Per-CT are connected to the photo-
receptor cilium, whereas those produced upon expression of 
Per-TS are not, we immersed freshly dissected eyecups into 
Ringer’s solution and gently separated retinas from the RPE. 
The resulting detached retinal wholemounts were stained with 
an anti-FLAG antibody (Fig. 5 G). Consistent with EM obser-
vations, the surfaces of retinas expressing Per-CT and control 
peripherin retained FLAG-positive structures of size and shape 
similar to those in retinal cross sections (Fig. 5, A–C). In con-
trast, the surfaces of retinas expressing Per-TS contained much 
smaller FLAG-positive puncta, likely ciliary tips, indicating 
that the membrane clusters were not connected to the cilium 
and were lost upon retinal detachment. Quantitative analysis 
showed that the mean volumes of FLAG-positive structures in 
retinal cross sections and isolated wholemounts were essen-
tially identical for Per-CT and peripherin, whereas the mean 
volume of Per-TS–induced structures was reduced by more 
than fivefold upon retinal detachment (Fig. 5 H).

As expected, FLAG-positive structures produced upon 
Per-CT and peripherin expression were costained with an anti-
body against the outer segment marker, Rom-1 (Fig. S4). Rom-1 
immunostaining outside these structures was punctate, likely 
representing ciliary tips of nontransfected cells. Consistently, 
only punctate Rom-1 staining was observed in wholemounts ex-
pressing Per-TS (Fig. S4).

To confirm that the ciliary membrane retention observed 
upon Per-CT expression in rds−/− rods was not caused by the rho-
dopsin part of this construct, we expressed full-length FLAG-
tagged rhodopsin (i.e., Per-CT construct lacking peripherin’s C 
terminus). Unlike the constructs in Fig. 5, FLAG immunostain-
ing of retinal cross sections displayed a punctate pattern in the 
subretinal space, and only small FLAG-positive puncta were de-
tected upon retinal detachment from the RPE (Fig. 6, A and B). 
These observations are consistent with FLAG-tagged rhodopsin 
being released in ectosomes produced by transfected cells.

Finally, we tested whether ciliary membrane retention by 
peripherin’s C terminus could be preserved if rhodopsin were re-
placed with an alternative ciliary membrane carrier. Rds−/− rods 
were electroporated with constructs in which peripherin’s C ter-
minus was cloned behind FLAG-tagged serotonin-6 (Htr-6) or 
somatostatin-3 (Sstr-3) receptors. Although neither receptor is 
naturally expressed in rods, they contain strong ciliary targeting 
signals (Händel et al., 1999; Pearring et al., 2015; Geneva et 
al., 2017). As observed with Per-CT, rds−/− rods electroporated 
with either construct produced ciliary extensions that were re-
tained upon retinal detachment (Fig. S5). The only difference is 
that their volume was approximately half of the extensions pro-
duced by Per-CT, likely reflecting a lower expression efficiency 
of these receptors in rods than in rhodopsin.

The ability of peripherin to induce 
membrane curvature is confined to its 
tetraspanin domain
We noted that the tubular shape of extracellular vesicles pro-
duced upon Per-TS expression (Fig. 5 F) resembles that of lipo-
somes reconstituted with full-length peripherin in vitro (Kevany 

et al., 2013) as well as intracellular membranes produced upon 
peripherin expression in cell culture (Khattree et al., 2013). 
This suggests that peripherin’s core is sufficient to support this 
type of membrane bending. To test this directly, we expressed 
all three peripherin constructs in cell culture according to the 
strategy outlined by Khattree et al. (2013) and observed produc-
tion of numerous intracellular tubular membranes upon expres-
sion of both core-containing constructs, peripherin and Per-TS 
(Fig. 7, A and B). None of these membrane structures were ob-
served upon expression of Per-CT (Fig. 7 C).

Immunohistochemical analysis showed that the bulk 
of full-length peripherin did not colocalize with markers rep-
resenting the endoplasmic reticulum, Golgi, or plasma mem-
brane, and the same was true for Per-TS (Fig.  7, A and B). 
This is consistent with conclusions by Khattree et al. (2013) 
that peripherin exiting biosynthetic membranes of cultured 
cells accumulates in intracellular vesicles uniquely shaped by 
its presence. In contrast, a large portion of Per-CT colocalized 
with both the endoplasmic reticulum and the plasma membrane. 
The latter suggests that a significant amount of this construct 
exits biosynthetic membranes but does not cause any membrane 
bending en route to its final plasma membrane destination, as 
seen in the corresponding EM images in Fig. 7 C. These data 
demonstrate that the tetraspanin core of peripherin is respon
sible for membrane bending and does not require peripherin’s C 
terminus to perform this function.

Discussion

The mechanism of photoreceptor outer segment morphogenesis 
has remained among the most puzzling problems in vision since 
discs were discovered over 60 years ago (Sjöstrand, 1953). Our 
study provides a conceptual breakthrough in understanding how 
the elaborate outer segment structure develops from the primary 
cilium. We demonstrate that the photoreceptor cilium may 
exist in two distinct functional states: it either releases massive 
amounts of ectosomes or retains and morphologically trans-
forms them into discs (Fig. 8). Remarkably, the entire transition 
between these states is regulated by peripherin, a protein long 
known to perform a completely different function of supporting 
the highly curved structure of mature disc edges (Molday et al., 

Figure 6.  Transfection of FLAG-tagged rhodopsin into rods of rds−/− mice. 
(A) FLAG immunostaining in a retinal cross section. (B) FLAG immunos-
taining in a detached retinal wholemount. (C) FLAG immunostaining in a 
wholemount retina transfected with FLAG-tagged peripherin for compari-
son. A cartoon representation of each construct is shown above its corre-
sponding panel. Bars, 10 µm.
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1987; Kevany et al., 2013; Khattree et al., 2013; Goldberg et al., 
2016; Stuck et al., 2016).

Distinct peripherin functions are performed 
by distinct structural elements
We further demonstrate that peripherin’s ability to retain ec-
tosomes at the outer segment cilium and its function of sup-
porting membrane edges are fulfilled by different structural 
elements. The suppression of ectosome release is performed 
by the C terminus, whose expression in rods is sufficient for 
retaining membranes at their ciliary tips. However, the result-
ing ciliary extensions have abnormal structure, containing both 
layered and vesiculated membranes inside. This highlights the 
significance of peripherin’s tetraspanin core for maintaining the 
highly organized structure of disc stacks.

The C terminus of peripherin is not homologous to 
other proteins. Its most prominent structural feature is the 
amphipathic helix spanning across residues 310–328, which 
was demonstrated to promote membrane fusion in vitro 
(Boesze-Battaglia and Goldberg, 2002). It was suggested 
that this property may be relevant to the process of disc en-
closure. However, as recently pointed out by Goldberg et al. 
(2016), disc enclosure is initiated at the membrane surface 
opposite to where peripherin’s C terminus is exposed, which 
leaves the functional significance of this fusogenic activity 
enigmatic. The C terminus is also responsible for peripherin’s 
outer segment targeting (Tam et al., 2004), a function confined 
to a highly conserved ∼10–amino acid sequence (residues 
327–336), including an indispensable valine at position 332 
(Salinas et al., 2013).

Another study reported that a synthetic peptide corre-
sponding to peripherin’s C terminus induces membrane bending 
in vitro upon reconstitution with liposomes (Khattree et al., 2013), 
leading the authors to suggest that the C terminus is responsible 
for supporting the curvature of disc edges. However, this conclu-
sion contradicts the structural model in which the primary role of 
supporting this curvature belongs to peripherin’s tetraspanin core 
(Kevany et al., 2013). Our data are also consistent with the tet-
raspanin core, but not the C terminus, being responsible for this 
function. We demonstrate that expression of the tetraspanin core 
construct in both rods and cultured cells causes the formation of 
highly curved membrane structures. This is not observed upon 
expression of the construct containing peripherin’s C terminus, 
which suggests that the original observation with the synthetic 
peptide was likely an epiphenomenon of in vitro reconstitution.

Disc morphogenesis: What remains to 
be explained
The descriptive understanding of disc morphogenesis has un-
dergone an interesting evolution. The earliest studies postulated 
that discs are formed upon serial membrane evaginations at the 
outer segment base (Kinney and Fisher, 1978; Steinberg et al., 
1980). This concept was later challenged by suggesting that, 
at least in mammalian rods, discs are formed through vesic-
ular fusion at the same location (Chuang et al., 2007). How-
ever, three recently published papers used an array of modern 
ultrastructural techniques to prove that discs are formed through 
the membrane evagination mechanism and explained how tissue 
fixation artifacts can lead to membrane vesiculation at the outer 
segment base (Burgoyne et al., 2015; Ding et al., 2015; Volland 

Figure 7.  The tetraspanin core of peripherin is involved in forming highly curved membrane shapes. (A–C) AD293 cells were transfected with either 
full-length FLAG-tagged peripherin (A), Per-TS (B), or Per-CT (C). Left panels show representative EM images illustrating the accumulation of intracellular 
tubular membranes in cells transfected with peripherin or Per-TS (representative examples of tubular membranes are marked with yellow arrows) but not 
in cells transfected with Per-CT. Right panels show immunostaining of each construct probed with anti-FLAG antibodies (green) in relation to markers of the 
endoplasmic reticulum (calnexin), Golgi (GM130), and plasma membrane (PM; Na+K+-ATPase). All markers are shown in magenta. Nuclei are stained 
with Hoechst (blue). Bars: (left) 200 nm; (right) 10 µm. 
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et al., 2015). The mechanistic insight obtained in our study is 
perfectly aligned with this overall concept of evagination: a 
new disc is born as an ectosome whose release is prevented 
by peripherin. The challenge of future studies is to identify 
the molecular components of ectosome-releasing machinery 
in photoreceptors and pinpoint the specific mechanism of pe-
ripherin action. Conversely, it will be interesting to investigate 
whether peripherin’s C terminus could affect ciliary ectosome 
release in other cells.

Clearly, the suppression of ectosome release is just the 
first of several steps in disc formation. Other steps include 
disc flattening, elongation, and, in rods and most mammalian 
cones, enclosure of a disc once its final diameter is reached. 
In addition to peripherin, there are only a few hints regarding 
participating molecular components. One of them is promi-
nin-1, also found in microvilli and primary cilia tips, where 
it is implicated in the stabilization of curved membrane pro-
trusions (Huttner and Zimmerberg, 2001; Iglič et al., 2006). 
Prominin-1 is expressed at the growing disc edges, and its 
knockout causes misalignment of discs and eventual photo-
receptor degeneration (Yang et al., 2008; Zacchigna et al., 
2009; Han et al., 2012).

Another potential player in the process of disc matura-
tion is protocadherin-21, a prominin-1 binding partner (Yang 
et al., 2008) with a similar localization pattern (Rattner et al., 
2001, 2004). The knockout of protocadherin-21 also results 
in disc misalignment and photoreceptor death (Rattner et al., 
2001). More recently, ultrastructural analysis suggested that 
protocadherin-21 located at the leading edges of newly formed 
discs makes junctions with the inner segment plasma membrane 
(Burgoyne et al., 2015), which may regulate the process of disc 
elongation. Understanding how these proteins work as a coordi-
nated ensemble and identifying the missing components are the 
challenges for future studies.

In conclusion, our findings provide a striking example 
of how a single multifunctional protein plays a vital role in 
transforming a ubiquitous and conserved organelle, the pri-
mary cilium, into a highly specialized sensory organelle with 
unique anatomical organization. One can further speculate that 
peripherin-dependent arrest of ectosomal release was the piv-
otal evolutionary event that enabled highly sensitive vertebrate 
vision as we know it today.

Materials and methods

Animals
Mice were handled according to the protocols approved by the Insti-
tutional Animal Care and Use Committees of Duke University (reg-
istry numbers A212-12-08 and A011-14-01). Albino WT CD1 mice 
used in electroporation experiments were obtained from Charles River; 
pigmented WT C57BL/6J mice and rds−/− mice used for immunoflu-
orescence, Western blotting, and EM were obtained from The Jack-
son Laboratory. The rds−/− mouse was described by Sanyal and Jansen 
(1981) and was subsequently shown to be a peripherin-null allele by 
Ma et al. (1995). All mice were housed under a 12/12-h light cycle. The 
experimenters were not blinded to genotype or treatment conditions.

Antibodies
Rabbit polyclonal anti-peripherin antibody was described by Kedzierski 
et al. (1999), rabbit polyclonal anti-R9AP antibody was described by 
Keresztes et al. (2004), and sheep polyclonal anti–Rom-1 antibody 
was generated in our laboratory (Gospe et al., 2010). The following 
commercial antibodies were used: mouse monoclonal 1D4 against 
the rhodopsin C terminus (ab5417; Abcam), mouse monoclonal 4D2 
against the rhodopsin N terminus (ab98887; Abcam), mouse mono-
clonal anti–Na+/K+-ATPase (sc-58628; Santa Cruz Biotechnology, 
Inc.), mouse monoclonal anti-FLAG M2 (F1804; Sigma-Aldrich), 
rabbit polyclonal anti-FLAG (F7425; Sigma-Aldrich), mouse mono-
clonal anti-GM130 (610822; BD), and rabbit polyclonal anticalnexin 
(Sigma-Aldrich; C4731).

DNA constructs
DNA constructs were generated using standard PCR-based subcloning 
methods. Mouse peripherin and rhodopsin fusion constructs were gen-
erated by overhang extension PCR. Peripherin was split at amino acid 
290. The Per-TS construct contained the first 1–290 amino acids of 
peripherin fused to rhodopsin’s C terminus, amino acids 310–349. The 
Per-CT construct contained full-length rhodopsin fused to peripherin’s 
C terminus, amino acids 291–346. The FLAG tag was appended to full-
length rhodopsin or peripherin’s N terminus by introducing its se-
quence into the forward primer. For the Htr6-CT and Sstr3-CT 
constructs, a 3×FLAG tag followed by peripherin’s C terminus was 
fused to the C terminus of full-length Htr6 or Sstr3. All forward and 
reverse primers were designed to introduce 5′-AgeI and 3′-NotI sites, 
respectively. The following primers were used: for peripherin, 5′-GAT​
CCA​CCG​GTA​TGG​ACT​ACA​AGG​ACG​ACG​ACG​ACA​AGG​CGC​TGC​
TCA​AAG​TCA​AGT​TTG-3′ and 5′-AAG​ATG​CGG​CCG​CTC​AGC​CAG​
CCT​CTG​GAG​CCG​GGC​CTGC-3′. For rhodopsin, 5′-GCA​TCC​ACC​
GGT​ATG​GAT​TAC​AAG​GAT​GAC​GAC​GAT​AAG​AAC​GGC​ACA​GAG​
GGC​CC-3′ and 5′-AAG​ATG​CGG​CCG​CTC​AGG​CTG​GAG​CCA​CCT​
GGC​TGG​TCT​CC-3′. For Per-CT, 5′-GCA​TCC​ACC​GGT​ATG​GAT​TAC​
AAG​GAT​GAC​GAC​GAT​AAG​AAC​GGC​ACA​GAG​GGC​CC-3′, 5′-CAG​
TTC​CGG​AAC​TGC​TTG​TTC​AGC​GCTGTG​TGG​AGG​TAG​CG-3′, 5′-
CGC​TAC​CTC​CAC​ACA​GCG​CTG​AAC​AAG​CAG​TTC​CGG​AAC​TG-3′, 
and 5′-AAG​ATG​CGG​CCG​CTC​AGC​CAG​CCT​CTG​GAG​CCG​GGC​C 
TGC-3′. For Per-TS, 5′-GAT​CCA​CCG​GTA​TGG​ACT​ACA​AGG​ACG​
ACG​ACG​ACA​AGG​CGC​TGC​TCA​AAG​TCA​AGT​TTG-3′, 5′-CAG​
TTC​CGG​AAC​TGC​TTG​TTC​AGC​GCT​GTG​TGG​AGG​TAG​CG-3′, 5′-
CGC​TAC​CTC​CAC​ACA​GCG​CTG​AAC​AAG​CAG​TTC​CGG​AAC​TG-3′, 
and 5′-AAG​ATG​CGG​CCG​CTC​AGG​CTG​GAG​CCA​CCT​GGC​TGG​
TCT​CC-3′. For Htr6-CT, 5′-TAA​GTA​CCG​GTG​CCA​CCA​TGG​TTC​CAG​
AGC​CCG​GCC​CT-3′, 5′-CAC​TTG​GTT​CCC​CCA​TGA​ACG​ACT​ACA​
AAG​ACC​ATG​ACG​GT-3′, 5′-ACC​GTC​ATG​GTC​TTT​GTA​GTC​GTT​
CAT​GGG​GGA​ACC​AAG​TG-3′, and 5′-TAC​TTA​GCG​GCC​GCC​TAG​
CCA​GCC​TCT​GGA​GCC-3′. For Sstr3-CT, 5′-TAA​GTA​CCG​GTG​CCA​

Figure 8.  Schematic illustration of photoreceptor cilium development with 
and without peripherin. Shaded red and green areas are topologically 
equivalent and represent cytoplasmic space in photoreceptor outer and 
inner segments, respectively. Extracellular space and disc lumens are white.
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CCA​TGG​CCA​CTG​TTA​CCT​ATC​CT-3′ and 5′-TAC​TTA​GCG​GCC​
GCC​TAG​CCAGCC​TCT​GGA​GCC-3′.

For in vivo electroporation constructs, PCR products were sub-
cloned into the pRho plasmid, driving gene expression under the 2.2-kb 
bovine rhodopsin promoter (plasmid 11156; Addgene). For cell culture 
constructs, PCR products were subcloned into the pEGF​PN-1 plasmid, 
driving gene expression under the CMV promoter (6085-1; Takara Bio 
Inc.). All constructs were confirmed by direct sequencing.

In vivo electroporation of mouse retinas
Retinal transfection of neonatal mice by the in vivo electroporation 
technique (Matsuda and Cepko, 2007) was used with modifications de-
scribed by Pearring et al. (2014, 2015) to express exogenous constructs 
in mouse rods. After anesthetization of neonatal mice (P1) on ice, the 
eyelid and sclera were punctured at the periphery of the eye using a 30-
gauge needle. A blunt-end 32-gauge needle was advanced through the 
puncture wound until it reached the subretinal space, and 0.3–0.5 µl of 
concentrated plasmid DNA (4 µg/µl of the construct of interest and 2 
µg/µl mCherry to visualize transfected cells) was deposited. A tweezer-
type electrode (BTX) was placed over the mouse’s head with the pos-
itive electrode overlying the injected eye. Five 100–110-V pulses of 
50-ms duration were applied using a square pulse generator (ECM830; 
BTX). Neonates were returned to their mother and allowed to develop 
until P21, when mice were sacrificed by CO2 inhalation followed by 
decapitation. A minimum of 20 positively expressing retinas were ana-
lyzed for each DNA construct in different assays.

Immunofluorescence
Experiments were performed essentially as previously described  
(Salinas et al., 2013; Pearring et al., 2014, 2015) as follows. For ret-
inal cross sections, mouse posterior eyecups were fixed for 1  h in 
4% paraformaldehyde in mouse Ringer’s solution, rinsed three times 
in PBS, and embedded in 7.0% low-melt agarose (A3038; Sigma-
Aldrich). 100-µm cross sections through the central retina were col-
lected using a vibratome (VT1200S; Leica Biosystems), placed in 
24-well plates, and blocked in 5% goat serum and 0.5% Triton X-100 
in PBS for 1  h at 22°C.  Sections were incubated in primary anti-
body diluted in blocking solution overnight at 4°C, rinsed three times, 
and incubated with 10 µg/ml Hoechst 33342 (H3569; Thermo Fisher 
Scientific) and goat or donkey secondary antibodies conjugated with 
Alexa Fluor 488, 568, or 647 (Invitrogen) in blocking solution for 2 h 
at 22°C. Sections were mounted with Fluoromount (Electron Micros-
copy Sciences) and coverslipped. For retinal wholemounts, posterior 
eyecups from electroporated mice were microdissected to obtain 
mCherry-positive patches using a fluorescent microscope (M165FC; 
Leica Microsystems) equipped with a Plan Apochromat 1.0× objec-
tive and an ET RFP filter (Leica). The retinal patch was then placed 
with the RPE side up on a nitrocellulose membrane. Using forceps, 
the RPE was gently removed from the retina patch. Each patch was 
submerged three times in PBS before being fixed for 1  h with 4% 
paraformaldehyde in mouse Ringer’s solution, rinsed three times in 
PBS, and placed in a 24-well plate. Retinal patches were then immu-
nostained as described above for retinal cross sections. Images were 
acquired using a microscope (Eclipse 90i; Nikon) equipped with a 
60× oil immersion objective (1.40 NA; Plan Apochromat VC) and an 
A1 confocal scanner controlled by NIS-Elements Advanced Research 
software (Nikon) for image acquisition. Manipulation of images was 
limited to adjusting the brightness level, image size, and cropping 
using either NIS-Elements Advanced Research software or Photo-
shop (Adobe). Volumetric analysis of FLAG-positive structures in 
retinal cross sections and isolated wholemounts was performed using 
Imaris software (Bitplane).

EM
Eyeballs were fixed via trans-cardial perfusion with 2% paraformal-
dehyde, 2% glutaraldehyde, and 0.05% calcium chloride in 50  mM 
MOPS, pH 7.4. Tissue processing was done according to a previously 
described procedure (Ding et al., 2015) as follows. Retinal vibratome 
sections were treated with 1% tannic acid (Electron Microscopy Sci-
ences) and 1% uranyl acetate, dehydrated with graded ethanol, and in-
filtrated and embedded in Spurr’s resin. For the developmental study 
in Fig. 3, eyeballs were fixed by immersion into a solution containing 
2% paraformaldehyde and 2% glutaraldehyde in 0.1 M sodium caco-
dylate buffer. Eyeballs were then treated with 2% osmium tetroxide, 
dehydrated, and embedded. For experiments with cell culture, cells 
were fixed in a solution containing 2% paraformaldehyde and 2% 
glutaraldehyde in 0.1  M sodium cacodylate buffer, treated with 2% 
osmium tetroxide, dehydrated, and embedded in Spurr’s resin. Thin 
sections of 60–80 nm were collected on copper grids, counterstained 
with uranyl acetate and Sato’s lead, and examined using an electron 
microscope (JEM-1400; JEOL) at 60 kV. Images were collected using 
a charge-coupled device camera (Orius; Gatan). The Feret diameter, 
which is the maximum diameter of an ovoid object, was measured 
using ImageJ software (National Institutes of Health).

Postembedment immunogold
Tissue was processed according to the procedure described by Ding 
et al. (2015) as follows. Vibratome sections were treated with 0.5% 
tannic acid and cryoprotected with 30% glycerol in 0.1  M sodium 
acetate. Sections were freeze substituted overnight in 4% uranyl ace-
tate/95% methanol at −78°C with gentle shaking on dry ice. Sections 
were rinsed with methanol, infiltrated with Lowicryl HM-20 (Electron 
Microscopy Sciences), slowly warmed to 0°C, and embedded for 3 d 
under ultraviolet light. Thin sections of 60–80 nm were cut and col-
lected on nickel grids. Grids were treated with 10  mM citric buffer, 
pH 6.0, containing 0.005% Tergitol NP-10 for 15 min at 60°C, rinsed 
with water, blocked with 1% glycine in Tris-buffered saline, pH 7.6, 
containing 0.005% Tergitol NP-10 for 30 min, and incubated overnight 
with the primary antibodies 4D2 against rhodopsin (1:5,000) or rabbit 
polyclonal against FLAG (1:10,000). Grids were rinsed with buffer, 
blocked with 1% donkey serum, probed with donkey anti–mouse or 
anti–rabbit IgG conjugated to 12- or 18-nm colloidal gold particles 
(1:50; Jackson ImmunoResearch Laboratories, Inc.) for 2 h, rinsed, and 
counterstained with uranyl acetate and Sato’s lead.

Immunofluorescence analysis in cell culture
AD293 cells were plated onto poly-l-lysine glass coverslips (354085; 
Corning) in a 24-well plate and grown overnight at 37°C. The next day, 
media were replaced with DMEM containing 2% FBS, and transfec-
tions were performed using Lipofectamine 3000 (L3000001; Invitro-
gen) according to the manufacturer’s protocol. Cells were then grown 
for 2 d in the same medium at 37°C. Transfected cells were fixed in 
methanol for 5 min at −20°C, switched into 1:1 methanol/acetone 
for 5 min at −20°C, rinsed three times with PBS, and permeabilized 
for 10 min with 0.1% Triton X-100 in PBS, and nonspecific binding 
was blocked by a 1-h incubation in PBS containing 3% BSA. Cover-
slips were incubated overnight at 4°C with primary antibody diluted 
in blocking buffer, washed three times in PBS, and incubated for 2 h 
at 23°C with Hoechst and goat secondary antibodies conjugated with 
Alexa Fluor 488, 568, or 647. Coverslips were washed and mounted 
on slides with Immunomount (Thermo Fisher Scientific). Images were 
acquired using an Eclipse 90i microscope equipped with a 100× oil 
immersion objective (1.40 NA; Plan Apochromat VC) and an A1 con-
focal scanner controlled by NIS-Elements Advanced Research soft-
ware for image acquisition.
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Statistical analyses
Statistical analyses were performed using the two-tailed unpaired 
Student’s t test for comparing two groups. The methods for statistical 
analysis and sample sizes are specified in either the Results or figure 
legends. Data distribution was proven to be normal in Fig.  1  B and 
assumed to be normal in other instances. Differences were accepted as 
significant for P < 0.05.

Online supplemental material
Fig. S1 shows the comparison of the outer segment/cilium length during 
postnatal development of rods in WT and rds−/− mice. Fig. S2 shows 
FLAG immunostaining in cross sections of WT retinas transfected with 
peripherin, Per-CT, Per-TS, and rhodopsin constructs. Fig. S3 shows 
FLAG immunogold labeling of a subretinal tubular membrane cluster 
in an rds−/− retina electroporated with Per-TS construct. Fig. S4 shows 
FLAG and Rom-1 immunostaining of retinal wholemounts from rds−/− 
mice transfected with peripherin, Per-CT, or Per-TS constructs. Fig. S5 
shows FLAG immunostaining of retinal wholemounts from rds−/− mice 
transfected with two G protein–coupled receptor constructs fused to 
the peripherin C terminus.
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