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Discs of mammalian rod photoreceptors form
through the membrane evagination mechanism

Jin-Dong Ding,' Raquel Y. Salinas,2 and Vadim Y. Arshavsky'2

'Department of Ophthalmology and 2Department of Pharmacology and Cancer Biology, Duke University Medical Center, Durham, NC 27710

Photoreceptor discs are membrane organelles harboring components of the visual signal transduction pathway. The
mechanism by which discs form remains enigmatic and is the subject of a major controversy. Classical studies suggest
that discs are formed as serial plasma membrane evaginations, whereas a recent alternative postulates that discs, at
least in mammalian rods, are formed through intracellular vesicular fusion. We evaluated these models in mouse rods
using methods that distinguish between the intracellular vesicular structures and plasma membrane folds independently
of their appearance in electron micrographs. The first differentiated membranes exposed to the extracellular space from
intracellular membranes; the second interrogated the orientation of protein molecules in new discs. Both approaches
revealed that new discs are plasma membrane evaginations. We further demonstrated that vesiculation and plasma
membrane enclosure at the site of new disc formation are artifacts of tissue fixation. These data indicate that all verte-
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brate photoreceptors use the evolutionary conserved membrane evagination mechanism to build their discs.

Introduction

The light-sensing outer segment compartment of vertebrate
photoreceptor cells is a striking example of how the anatomi-
cal organization of a cellular organelle well suits its function.
Outer segments are cylindrical or conical structures filled with
hundreds to a few thousand flattened membrane organelles,
called photoreceptor discs. Discs undergo continuous renewal
throughout the animal’s lifespan, with new membranes added
at the outer segment base and old membranes shed at the tip
(Young, 1967). Disc stacks provide multiple membrane layers
densely packed with visual pigment molecules, which ensures
highly efficient light capture. Conceptually, this structural orga-
nization is similar to that of thylakoids in chloroplasts, which
likewise evolved to maximize light absorption. Disc mem-
branes also comprise vast surfaces for lateral protein diffusion,
a process required to amplify the signal downstream of pho-
toexcited visual pigment (Arshavsky and Burns, 2014). Signal
amplification is particularly critical for dim-light vision per-
formed by rod photoreceptors because it allows them to pro-
duce sizable electrical responses to stimuli as small as single
photons (Baylor et al., 1979).

The structural organization of outer segments differs be-
tween rods and cones (Kennedy and Malicki, 2009; Pearring et
al., 2013). Rod outer segments contain “closed discs,” which
are physically and electrically separate from the surrounding
plasma membrane and possess distinct protein and lipid com-
positions. In contrast, cones, which are evolutionarily older than
rods, possess “open discs” that are contiguous infoldings of the
plasma membrane. A hybrid arrangement has also been docu-
mented for mammalian cones, in which some discs are open
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and others are closed (Anderson et al., 1978; Bunt, 1978; Car-
ter-Dawson and LaVail, 1979).

Separation of discs from the plasma membrane aids rods
in functioning as single photon detectors because it provides
cytosolic space for second messenger diffusion along the inner
surface of the plasma membrane, thereby engaging many chan-
nels in generating an electrical response to light. What is not
understood is how discs are formed. The classic hypothesis pos-
tulates that new discs in all photoreceptor types are formed from
outgrowths (evaginations) of the plasma membrane at the outer
segment base; these evaginations are exposed to the extracel-
lular space and appear on electron micrographs as open discs
(Laties et al., 1976; Kinney and Fisher, 1978; Steinberg et al.,
1980). A key characteristic differentiating rods from cones is
that, once the evaginating membrane reaches its final diameter,
it fuses at the edge with the outer segment plasma membrane
to form an enclosed disc.

The concept that new discs form as plasma membrane
evaginations arose from the studies of lower vertebrates using
membrane-associating fluorescent dyes, which label plasma
membrane but do not penetrate inside the cells to label intra-
cellular membrane structures (Laties et al., 1976; Matsumoto
and Besharse, 1985). These dyes intensely label membranes
of newly formed but not mature discs in rods, demonstrat-
ing that new discs are open to the extracellular environment,
whereas unlabeled mature discs are shielded by the outer seg-
ment plasma membrane. Unfortunately, attempts to apply this
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technique to elucidate whether new discs are open in mamma-
lian rods have not succeeded (Laties et al., 1976).

The alternative, more recent hypothesis of disc morpho-
genesis in rods (Chuang et al., 2007) suggests that discs are
formed upon vesicular fusion at the outer segment base. This
hypothesis gained significant traction in subsequent years be-
cause many EM studies of mammalian rods showed outer seg-
ments completely enclosed by the plasma membrane, often
with vesicular material at the outer segment base (Chuang et
al., 2007, 2015; Lobanova et al., 2008; Gilliam et al., 2012;
Chakraborty et al., 2014); see also earlier studies (Miyaguchi
and Hashimoto, 1992; Obata and Usukura, 1992). On the other
hand, other EM studies reported that the base of mouse rod
outer segments contains several open discs (Carter-Dawson and
LaVail, 1979; Arikawa et al., 1992; Patil et al., 2012). It was
argued that the outer segment base contains proteins known to
perform vesicular fusion, most notably syntaxin 3 (Chuang et
al., 2007). However, the presence of fusion proteins at the outer
segment base is compatible with both models because each
postulates distinct membrane fusion events. Because the rest of
the evidence for each mechanism is derived from observations
of electron micrographs, supporters of each hypothesis sug-
gested that the discrepancy in new disc appearance is explained
by technical artifacts of tissue fixation (Kennedy and Malicki,
2009; Pearring et al., 2013). But which of the two appearances
reflects rod outer segment structure in vivo?

In this study, we answered this question by using two novel
methods that test key predictions of each model without relying
on the appearance of new discs on EM. The first differentiated
membranes exposed to the extracellular space from intracellular
membranes, whereas the second interrogated the orientation of
rhodopsin molecules in new discs. Both approaches provided
clear evidence that new discs in mouse rods are formed as mem-
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Figure 1. New discs at the rod outer segment base
are accessible to tannic acid. (A) EM image of a mouse
retina section at the interface between rod outer and
inner segments stained with tannic acid-uranyl ace-
tate. Arrowheads point at densely stained, tightly
packed new discs at the outer segment base; note that
mature discs are less densely stained and slightly swol-
len. (B) Permeabilization of the plasma membrane with
0.5% saponin results in equal density staining of new
and mature discs by tannic acid-uranyl acetate. BB,
basal body; CC, connecting cilium; IS, inner segment;
Mt, mitochondria; OS, outer segment. Bar, 1 pm.

brane evaginations. Lastly, we compared various protocols of
tissue preparation for ultrastructural analysis and concluded
that both plasma membrane enclosure and membrane vesicula-
tion at the rod outer segment base originate from delayed fixa-
tion of the retina. Collectively, our data support the membrane
evagination hypothesis and indicate that rods of all vertebrate
species use the single, evolutionary conserved membrane evag-
ination mechanism for disc morphogenesis.

Results and discussion

Newly formed rod discs are open to the
extracellular space

To investigate the ultrastructure of newly formed discs in mam-
malian rods, we developed a method that provides superior pres-
ervation of the outer retina and preferentially stains membranes
exposed to the extracellular space. Two critical elements of this
method are immediate in vivo perfusion of mice with fixative
and treatment of retinal tissue with the tannic acid—uranyl ac-
etate membrane contrasting reagent. Much like membrane-im-
permeable fluorescent dyes, tannic acid poorly penetrates intact
membranes, yielding intense plasma membrane staining and
lesser staining of intracellular membrane structures (Fedorko
and Levine, 1976; Nunez-Durdn, 1980). Therefore, the pres-
ence of any open discs would be revealed by their intense stain-
ing in electron micrographs.

Images of the mouse retina processed by this technique
show that each rod outer segment contains several discs at its
base, which appear open and are more intensely stained than
mature discs that are closed (Fig. 1 A). This differential accessi-
bility to tannic acid demonstrates that membranes of new discs
are directly exposed to the extracellular space, whereas mature

920z Areniga g0 uo 3senb Aq Jpd £608051 02 A0l/L9¥909L/G6v/€/1 L Z/spd-aloie/qol/Bio ssaidny//:dpy wouy papeojumoq



discs are shielded by the plasma membrane enclosing the rest
of the outer segment. Another difference between newly formed
and mature discs is that the latter appear slightly swollen, which
likely reflects their reaction to osmotic conditions of tissue
preparation documented previously (Heller et al., 1971; Koren-
brot et al., 1973). In contrast, new discs do not swell, consistent
with their openness to the extracellular space.

In a control experiment, we permeabilized membranes in
the retinal tissue with 0.5% saponin, which allows tannic acid
to penetrate into the intracellular space. We predicted that the
difference between staining of new and mature discs would di-
minish. In fact, saponin treatment resulted in uniform staining
of all outer segment membranes, with no difference between
new and mature discs (Fig. 1 B). Saponin also increased the
overall density of intracellular membrane structures, such as
mitochondria within rod inner segments, further highlighting
the unique property of tannic acid to differentiate between ex-
posed and protected membranes.

New discs in rods form as contiguous
plasma membrane evaginations

Another benefit of our method is the exceptional preservation
of new disc ultrastructure (Fig. 2 A). This allowed to closely
follow each fold of the plasma membrane in the region of new
disc formation, from the connecting cilium to the fusion point,
as illustrated in Fig. 2 B. Thorough examination of more than
200 individual rods, in which the location of outer segment base
can be clearly identified, revealed that the number of densely
stained discs ranged from 6 to 12, and none of these cells con-
tained vesicular structures in this region.

Another signature characteristic of membranes exposed to
extracellular space is their classical triple-layered staining pat-
tern, with two darker layers outside and a lighter layer inside
(Robertson, 1981). Intracellular membranes, including mem-

Figure 2. New discs form as plasma membrane
evaginations. (A and D) Representative magnified im-
ages of the rod outer segment base. (B and E) Traces
of the plasma membrane folds from the images in
panels A and D. Open discs are black, mature discs
are orange, and discs that are enclosed in this sec-
tion plane but still highly accessible to tannic acid
are magenta. (C) Magnified view of the area boxed
in A. Arrowheads point fo friplelayered membranes
of new discs, and arrows point to mature discs that
do not display this pattern. Bars: (A-E) 200 nm; (C)
50 nm. IS, inner segment.

branes of mature discs, lack this pattern, probably because of
their limited access to tannic acid. This is particularly easy to
appreciate in the higher-magnification view (Fig. 2 C).

Interestingly, many rods contained one to five discs,
which appeared enclosed but still exhibited dense triple-layer
membrane staining with no evidence of swelling (Fig. 2, D and
E). This could be explained by these discs undergoing the pro-
cess of enclosure when the fixative was applied, so they were
partially open to the extracellular space, although at a region
outside the plane of a given section.

An additional observation in Fig. 3 (A and B) is that the
bendings of the membrane at the two opposite edges of new discs
are differently shaped: “hairpin”-like at the axoneme side and less
curved “paperclip”-like at the opposite side. However, once the
fusion is completed, mature discs acquire the hairpin-like shape
on both sides (similar observations were made for monkey rods
[Steinberg et al., 1980]). It was previously shown that the hair-
pin-like membrane bend can be induced by peripherin (Kevany et
al., 2013), a protein whose oligomers support the disc rim structure
(Goldberg, 2006). Therefore, we directly tested whether a given
shape of the disc edge correlates with the presence of peripherin.

We examined peripherin localization at both types of
disc edges using immunogold labeling (Fig. 3, C-F) and found
that the mean number of gold particles detected at the hair-
pin-shaped edges of new discs was ~19-fold larger than at the
paperclip-like edges (Fig. 3 G). This striking difference sug-
gests that disc enclosure is concomitant with fortification of
its edge by peripherin oligomers. Our observation is consis-
tent with an early study by Arikawa et al. (1992), who showed
lower density of peripherin labeling in the same region of rod
outer segments in rats. However, we also determined that the
mean number of gold particles at the axonemal edge of new
discs was ~1.7-fold larger than at the edges of mature discs
above, further suggesting that peripherin is first concentrated at
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Figure 3. Different shape and peripherin content at opposing edges of
new discs. (A) Edges of new discs at the axonemal side of the outer seg-
ment base. (B) Edges of new discs at the side opposite to the axoneme.
(C) and (D) Examples of two rod outer segments immunogold-labeled for
peripherin. (E) and (F) High magnification images of two rod outer segment
bases immunogold-labeled for peripherin. (G) The mean number of gold
particles per disc measured in four regions illustrated in the cartoon to the
right. Particles within 100 nm from the discs edges were counted. The data
are averaged from 15 rods; error bars represent SEM. The P value for the
difference between c and d is 7.2 x 10-¢ and between a and c is 0.04
from a Student’s t test. Arrowheads point to the hairpin-shaped disc edges;
arrows point to paperclip-like disc edges. Bars: (A and B) 50 nm; (C-F)
200 nm. Ax, axoneme; IS, inner segment.
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this location and then redistributes evenly along the disc edge
upon membrane enclosure.

Rhodopsin membrane topology

supports the evagination model of disc
morphogenesis

A major distinction between the membrane evagination and
vesicular fusion hypotheses lies in the orientation of rhodop-
sin molecules in the newly formed discs. The evagination hy-
pothesis postulates that new discs have rhodopsin’s N terminus
exposed to the extracellular space. However, when the disc
edge fuses with plasma membrane, a topological inversion of
the membrane occurs, resulting in rhodopsin’s N terminus fac-
ing inside the disc lumen and C terminus exposed outside. In
contrast, the vesicular fusion hypothesis postulates that rhodop-
sin’s N terminus faces the disc lumen in both new and mature
discs because intracellular vesicular fusion is not accompa-
nied by membrane inversion.

To investigate the membrane orientation of rhodopsin
in new discs, we performed postembedment immunogold la-
beling of rhodopsin using antibodies specifically recognizing
its N or C terminus: 4D2 and 1D4, respectively (Fig. 4, A-D).
We counted the number of gold particles located immediately
outside the edges of new discs, as illustrated in Fig. 4 E. After
normalizing these counts by the total number of gold particles
within the entire area of new discs, we found that the preva-
lence of particles produced by N-terminal antibody labeling
was ~2.2-fold higher than that by C-terminal antibody labeling.
This shows that rhodopsin in new discs faces the extracellular
space with its N terminus (Fig. 4 F), an orientation consistent
with the model of membrane evagination but not vesicular fu-
sion. (The presence of gold particles representing rhodopsin’s
C terminus outside new discs is expected, given that gold parti-
cles in this technique could be found at distances of up to ~20
nm from the epitope [Amiry-Moghaddam and Ottersen, 2013],
whereas the membrane thickness is only ~7 nm.)

Plasma membrane enclosure and disc
vesiculation are postmortem artifacts

of tissue fixation

Finally, we aimed to identify the origin of membrane vesicu-
lation and enclosure at the rod outer segment base, reported in
the references cited earlier. Previous EM studies of other tissues
(Hasty and Hay, 1978; Tao-Cheng et al., 2007; Ding et al., 2013)
showed that cellular ultrastructure, particularly in neurons, can
rapidly change after an animal’s death. This process could be
further facilitated by delayed fixation, such as perfusing an an-
imal with saline before administering the fixative (Chuang et
al., 2007). Using their protocol, we completely replaced blood
with heparin saline before perfusing mice with our standard
paraformaldehyde/glutaraldehyde fixative or the paraformalde-
hyde/acrolein used in the study by Chuang et al. (2007) (Fig. 5,
A-G). This modification resulted in an appreciable fraction of
rods containing vesicular structures at the outer segment base
(quantified in Fig. 5 I) and/or plasma membrane enclosure. In-
terestingly, in our study, new discs in most rods fixed with para-
formaldehyde/acrolein were still open, in contrast to the study
by Chuang et al. (2007). This result highlights how unstable
these structures are and emphasizes that our protocol provides
unsurpassed structural preservation of the extremely fragile rod
outer segment base (notably, the study by Steinberg et al. [1980]
directly perfused fixative with no saline flush as well).
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Figure 4. Rhodopsin topology in the membranes of
newly formed discs. (A and B) Low- and high-magni-
fication images of rhodopsin immunogold labeling
by the 1D4 antibody recognizing the C terminus of
rhodopsin. (C and D) Low- and high-magnification
images of rhodopsin immunogold labeling by the
4D2 antibody recognizing the N terminus of rho-
dopsin. (E) Relative abundance of gold particles in
the extracellular space adjacent to the membranes
of newly formed discs. The number of particles pro-
duced by rhodopsin immunogold labeling by each
antibody was counted within a 30-nm region of
the extracellular space between membranes of new
discs and the inner-segment plasma membrane. This
region is depicted by light gray in the cartoon on the
right and particles used in the count are marked by
arrowheads in B and D. These counts were normal-
ized by the total number of gold particles counted in
the region of newly formed open discs of the same
cell (marked by dark gray in the cartoon to the right
from the graph). The number of analyzed cells la-
beled by each antibody was 13; error bars repre-
sent SEM; P = 0.0009. (F) Cartoon representation
of rhodopsin orientation in the membrane of newly
formed discs. Bars: (A and C) 200 nm; (B and D)
50 nm. IS, inner segment.
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To further test the sensitivity of disc structure to fixation
methods, we replicated several common procedures used in
retinal EM studies. First, we immersed eyecups into fixative
(Lobanova et al., 2008; Chakraborty et al., 2014) and found
distorted outer segment morphology in most rods (Fig. 5 G).
This distortion affected all cells when paraformaldehyde, much
more rapidly penetrating into tissues than glutaraldehyde, was
omitted from the fixative (Fig. 5, H and I). We also replaced
glutaraldehyde in our original protocol with acrolein (Chuang
et al., 2007) but did not perfuse the animal with saline. In this
case, new discs remained open and highly accessible to tan-
nic acid, confirming that structural artifacts produced in their
study are caused by delayed fixation and not the use of acrolein
as the fixative. However, the overall morphology of new discs
fell short of that obtained with paraformaldehyde/glutaralde-
hyde fixation (Fig. S1, A and B). Finally, we replaced tannic
acid with the conventionally used osmium tetroxide (Fig. S1,
C and D). Although new discs had an open appearance, the
preservation of their structure, once again, fell short of that ob-
tained with tannic acid.

Collectively, these data demonstrate that evaginating
membranes of new discs are extremely unstable and prone to
fuse or vesiculate in postmortem retinas. However, once discs
are enclosed and their edges assume the hairpin shape fortified
by peripherin, they stabilize and do not easily vesiculate. Such a
thermodynamic instability of new discs is likely to explain why
a recent cryo-electron tomography study of isolated mouse rod
outer/inner segment preparations reported new discs enclosed
by plasma membrane (Gilliam et al., 2012). Before cryofixa-
tion, these preparations underwent rounds of vortexing and cen-
trifugation, which provided ample opportunities for new discs
to fuse before being frozen (notably, the authors mentioned that
some cells displayed open discs at the outer segment base).

In summary, our findings support the evagination model
of disc morphogenesis and explain that evidence supporting the
vesicular fusion hypothesis represent artifacts of tissue fixation.
Combined with classical observations by Steinberg et al. (1980)
and other studies cited in the preceding paragraphs, they indi-
cate that mammalian rods and cones form their discs through the
universal plasma membrane evagination mechanism. Although
elucidating the molecular details of this process is the challenge
of future investigations, our results provide a clear conceptual
framework for exploring this fascinating biological process.

Materials and methods

Animal perfusion and tissue fixation

Animal studies were conducted in compliance with the US Depart-
ment of Health and Human Services Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee of Duke University. In our standard pro-
tocol, C57B16/J mice (4-12 wk old; The Jackson Laboratory) were
deeply anesthetized with ketamine/xylazine (100/10 mg/kg) and im-
mediately transcardially perfused for 10 min with 15 ml fixative con-
taining 2% paraformaldehyde, 2% glutaraldehyde, and 0.05% CacCl,
in 50 mM MOPS buffer, pH 7.4. Their enucleated eyes were postfixed
in the same fixative for 1 h. A modification of this protocol included
mouse perfusion with 10 ml heparin (1,000 U/ml) saline before para-
formaldehyde/glutaraldehyde administration. Alternatively, we used
the protocol used in the study by Chuang et al. (2007). In brief, mice
were sequentially perfused with 10 ml heparin saline administered for
2 min, 20 ml 4% paraformaldehyde/3.75% acrolein (Polysciences)
in 0.1 M sodium phosphate buffer, pH 7.4, and finally 60 ml of 4%
paraformaldehyde in 0.1 M sodium phosphate buffer. Enucleated
eyes were postfixed in 2% glutaraldehyde in 0.1 M sodium phosphate

Photoreceptor discs form by membrane evagination * Ding et al.
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Figure 5. Perturbations of rod outer segment structure caused by variations in fissue preparation procedure. (A-C) Representative EM images of rod
outer segment bases fixed according to Chuang et al. (2007) and treated with tannic acid-uranyl acetate. (D-F) Representative EM images of rod outer
segment bases obtained after introducing an additional heparin saline perfusion step before paraformaldehyde/glutaraldehyde (PFA/GA) fixation. (G
and H) Representative EM image of a rod outer segment base obtained from eyecups immersed in PFA/GA (G) or GA (H) fixative. (I) Quantification of the
fraction of rods containing vesicular structures at the outer segment base. The number of cells analyzed for each condition was 138 (saline PFA/acrolein),
343 (saline PFA/GA), 57 (PFA/GA), and 31 (GA). The data are averaged from cell counts in three mice treated under each condition; error bars represent
SEM. Arrowheads point to the membrane fusion points. Bar, 200 nm. See also Fig. S1.

buffer, pH 7.4, for 1 h. A modification of this protocol included di-
rect mouse perfusion with fixative, omitting the saline step. Upon the
completion of animal perfusion, eyeballs were rinsed with PBS, cor-
nea and lens were removed, the posterior eye cups were embedded
in 5% agar (A1296; Sigma-Aldrich), and cut on a vibratome (Leica)
at 100-200-pm sections.

A subset of experiments was performed with immersion-fixed
eyecups. Mice were euthanized with CO, and decapitated. Eyes were
enucleated and eyecups immersed in 2% paraformaldehyde, 2% glu-
taraldehyde, and 0.05% CaCl, in 50 mM MOPS buffer, pH 7.4, or 2%
glutaraldehyde and 0.05% CaCl, in 50 mM MOPS buffer for 1 h. Pos-
terior eye cups were then embedded and sectioned as described in
the preceding paragraph.

Tissue processing for transmission EM

The tannic acid—uranyl acetate tissue processing protocol was slightly
modified from Phend et al. (1995). In brief, vibratome sections were
treated with 1% tannic acid (Electron Microscopy Sciences) in 0.1 M
Hepes, pH 7.4, for 1 h. Sections were rinsed with 0.1 M maleate buffer,
pH 6.0, and then treated with 1% uranyl acetate (Electron Microscopy
Sciences) in the same buffer for 1 h. Sections were rinsed, dehydrated
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with ethanol, infiltrated, and embedded with Spurr low-viscosity resin
between two sheets of ACLAR films (Electron Microscopy Sciences).
To test the effect of membrane permeability on the staining pattern of
tannic acid—uranyl acetate, 0.5% saponin (Sigma-Aldrich) was added
to the tannic acid solution.

A subset of samples was processed using the osmium tetroxide
method as in Ding et al. (2015). Vibratome sections were treated with
1% osmium tetroxide in 0.1 M phosphate buffer for 1 h, mordanted en
bloc with 1% uranyl acetate, dehydrated, and embedded in Spurr resin.

60-80-nm ultrathin sections were cut with an ultramicrotome
(Leica), collected on copper grids (Electron Microscopy Sciences), and
poststained with 1% uranyl acetate and Sato’s lead (Sato, 1968).

Postembedment immunogold labeling

Sections for postembedment immunogold labeling were prepared as
in Ding et al. (2013) with minor modifications. In brief, vibratome
sections were treated with 0.5% tannic acid and cryoprotected with
30% glycerol in 0.1 M sodium acetate. Sections were freeze-sub-
stituted overnight in 4% uranyl acetate/95% methanol at —78°C
while being gently shaken on dry ice. Sections were then rinsed with
methanol, infiltrated with Lowicryl HM-20 (Electron Microscopy
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Sciences), slowly warmed to 0°C, and embedded for 3 d under ultra-
violet light. Ultrathin sections were cut at 60-80 nm and collected
on nickel grids coated with a grid-coating pen (Daido Sangyo). Grids
were treated in 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% Tergi-
tol NP-10 for 30 min, and incubated overnight with primary antibod-
ies: (a) rabbit anti-peripherin, residues 296-346 (1:5,000; provided
by G.H. Travis, University of California, Los Angeles, Los Angeles,
CA; Kedzierski et al., 1999); (b) mouse anti-rhodopsin C terminus
(1:5,000; 1D4; Abcam); and (c) mouse anti-rhodopsin N terminus
(1:5,000; 4D2; Abcam). Grids were rinsed with buffer, blocked with
1% donkey serum, and probed with donkey anti-mouse or anti—rabbit
IgG conjugated to 6- or 12-nm colloidal gold (1:50; Jackson Immu-
noResearch Laboratories, Inc.) for 2 h. Grids were rinsed and coun-
terstained with uranyl acetate and Sato’s lead.

Image acquisition and data analysis

Samples were examined using a JEM-1400 electron microscope
(JEOL) at 60 kV. Images were collected using an Orius CCD cam-
era (Gatan) and DigitalMicrograph software, version 1.71.38 (Gatan).
Brightness, contrast, and curves were adjusted to the entire images
using Adobe Photoshop, version CS4. Distances between features
on electron micrographs were measured using Imagel, version
1.50a (National Institutes of Health). The number of animals an-
alyzed for each condition varied between two (Fig. 5, G and H)
and five (Figs. 1 and 2).

For the analysis of peripherin immunogold labeling, we counted
gold particles within the arbitrarily chosen 100-nm distance from
the disc edges. For the analysis of rhodopsin immunogold labeling
in new discs, we counted the number of gold particles within 30 nm
of the extracellular space between the membrane border of new discs
and the inner segment plasma membrane. The resulting value was
normalized by the total number of gold particles found in the area
representing open, newly formed discs of the same cell. The 30-nm
restriction was based on the maximal estimated distance between the
membrane surface and the gold particle, considering that neither ter-
minus of rhodopsin extends further than ~10 nm from the membrane,
the size of each primary and secondary antibody does not exceed
~8 nm (Amiry-Moghaddam and Ottersen, 2013), and the radius of
the gold particle is 3 nm.

Online supplemental material

Fig. S1 shows perturbations of rod outer segment structure caused by
acrolein or osmium tetroxide. Online supplemental material is available
at http://www.jcb.org/cgi/content/full/jcb.201508093/DC1.
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