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Distinct functions for IFT140 and IFT20 in opsin transport.

Jacquelin A. Crousel, Vanda S. Lopes?, Jovenal T. SanAgustinl, Brian T. Keady?, David S.
Williams?, and Gregory J. Pazourl#

1Program in Molecular Medicine, University of Massachusetts Medical School, Biotech Il, Suite
213, 373 Plantation Street, Worcester, MA 01605

2Jules Stein Eye Institute, UCLA David Geffen School of Medicine, 200 Stein Plaza, Los Angeles,
CA 90095-7008

Abstract

In the vertebrate retina, light is detected by the outer segments of photoreceptor rods and cones,
which are highly modified cilia. Like other cilia, outer segments have no protein synthetic
capacity and depend on proteins made in the cell body for their formation and maintenance. The
mechanism of transport into the outer segment is not fully understood but intraflagellar transport
(IFT) is thought to be a major mechanism for moving protein from the cell body into the cilium. In
the case of photoreceptor cells, the high density of receptors and the disk turnover that occurs
daily necessitates much higher rates of transport than would be required in other cilia. In this
work, we show that the IFT complex A protein IFT140 is required for development and
maintenance of outer segments. In earlier work we found that acute deletion of 1ft20 caused opsin
to accumulate at the Golgi complex. In this work we find that acute deletion of Ift140 does not
cause opsin to accumulate at the Golgi complex but rather it accumulates in the plasma membrane
of the inner segments. This work is strong support of a model of opsin transport where IFT20 is
involved in the movement from the Golgi complex to the base of the cilium. Then, once at the
base, the opsin is carried through the connecting cilium by an IFT complex that includes IFT140.

Keywords
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Introduction

The outer segments of vertebrate rods and cones are highly modified cilia and are
responsible for absorbing light as the first step in the visual signal transduction cascade.
These cilia, like all cilia and flagella, lack the capacity for protein synthesis and rely on
proteins synthesized in the cell body and transported into the organelle for their development
and maintenance. During development, photoreceptor cells assemble a primary cilium that is
structurally similar to other primary cilia in vertebrates. This cilium then differentiates to
become the outer segment by the movement of large amounts of lipid and membrane
proteins into the cilium. In mouse, this process starts about 6.5 days after birth and continues
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until approximately post natal day (P) 20 when the outer segments achieve adult proportions
[LaVail, 1973; Fei, 2003]. The high level of membrane and membrane protein transport
continues in the adult as approximately 10% of the outer segment is shed from the distal tip
each day and must be replaced by new disks that form at the base of the outer segment. In
mouse, it is estimated that approximately 4300 molecules of opsin must be transported
through the connecting cilium each minute to replace the opsin lost through disk shedding
[Williams, 2002]. In fish and frogs, the outer segment diameters are much larger and the
transport requirements approach 50,000 per minute [Young, 1967; Besharse and Horst,
1990]. The molecular mechanism driving the transport of opsin photopigments from the
Golgi complex to the cilium is largely unknown but evidence points to the intraflagellar
transport (IFT) systems as an important player [Insinna and Besharse, 2008; Bhowmick et
al., 2009].

The intraflagellar transport system is required for the assembly of most types of eukaryotic
cilia including the outer segments of photoreceptor rods and cones [Marszalek et al., 2000;
Pazour et al., 2002]. During IFT, large protein complexes called IFT particles or trains are
transported from the cell body to the ciliary tip by kinesin-2 [Cole et al., 1998] and from the
tip back to the cell body by cytoplasmic dynein-2 [Pazour et al., 1999]. The particles
themselves are composed of more than 20 subunits organized into two subcomplexes called
A and B. The B complex appears to be critically important for cilia assembly as null
mutations in most components block ciliary assembly [Pazour et al., 2000; Brazelton et al.,
2001] while the A complex appears to be less important for cilia assembly but play roles in
retrograde transport [lomini et al., 2009]. However, complex A also is important for
anterograde transport as it links heterotrimeric kinesin to the IFT particle for transport from
the cell body to the ciliary tip [Ou et al., 2007] and the knockdown of IFT-A components
prevents the delivery of Tulp3 and the G-protein coupled receptors SSTR3 and MCHRL1 to
the cilium [Mukhopadhyay et al., 2010]. The IFT particles are also associated with a third
complex called the BBSome that is required for delivery of a subset of seven-
transmembrane receptors into the cilia [Berbari et al., 2008] and the selective removal of
membrane-associated proteins that are not normally found in cilia [Lechtreck et al., 2009].
The IFT particles are highly conserved throughout the eukaryotic kingdom and are thought
to serve as motor adaptors to connect cargos that need to be transported into and along cilia
to the molecular motors.

Why the IFT particle requires more than 20 unique subunits is completely unknown at this
time. The high degree of conservation of the IFT particle proteins suggests that each of the
IFT subunits has unique critical functions to play in the assembly of cilia and their
maintenance. To understand the unique functions of the IFT particle proteins, we are
creating mutant mice carrying floxed alleles of the Ift genes and examining how the loss of
these genes affects the assembly and stability of the photoreceptor outer segments. In the
present work, we have focused on the complex A protein IFT140. The role of complex A
proteins in photoreceptor outer segment development and maintenance has not been
extensively examined. Prior work in zebrafish suggested that 1ft140 was not a critical player
in ciliary assembly or outer segment development [Tsujikawa and Malicki, 2004] but
maternal contributions of protein could mask the true phenotype in fish development. In
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humans, the loss of IFT140 leads to Mainzer-Saldino syndrome and Jeune asphyxiating
thoracic dystrophy, rare syndromes where patients are affected by chronic renal failure,
early-onset severe retinal dystrophy and skeletal dysplasias [Perrault et al., 2012; Schmidts
etal., 2013]. In mouse, deletion of Ift140 from kidney collecting ducts strongly affected, but
did not completely block primary cilia assembly and resulted in cystic kidney disease
[Jonassen et al., 2012].

Here, we compare the deletion of 11140 to our prior work on the deletion of Ift20. IFT20 is
an IFT complex B protein that is also associated with the Golgi complex. Based on the Golgi
localization and phenotypes that resulted from the partial knockdown of IFT20 in cultured
cells we proposed that IFT20 was important for transport between the Golgi and the cilium
[Follit et al., 2006]. The deletion of Ift20 in cone cells lead to their degeneration such that
cone numbers were reduced at P28 and the cells were mostly gone by P70. Acute deletion of
Ift20 in rods lead to an accumulation of rhodopsin at the Golgi complex before
photoreceptor cell degeneration supporting a role for IFT20 in the transport of opsin
between the Golgi and the connecting cilium [Keady et al., 2011]. However, concerns that
this may be an indirect effect caused by the failure of opsin to be trafficked through the
connecting cilium caused us to repeat this experiment using IFT140, an IFT protein that is
not Golgi localized. In the current study we show that loss of IFT140 from cone cells leads
to a degenerative phenotype similar to what was observed with loss of IFT20, except with
slower progression. Interestingly, the acute loss of IFT140 caused opsin to accumulate in the
plasma membrane of the inner segment in contrast to the Golgi accumulation that occurred
when IFT20 was acutely lost. These data strongly support differential roles of IFT20 and
IFT140 in the transport of rhodopsin through the photoreceptor cell.

Photoreceptor rod and cones are composed a light detecting outer segment, which is
connected to the inner segment of the cell body by the connecting cilium. The inner segment
is the biosynthetic compartment of the cell and contains the mitochondria in its distal region
and the Golgi apparati in its proximal region. The inner outer segments lie distal to the cell
body; the photoreceptor cell nuclei are packed together to form the outer nuclear layer of the
retina. A short axon bears a synapse, which harbors dendrites of second-order neurons
within an invagination (Fig 1A). The primary organization of the photoreceptor layer of the
retina is driven by the rod cells, which are the most abundant photoreceptor cell in the
mouse retina. The cones are organized with their nuclei in the most distal row of the outer
nuclear layer, and their outer segments typically start in the middle of the rod inner segment
layer. IFT proteins typically are found dispersed throughout the inner segment with
concentrations in the peri-basal body region at the base of the outer segment and in a second
smaller pool at the distal end of the connecting cilium [Pazour et al., 2002]. It was reported
that IFT140 was different with the largest pool at the distal end of the connecting cilium and
only a minor amount in the peribasal body region [Sedmak and Wolfrum, 2010]. In contrast
to Sedmak and Wolfrum, we find that the major pool of IFT140 is at the base of the cilium
with only a small amount in the cilium itself (Fig 1B,B’). It is likely that the distribution of
IFT140 would be similar in cones as it is in rods but this is not certain. To analyze the
distribution of IFT140 in cones, dispersed retinal cells and retina sections were stained for
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IFT140, cilia and cone opsin. Cone opsin-positive cells showed the strongest signal at the
base of the cilium with additional label in the connecting cilium and some on the
microtubules of the outer segment (Fig 1C,D). Thus, in both rods and cones, the distribution
of IFT140 is similar to the distribution of other IFT proteins and could be involved in
transport through the connecting cilium.

Germline deletions of Ift140 cause embryonic lethality at mid gestation before the
development of the outer segments of photoreceptor rods and cones. To understand the role
of IFT140 in the formation of the outer segment, we used embryonic stem cells generated by
the Knockout Mouse Project to create a floxed allele. This allele has exon 7 flanked by loxP
sites. Cre deletion of exon 7 is predicted to create a null allele as the splicing of exon 6 to
exon 8 would cause a frameshift and subsequent translation termination. This appears to be
the case as no protein is detected from the deleted allele using an antibody directed against
the C-terminal end of the protein [Jonassen et al., 2012]. To delete this allele in
photoreceptor cells, we used Cre driven by the human red-green opsin promoter (HRGP-
Cre). This Cre is expressed in M-opsin positive cone photoreceptors. There does not appear
to be any expression of HRGP-Cre in rod cells (Fig 2A) and no deleterious effects on them
[Keady et al., 2011]. Many Cre lines have pathology in the cells where Cre is expressed
even without a floxed allele being present [Lee et al., 2006; Jimeno et al., 2006]. This does
not appear to be the case with HRGP-Cre as we do not detect any cone opsin at the ribbon
synapse in Cre-positive control animals nor do we see a reduction of cone cell numbers in
older animals. However, to ensure that the phenotypes we observe are not caused by non-
specific effects of Cre expression, the control animals in this study were HRGP-Cre+,
Ift140f10X/+,

HRGP-Cre expression initiates around postnatal (P) day 6 as the outer segments of
photoreceptors begin to develop [Le et al., 2004]. To understand how the loss of ft140
affects the development and maintenance of the outer segments, retinas were harvested at
P11, P28 and P70. Cre recombinase was robustly detected in the nuclei of both control
(HRGP-Cre+, 1ft14019¢*) and experimental (HRGP-Cre+, Ift140foxnullly animals at all
time points. At P11 the outer segments were still forming and looked similar in the control
and experimental animals (Fig 2A). Opsin was detected in the inner segments and nuclear
layer in both the control and experimental animals. At P28 outer segment development is
normally completed. The opsin seen in the inner segments and nuclear layers at P11 was
mostly cleared from control animals but remained in theses layers as well as the outer
plexiform layer of retinas from the experimental animals. The outer segments of the
experimental animals are malformed and it is hard to distinguish the inner and outer
segments. At P70, significant degeneration was occurring in the experimental animals as
there was a large amount of opsin in the inner segments, surrounding the nuclei and at the
synapse. While there was a trend towards cone cell loss, the number of cones in the
experimental animals was not significantly reduced as compared to the controls at any time
point.

The pathology seen in the experimental animals indicates that IFT140 is required in cone
cells but because HRGP-Cre expression initiates as the outer segments are developing, the
effects on development verses maintenance are hard to separate. To understand the role that
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IFT140 plays in maintenance and the delivery of opsin to the outer segment, we used the
tamoxifen-inducible CAG-CreER to induce the deletion of 1ft140 in fully differentiated
cells. This Cre is widely expressed but is not active until it binds tamoxifen and becomes
nuclear localized. In cell culture we determined that 48 hr after tamoxifen administration
[ft20 levels were reduced to about one half. Very similar effects were observed in the retina
of mice treated with tamoxifen [Keady et al., 2011]. Similarly we found that CAG-CreER+,
Ift140foxnulll animals treated with tamoxifen had about a 50% reduction in IFT140 protein
in the retina 48 hr after the drug was administered (41+20 percent remaining, n=8). This
acute loss of IFT140 caused significant amounts of opsin to accumulate in the inner
segments and the nuclear layer that was not observed in control animals (Fig 3A). The
distribution of opsin in the tamoxifen treated CAG-CreER+, 1ft140/10¢nul1 animals was
quite different from what we had observed prior when CAG-CreER+, 1ft2010Xnull1 animals
were examined. When [ft20 was deleted, the opsin was mostly found in the inner segment
just above the nuclear layer where it colocalized with Golgi markers (see Fig 4 in [Keady et
al., 2011]). To quantitate the difference between the opsin localization in 1ft20 deleted
photoreceptor cells and 1ft140 deleted cells, additional retinas were collected and analyzed
by immunogold electron microscopy (Fig3B and C). With both [ft20 and 11140, the loss of
the IFT caused a significant increase in the gold particle density in the inner segment of the
cells (Fig 3C). However, the location of the gold particles was different in the two
genotypes. When Ift20 was deleted, the gold particles were clustered just above the outer
limiting membrane over the Golgi stacks. When 1t140 was deleted, the gold was
concentrated along the plasma membranes of the inner segments.

Discussion

In this work we demonstrate that the IFT complex A gene Ift140 is required for the
development and maintenance of the outer segment of photoreceptor cells. The degeneration
in 1ft140 cells was similar to what we previously observed when the IFT complex B gene
Ift20 was deleted using the same Cre driver but the degeneration was less extreme in the
Ift140 case. This difference is consistent with what we observed in the kidney where
deletion of Ift20 and 1t40 both caused post natal cystic kidney disease with very similar
kinetics. However, ciliary assembly was totally blocked by the 1ft20 deletion whereas the
Ift140 deletion did not completely block ciliary assembly and short cilia remained [Jonassen
et al., 2008; Jonassen et al., 2012]. The slower degeneration in Ift140-deleted cone cells is
also consistent with observations of the function of complex A verses complex B in other
organisms. In Caenorhabditis, complex B mutations tend to block ciliary assembly whereas
complex A mutations result in normal length cilia that are filled with a poorly defined
material [Perkins et al., 1986]. In Chlamydomonas, IFT B mutations block ciliary assembly
[Pazour et al., 2000; Brazelton et al., 2001] whereas IFT A mutations result in defects in
retrograde transport [lomini et al., 2009]. Our results are more consistent with a failure to
transport material through the connecting cilium rather than a defect in retrograde transport,
consistent with evidence that complex A also plays roles in anterograde transport.
Significantly, complex A is the site where heterotrimeric kinesin Il binds to the IFT particle
[Ou et al., 2007]. Photoreceptor cells also express another kinesin 11, homodimeric Kif17and
this likely binds complex B [Ou et al., 2007]. Both kinesins are important in photoreceptor
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cells [Insinna et al., 2009] but heterotrimeric kinesin appears to be the major carrier for
rhodopsin [Marszalek et al., 2000].

Our finding that the acute deletion of Ift20 results in opsin accumulation at the Golgi
complex whereas the acute deletion of 1ft140 results in opsin accumulation in the plasma
membrane of the inner segment indicates that these two proteins play different roles in the
transport of opsin. Previously we found that IFT20 was unique among the IFT proteins as it
is the only one that is found localized to the Golgi complex in addition to the normal
localization in the peribasal body region and in the cilium itself [Follit et al., 2006; Follit et
al., 2009]. We proposed that IFT20 was involved in transport or sorting of membrane
proteins at the Golgi complex that are destined for the ciliary membrane compartment.
Consistent with this idea, partial knockdown of 1ft20 reduced the amount of polycystin-2 in
the cilium [Follit et al., 2006]. However, it was unclear if the effect on ciliary polycystin-2
level was a direct effect or was an indirect consequence of disrupting IFT. A similar
criticism can be made of our prior work showing that acute deletion of 1ft20 caused opsin to
accumulate at the Golgi complex. It is possible that if IFT is disrupted through the
connecting cilium, opsin could back up in the Golgi complex. However, our observation that
acute Ift140 deletion causes opsin to accumulate in the plasma membrane suggests that this
is not the case. These findings strongly support a model where IFT20 is involved in sorting
or transport of ciliary membrane proteins from the Golgi to the base of the cilium. At the
base of the cilium, IFT20 and the cargo then engage with the rest of the IFT system for
transport through the connecting cilium and into the outer segment. When the rest of the IFT
system is compromised by defects in subunits like IFT140, the opsin cannot be transported
through the connecting cilium and remains in the inner segment.

Materials and Methods

Mouse Breeding

Histology

The Ift140fox/flox (MG':|ﬁ140tmlc(KOMP)WtSi) and 1ft14onull v+ (MGI: 1ft140 tmlb(KOMP)Wtsi)
mice were generated and genotyped as previously described [Jonassen et al., 2012]. The
generation of the HRGP-Cre line was described previously (Le et al., 2004). The rd (Pde6b)
mutation was bred out of the HRGP-Cre line by crosses to C57B6J (Jackson Laboratory)
and genotyped as described [Pittler and Baehr, 1991]. CAG-CreER line (B6.Cg-Tg[CAG-
cre/Esr1*)5Amc/J] [Hayashi and McMahon, 2002] was obtained from Jackson Laboratory.
Tamoxifen (Sigma) was dissolved in peanut oil; 6 mg/~20 g mouse was delivered by oral
gavage and the eyes were harvested 48 hr later. All mouse work was carried out at UMMS
with approval of the Institutional Animal Care and Use Committee.

Mouse eyes were removed with a small amount of tissue above the eye for orientation and
were fixed in cold PBS/4% paraformaldehyde (Electron Microscopy Sciences) for 1 hr at
4°C, followed by removal of the lens, cornea and vitreous. The eye cups were then returned
to fixation in cold PBS/4% paraformaldehyde for 30 min at 4°C. Eye cups were then
incubated at 4°C for 1 hr in 30% sucrose dissolved in PBS, followed by an overnight
rotation in Tissue Freezing Medium (Triangle Biomedical Sciences) at 4°C. The next day,
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eye cups were embedded in fresh Tissue Freezing Medium. Eighteen micron cryosections
were cut from the central retina near the optic nerve, mounted on Plus slides (Fisher),
blocked for 1 hr at room temp in Tris buffered saline (TBS; 10 mM Tris pH 7.5, 166 mM
NaCl) supplemented with 5% goat serum and 0.1% Triton X-100, and then incubated
overnight at 4°C in primary antibody diluted in blocking buffer. After washing in TBS,
Alexa Fluor labeled secondary antibodies (Invitrogen) mixed with an Antibody Diluent
(0.1% Fish Skin Gelatin in TBST) were used (goat anti-mouse 594 and goat anti-rabbit 488)
to detect the primary antibodies. The specimens were washed in TBST (TBS with 0.1%
Triton X-100), then incubated with 1 pug/ul of DAPI followed by a final wash with TBS
before being mounted using Prolong Gold (Invitrogen). For cryosections, a minimum of four
controls and four mutants were examined for each age group.

For paraffin embedding, mouse eyes were removed and fixed in cold PBS/4%
paraformaldehyde (Electron Microscopy Sciences) for 1 hr at 4°C, followed by removal of
the lens, cornea and vitreous humor. The eyes were returned to the fixative overnight at 4°C,
washed with PBS, and embedded. Seven-micron sections were cut, dewaxed, rehydrated,
and subjected to antigen retrieval in an autoclave with 10 mM sodium citrate at pH 9. After
cooling to ambient temperature, the sections were treated with blocking solution (4% non-
immune goat serum, 0.1% Triton X-100, 0.05% SDS, and 0.1% % fish skin gelatin in
TBST) for 30 min, subsequently washed with TBST and then exposed to primary antibodies.
IFT140 detection was enhanced by treatment with a Fab fragment of goat anti-rabbit 1gG(H
+L) conjugated to biotin (Jackson ImmunoResearch) followed by a Streptavidin-Alexa Fluor
conjugate (Life Technologies). An Avidin/Biotin blocking kit (Life Technologies) was
applied prior to the Streptavidin step. Anti-acetylated tubulin was used as cilia marker and
was detected with an Alexa Fluor conjugated F(ab’), fragment of goat ant-mouse IgG(H+L).
Subsequent washes were done using TBST.

For double labeling of IFT140 and cone RG-opsin with rabbit antibodies, anti-IFT140 was
applied first followed by biotin-conjugated goat Fab fragment anti-rabbit 1gG. A goat Fab
fragment of anti-rabbit 1gG (H+L) (Jackson ImmunoResearch) was then applied to saturate
any remaining open sites on the IFT140 antibody. The anti-cone RG-opsin was then applied
together with anti-acetylated tubulin. Fluorescent probes used were Streptavidin Alexa Fluor
568, goat F(ab’), anti-rabbit IgG(H+L) Alexa Fluor 488, and goat F(ab’), anti-mouse IgG(H
+L) Alexa Fluor 647 from Life Technologies.

For immunogold EM, the lens were removed and the eye fixed overnight in 0.25%
glutaraldehyde / 4% paraformaldehyde in 0.1M cacodylate buffer and then switched to 4%
paraformaldehyde in 0.1M cacodylate buffer for shipment. Samples were embedded in LR
White resin, and ultrathin sections were stained as described previously [Lopes et al., 2010].
Briefly, etched sections were incubated with monoclonal anti-rhodopsin antibody (1D4)
overnight and goat anti-mouse conjugated to 12 nm gold (Jackson ImmunoResearch
Laboratories) for 1 hr at room temperature. After secondary fixation with 2% glutaraldehyde
(Electron Microscopy Sciences) sections were stained with osmium vapor, uranyl acetate
and lead citrate. Images were acquired on a Zeiss TEM. Sections from experimental and
control animals were processed and imaged at the same time. Immunogold particle density
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along the plasma membrane and over the Golgi complex was determined using ImageJ
software.

The following primary antibodies were used: cone RG-opsin (Millipore, AB5405), Cre
(Sigma, clone 7-23), IFT140 [Jonassen et al., 2012], rhodopsin (Millipore, 1D4) and
acetylated tubulin (Sigma, 6-11B-1). Confocal images were acquired as previously
described [Jonassen et al., 2008].

Dispersed cones were generated by vortexing retinas in DMEM for 10s. Supernatant was
dried onto glass slides, fixed for 15 min in 4% paraformaldehyde in PBS and then stained
for IFT140 and 611-B1 followed by RG-opsin.

Accession Numbers

[ft140 (NM_134126), Ift20 (NM_018854), RG-opsin (BC014826) and rhodopsin
(NM_145383). All genes were obtained from mouse.

Data analysis

Data groups were compared using GraphPad software by one-way ANOVA (more than two
groups) or unpaired t tests (two groups). Differences between groups were considered
statistically significant if p < 0.05. Statistical significance is denoted with asterisks
(*p=0.01-0.05; **p=0.001-0.01;***p<0.001). Data is plotted as mean + standard deviation.
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Abbreviations

IFT intraflagellar transport

P postnatal day

G Golgi layer

IS inner segment

(O] outer segment

NL outer nuclear layer
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Figure 1. IFT140 in photoreceptors
A. Diagram of a photoreceptor rod cell. Image is modified from [Williams, 2008].

B. Paraffin section from a wild type P28 animal stained for IFT140 (red), cilia (6-11B-1,
anti-acetylated tubulin, green) and DAPI (blue). The retina is oriented similar to the drawing
in A. Arrow points at the basal body end of a connecting cilium. Images are maximum
projections of 17 image Z-stacks taken at 0.25 pm intervals. Scale bar is 5 ym. B’. 4X
enlargements of the cell marked with an arrow in B. Arrow points at the basal body end of
the cilium, arrow head points at the presumed distal end of the connecting cilium.

C. Dispersed cone cell from a wild type P28 animal stained for IFT140 (red), cilia (6-11B-1,
green) and RG-opsin (blue). Scale bar is 5 um. Arrow marks the basal body.

D. Paraffin section of a wild type animal stained for IFT140 (red), cilia (6-11B-1, green) and
RG-opsin (blue). Scale bar is 5 pm. Arrow marks the basal body region of the cone cell.
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Figure 2. Deletion of [ft140 leads to cone cell degeneration
A. Cryosections from P11 (top row), P28 (middle row) and P70 (bottom row) control

(Ift140foX/nulll HRGP-Cret+, left panels) and experimental (1t14071°X* HRGP-Cret, right
panels) animals. Sections were stained with RG-opsin (green) and Cre (red). Scale bar is 10
um and applies to all images in A. Grey scale images are 2X enlargements of the RG-opsin
channel from the region at the arrow. * mark outer segments. Note that the red label in the
inner nuclear layer (below the outer plexiform layer) is present in Cre-negative animals and
does not indicate that Cre is expressed in these cells. Images are maximum projections of 10
image Z-stacks taken at 0.5 um intervals. IS, inner segment; OS, outer segment; NL, outer
nuclear layer; S, ribbon synapse.

B. Percentage of Cre+ nuclei that were surrounded by RG-opsin was determined from
cryosections obtained from at least four control and four experimental animals at each time
point. NS, not significant; *** p<0.001.
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C. Number of cone outer segments in a 50 um interval was counted from at least four
control and four experimental animals at each time point. NS, not significant.
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Figure 3. Acute deletion of 1ft140 causes opsin accumulation in the plasma membrane
A. Paraffin section of control and experimental retinas harvested 48 hr after administration

of tamoxifen. Note the accumulation of rhodopsin (red) in the inner segment (IS) and around
the nuclei (blue, NL) in the experimental animals. OS, outer segment. Scale bar is 10 pum.

B. Immunogold labeling of rhodopsin of 1ft140 (top row) and I1ft20 (middle and bottom row)
control and experimental retinas harvested 48 hr after administration of tamoxifen. Arrows
indicate plasma membrane in the upper row and the Golgi complex (G) in the middle and
bottom row. The upper row shows sections through the distal region of the inner segment
(1S); M, mitochondria. The middle row shows sections through the proximal region of the
inner segment; the outer limiting membrane (O) represents the proximal limit of the inner
segment and consists of adherens junctions between adjacent photoreceptor cells and
Mueller cells. The lower row are higher magnification micrographs of the Golgi complexes
shown in the middle row. Scale bars are 500 nm.

C. Quantification of gold particles. Units are per micron squared for the inner segment and
Golgi region and per micron for the plasma membrane. ns, not significant; *p=0.01-0.05;
**p=0.001-0.01;***p<0.001.
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