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Abstract
Tulp1 is a protein of unknown function exclusive to rod and cone photoreceptor cells. Mutations
in the gene cause autosomal recessive retinitis pigmentosa in humans and photoreceptor
degeneration in mice. In tulp1−/− mice, rod and cone opsins are mislocalized, and rhodopsin-
bearing extracellular vesicles accumulate around the inner segment, indicating that Tulp1 is
involved in protein transport from the inner segment to the outer segment. To investigate this
further, we sought to define which outer segment transport pathways are Tulp1-dependent. We
used immunohistochemistry to examine the localization of outer segment proteins in tulp1−/−
photoreceptors, prior to retinal degeneration. We also surveyed the condition of inner segment
organelles and rhodopsin transport machinery proteins. Herein, we show that guanylate cyclase 1
and guanylate cyclase activating proteins 1 and 2 are mislocalized in the absence of Tulp1.
Furthermore, arrestin does not translocate to the outer segment in response to light stimulation.
Additionally, data from the tulp1−/− retina adds to the understanding of peripheral membrane
protein transport, indicating that rhodopsin kinase and transducin do not co-transport in rhodopsin
carrier vesicles and phosphodiesterase does not co-transport in guanylate cyclase carrier vesicles.
These data implicate Tulp1 in the transport of selective integral membrane outer segment proteins
and their associated proteins, specifically, the opsin and guanylate cyclase carrier pathways. The
exact role of Tulp1 in outer segment protein transport remains elusive. However, without Tulp1,
two rhodopsin transport machinery proteins exhibit abnormal distribution, Rab8 and Rab11,
suggesting a role for Tulp1 in vesicular docking and fusion at the plasma membrane near the
connecting cilium.
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1. Introduction
Disc membranes in the photoreceptor cells of the vertebrate retina are continually renewed
by the addition of membranes at the base of the outer segment (OS) and the removal of older
discs from the distal end. OS-bound proteins are sorted and trafficked from the endoplasmic
reticulum (ER) and trans-Golgi network (TGN) as cargo in vesicles from the inner segment
(IS) toward the OS on a continual basis (Papermaster et al., 1985; Besharse and Wetzel,
1995). Rhodopsin, the photopigment molecule in rod photoreceptors, and other OS-resident
proteins are reliant upon this polarized protein trafficking, which involves interactions
between proteins of the transport machinery and proteins present on the cargo vesicles
(Papermaster et al., 1985; Besharse and Wetzel, 1995; Aroeti et al., 1998). The complexity
of this interaction is underscored by the fact that a defect in only one of these components
can result in a loss of polarity in protein trafficking and ultimately photoreceptor cell death
(Hagstrom et al., 1999; Deretic, 2006).

Retinitis pigmentosa incorporates a group of heterogeneous inherited retinal degenerations
(Berson, 1993). One early onset form of retinitis pigmentosa is caused by mutations in
TULP1 (Banerjee et al., 1998; Gu et al., 1998; Hagstrom et al., 1998; Paloma et al., 2000).
Tulp1 is a cytoplasmic protein expressed exclusively in photoreceptors, localizing to the IS,
connecting cilium (CC), perikarya, and terminals (Hagstrom et al., 1999). Tulp1 associates
with cellular membranes and the cytoskeletal elements (Hagstrom et al., 1999; Ikeda et al.,
2000; Hagstrom et al., 2001; Xi et al., 2005) and appears to play a role in intracellular
protein trafficking (Hagstrom et al., 1999; Hagstrom et al., 2001; Xi et al., 2005; Xi et al.,
2007; Grossman et al., 2009). Tulp1−/− mice develop a rapid photoreceptor degeneration,
similar to that in patients with retinitis pigmentosa due to TULP1 mutations (Hagstrom et
al., 1999). In the young tulp1−/− retina prior to photoreceptor degeneration, there is an
accumulation of vesicles in the interphotoreceptor matrix surrounding the IS. These vesicles
show rhodopsin immunoreactivity, likely representing misrouted transport carriers for opsin
(Hagstrom et al., 1999). Indeed, rod and cone opsins are mislocalized throughout the
photoreceptor. Importantly, this mistargeting occurs early in development, indicating a
primary defect, and not a secondary effect due to a generalized degenerative process
(Hagstrom et al., 1999; Grossman et al., 2009). However, other OS proteins are not
mislocalized in the tulp1−/− retina, indicating a specialized role for Tulp1 in OS protein
transport (Hagstrom et al., 1999).

Proposed OS protein transport pathways have been deduced from a handful of mutant mouse
models (Yang et al., 1999; Baehr et al., 2007; Zhang et al., 2007; Karan et al., 2008b).
Therefore, it is critical to study additional mouse mutants which present phenotypes showing
OS protein transport defects. To define the transport pathways affected in the Tulp1 mutant
mouse, we analyzed the localization of several categories of OS-resident proteins in tulp1−/
− retinas as compared to wild-type (wt) retinas. We also surveyed several IS proteins known
to be critical in the transport of OS proteins.

2. Materials and methods
2.1. Mice

The generation of tulp1−/− mice has been described previously (Hagstrom et al., 1999) and
is maintained on a C57BL/6 background. Mice were euthanized by CO2 inhalation followed
by cervical dislocation. All experiments on animals were approved by the Institutional
Animal Care and Use Committee of the Cleveland Clinic and were performed in compliance
with the National Institutes of Health guidelines.
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2.2. Preparation of retinal sections
Mouse eyes were prepared as previously described (Xi et al., 2007). Briefly, after removal
of the cornea and lens, the posterior poles were fixed in 4% paraformaldehyde in PBS for 3
hrs. The eyes cups were then immersed through a graded series of sucrose solutions as
follows: 10% for 1 hr, 20% for 1 hr and 30% overnight. The posterior pole was embedded in
OCT freezing medium, flash frozen on powderized dry ice and immediately transferred to
−80°C. The tissue was sectioned at 10-μm thickness using a cryostat (Leica, Wetzlar,
Germany) at −30°C.

2.3. Immunofluorescent staining
For each genotype (wt and tulp1−/−), a minimum number of eight sections from six
different mice were examined for each antibody. Retinal sections were blocked in 5%
bovine serum albumin and 1% normal goat serum with 0.1% Triton X-100 for 1 hr before
incubation with primary antibodies overnight at 4°C. Primary antibodies, their source and
the dilutions used in this study are listed in table 1. After washing 3 times in PBS, sections
were incubated in fluorescent secondary antibodies at room temperature for 1 hr. A panel of
well-characterized antibodies against retinal proteins was used for immunostaining. Table 1
contains a complete list of antibodies, immunogens, sources, host species and dilutions used.
Secondary antibodies were: Alexa Fluor® 488 goat anti-rabbit IgG and goat anti-mouse IgG;
Alexa Fluor® 594 goat anti-rabbit IgG and goat anti-mouse IgG (Invitrogen, Carlsbad,
California). The sections were then rinsed 3 times with PBS followed by a light rinse in
dH2O and coverslipped with Vectashield® mounting media with DAPI (Vector
Laboratories, Burlingame, California). Sections were imaged using an Olympus BX-61
fluorescent microscope (Olympus, Tokyo, Japan) equipped with a CCD monochrome
camera (Hamamatsu Photonics, Bridgewater, New Jersey).

2.4. Light adaptation
To study the translocation of OS proteins in response to light exposure, eight mice were
separated into two groups. At the onset of lights off in the vivarium, both groups were
transferred into a chamber under constant darkness. All animals were anesthetized with an
intraperitoneal injection of ketamine (80 mg/kg) and xylazine (16 mg/kg) and the pupils
were dilated with a mixture of 1% cyclopentolate-HCl, 2.5% phenylephrine, and 0.25%
tropicamide. At approximately 1 hr prior to the time of lights on, one group was transferred
to a lighting chamber and exposed to 1,000 lux for 60 min, while the control group remained
in the lightproof chamber. After 60 min, both groups were sacrificed, and the eyes extracted
and processed as described above.

3. Results
3.1. Tulp1−/− mice form outer segments

The retinas of postnatal day (P)16 tulp1−/− mice contain the normal complement of retinal
cell types including photoreceptors. However, at this age, the OS of the tulp1−/−
photoreceptor is slightly disorganized (Fig. 1E) as compared to wt (Fig. 1A) (Hagstrom et
al., 1999). The presence of OSs in tulp1−/− photoreceptors is confirmed by the expression
and confinement of peripherin/rds to the OS (Fig. 1C and G). In contrast, rhodopsin is
severely mislocalized to all cellular compartments in tulp1−/− photoreceptors (Fig. 1F) as
compared to wt (Fig. 1B). Peripherin/rds and rhodopsin are both integral membrane proteins
that are incorporated into nascent OS discs (Lee et al., 2006); however, unlike rhodopsin,
peripherin/rds is clearly able to be targeted to the OS in the absence of Tulp1 (Fig. 1G).
These results reveal that OS proteins are affected differently in tulp1−/− mice, providing
evidence that Tulp1 functions in selective OS transport pathways.
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3.2. Outer segment proteins that are normally localized in tulp1−/− retinas
Since rhodopsin is mislocalized in tulp1−/− photoreceptors, we sought to determine whether
additional OS proteins rely on the presence of Tulp1 for their transport to the OS
compartment. To this end, we surveyed a panel of OS-resident proteins in the tulp1−/−
retina as compared to the wt retina. Figure 2 presents the results of the localization of several
well-studied phototransduction and structural OS proteins. All studies were conducted at
P16, an age at which photoreceptor development is complete in wt mice, but precedes
photoreceptor cell death in tulp1−/− mice (Hagstrom et al., 1999; Grossman et al., 2009).

Figure 2A shows a wt mouse retinal section stained with antibodies against rod OS
membrane protein 1 (ROM1). ROM1 is an integral membrane protein localized to the rim of
the OS discs similar to peripherin/rds, where the two proteins form heterotetramers (Lee et
al., 2006). In the tulp1−/− retina, ROM1 staining is restricted to the OS, indicating that
Tulp1 is not involved in the transport of this disc structural protein (Fig. 2B). Rhodopsin
kinase (GRK1) is a G-protein coupled receptor kinase that participates in the inactivation of
rhodopsin through phosphorylation (Smith et al., 1983). It is a peripheral membrane protein
that acquires its membrane association from posttranslational processing in the ER (Inglese
et al., 1992). In the wt and tulp1−/− retina, GRK1 is clearly confined to the OS (Fig. 2C and
D). Also properly localized in the tulp1−/− retina is another peripheral membrane protein,
cGMP phosphodiesterase (PDE6). PDE6 is the central effector enzyme in the activation
phase of the phototransduction cascade (Chabre et al., 1993). Its primary action is to
hydrolyze cGMP to GMP, which causes the closure of cGMP gated ion channels in the OS
(Qin et al., 1992). PDE6 is also solely posttranslationally processed in the ER (Karan et al.,
2008b). Antibodies against the β subunit of PDE6 reveal that this protein is confined to the
OS in the tulp1−/− retina (Fig. 2F), as it is in the wt retina (Fig. 2E). The cGMP-gated
cation channel (CNG) is an integral membrane protein, and like all other OS integral
membrane proteins, is synthesized in the ER and processed through the Golgi apparatus,
eventually exiting the TGN in packaged vesicles (Lippincott-Schwartz et al., 2000). In the
dark, the channel maintains a standing cation influx and is subsequently closed by light
during the activation phase of vision (Kaupp and Seifert, 2002). CNGB1 is the beta subunit
of the channel and is localized properly to the OS in the tulp1−/− retina (Fig. 2G and H).

3.3. Outer segment proteins that are mislocalized in tulp1−/− retinas
We identified several other OS proteins that are mislocalized in the tulp1−/− retina. The
guanylate cyclases (GCs) convert GTP to cGMP, which is the second messenger in
phototransduction (Gorczyca et al., 1995). Guanylate cyclase activating protein (GCAP)1 is
a peripheral membrane-associated protein that acts to activate the GCs. In the wt retina,
GCAP1 is restricted to the OS (Fig. 2I); however, in the tulp1−/− retina, it is severely
mislocalized. Prominent staining is seen throughout the photoreceptor cell, including the
OS, IS, outer nuclear layer (ONL) and outer plexiform layer (OPL) (Fig. 2J). GCAP2, a
cytosolic protein that also activates the GCs, has a similar staining pattern to GCAP1
(Gorczyca et al., 1995). In the wt retina, it is restricted to the OS (Fig. 2K); while in the
tulp1−/− retina, staining is evident throughout all photoreceptor compartments (Fig. 2L).
GC1 is a transmembrane protein that acts to produce cGMP (Gorczyca et al., 1995). In the
wt retina, GC1 is located exclusively in the OS (Fig. 2M). In the tulp1−/− retina however, it
is localized to both the OS and IS (Fig. 2N). Finally, we investigated blue cone opsin, the
photopigment molecule in blue cones. As previously reported, this protein is mislocalized
throughout the photoreceptor cell in the tulp1−/− retina (Fig. 2P) as compared to the
restricted OS staining seen in the wt retina (Fig. 2O) (Hagstrom et al., 1999).
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3.4. Signaling proteins translocate differentially in response to light in tulp1−/− retinas
Next we analyzed whether photoreceptor proteins that exhibit light-dependent movement
into and out of the OS are affected in the tulp1−/− retina. Transducin and arrestin are two
signal transduction proteins that translocate in response to lighting conditions (McGinnis et
al., 1992; Calvert et al., 2006; Slepak and Hurley, 2008). Transducin is the heterotrimeric G
protein in rod photoreceptors. It is a peripheral membrane-associated protein that activates
PDE6 to hydrolyze cGMP, thereby closing cation channels (Chabre and Deterre, 1989). In
the wt retina, transducin is localized to the OS in the dark (Fig. 3A) and translocates to the
IS, ONL and OPL upon light stimulation (Fig. 3C). In the tulp1−/− retina, transducin
movement appears to occur normally. It is localized to the OS in the dark (Fig. 3B) and the
inner compartments of the cell in the light (Fig. 3D). Arrestin is a cytosolic protein that
binds to phosphorylated rhodopsin, playing an important role in the recovery phase of
phototransduction (Chabre and Deterre, 1989). This protein also translocates with light
stimulation, but in the opposite direction to that of transducin. In the wt retina, arrestin is
localized to the IS, ONL and OPL in darkness (Fig. 3E & Fig. 4A) and redistributes to the
OS in the light (Fig. 3G & Fig. 4C). However, in the tulp1−/− retina, the distribution of
arrestin remains confined to the IS, ONL and OPL in both the dark (Fig. 3F & Fig. 4B) and
light (Fig. 3H & Fig. 4D). Our data indicates that light dependent translocation of arrestin in
the tulp1−/− retina is severely impaired.

3.5. Outer segment protein transport machinery is disrupted in tulp1−/− retinas
Recent studies have clarified the protein complexes that regulate the trafficking of OS
proteins, most notably rhodopsin. These include Rab6, Rab8, Rab11, ADP-ribosylation
factor 4 (ARF4) and prenyl binding protein delta (PrBP/δ) (Deretic and Papermaster, 1993;
Deretic et al., 1995; Deretic, 1997; Moritz et al., 2001; Deretic, 2006; Zhang et al., 2007;
Karan et al., 2008b; Mazelova et al., 2009). Figure 5 compares the distribution of these
proteins in wt and tulp1−/− retinas. The left column shows the immunoreactivity of the
targeted protein in the wt retina, while the right column presents the immunoreactivity in the
tulp1−/− retina. Rab6 has been implicated in the generation and budding of rhodopsin-laden
vesicles from the TGN (Deretic and Papermaster, 1993; Deretic, 2006). In the wt retina,
Rab6 staining is confined to the IS, immediately adjacent to the outer limiting membrane
near the location of the TGN (Fig. 5A). In the tulp1−/− retina, staining is also present in this
portion of the IS, but punctate signals extend beyond the boundary of the outer limiting
membrane and into the ONL (Fig. 5B; arrowheads indicate mislocalized Rab6 molecules in
the ONL). Rab8 is thought to be important in the docking and fusion of rhodopsin-bearing
vesicles to the IS plasma membrane, in close proximity to the CC (Deretic et al., 1995;
Moritz et al., 2001; Deretic, 2006). In the wt retina, the staining of Rab8 is robust in the
ellipsoid region of the IS and extends toward the CC (Fig. 5C). In striking contrast, Rab8
immunoreactivity is absent from the IS adjacent to the CC in the tulp1−/− retina, but is
present adjacent to the ONL, in the myoid region of the IS (Fig. 5D; arrowheads indicate
mislocalized Rab8 molecules to the ONL). In conjunction with Rab6, Rab11 functions in the
sorting and budding of vesicles from the TGN (Deretic et al., 1996; Deretic, 2006). In the wt
retina, Rab11 is primarily located in the ellipsoid region of the IS in close proximity to the
CC (Fig. 5E). In the tulp1−/− retina, however, it is mislocalized and clustered near the
myoid region and extends into the ONL (Fig. 5F; arrowheads indicate mislocalized Rab11
molecules to the ONL).

We also investigated the localization of a transport protein of peripheral membrane-
associated proteins, PrBP/δ. Unlike integral membrane proteins such as rhodopsin, the
peripheral membrane-associated proteins are posttranslationally processed solely in the ER
and include PDE6, GRK1, transducin and GCAP1 (Karan et al., 2008b). PrBP/δ is thought
to participate in the removal of prenylated proteins from the ER, a necessary step prior to
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transportation (Norton et al., 2005). In wt and tulp1−/− retinas, PrBP/δ has a similar
distribution, with the most robust staining in the IS and ONL (Figs. 5G and H).

3.6. Inner segment organelles are distributed normally in tulp1−/− retinas
To examine whether there are abnormalities in the distribution and morphology of the IS
organelles responsible for post-translational modification of proteins prior to OS transport,
we evaluated the ER, Golgi and mitochondria by immunofluorescence (Fig. 6). The ER is
the initial site of protein modification, and with certain OS-resident proteins, is the sole
organelle through which they are modified before being transported. This group of OS
proteins includes the peripheral membrane-associated proteins such as PDE6, GRK1,
transducin and GCAP1 (Karan et al., 2008b). To label the ER, we stained retinal sections
with antibodies against calreticulin, an ER chaperone that ensures proper folding of newly
synthesized proteins (Smith and Koch, 1989). The ER is normally located in the IS and cell
bodies of the ONL. In both the wt (Fig. 6A) and tulp1−/− retinas (Fig. 6B), calreticulin
localization was strongest in the IS but extended throughout the ONL. To visualize the Golgi
apparatus, we utilized an antibody against golgi matrix protein 130 kd (GM130), a member
of the Golgi protein family that is localized to the cis-Golgi complex of the IS. All of the
integral membrane proteins (GC1, ROM1, cone opsins, rhodopsin) are processed through
the Golgi and transported in vesicles derived from the TGN (Karan et al., 2008b). In the wt
retina (Fig. 6C), GM130 labeling was strongly observed in the myoid region of the IS, in
close proximity to the ER. The tulp1−/− retina exhibits a similar appearance, indicating that
the Golgi network is not disrupted in Tulp1’s absence (Fig. 6D). Finally, we investigated the
mitochondria located in the IS. These organelles are critical in meeting the heavy energy
demands of the active transport of vesicles in the IS. In the wt retina, immunoreactivity of an
antibody against the cytochrome c oxidase subunit IV (COXIV), an enzyme localized to the
inner mitochondrial membrane, is observed in the apical IS (Fig. 6E). In the tulp1−/− retina,
the staining pattern is similar to wt (Fig. 6F).

4. Discussion
Mouse models in which OSs form, but OS-resident proteins fail to reach their destination
have provided critical information regarding the existence of distinct OS trafficking
pathways in the photoreceptor cell (Marszalek et al., 2000; Lee et al., 2006; Baehr et al.,
2007; Baehr and Palczewski, 2007; Zhang et al., 2007; Avasthi et al., 2009). While recent
work has provided information on the trafficking of rhodopsin, little is known about the
targeting and transport of other OS-resident proteins. Questions remain regarding how these
proteins are sorted into carrier vesicles, which proteins aid in vesicular docking and fusing
with the IS plasma membrane and which motor proteins transport the proteins through the
CC. Further obscuring the understanding of OS protein transport are conflicting data
regarding which OS proteins co-transport in vesicles (Marszalek et al., 2000; Karan et al.,
2008a; Karan et al., 2008b; Avasthi et al., 2009). Thus, the analysis of additional mouse
models that exhibit differential OS protein targeting is critical to help resolve questions and
shed light upon these pathways.

Our previous analysis of tulp1−/− mice has shown that rhodopsin but not peripherin/rds is
severely mislocalized (Hagstrom et al., 1999; Hagstrom et al., 2001; Grossman et al., 2009).
This phenotypic feature makes the tulp1−/− mouse a model in which to study the processes
that underlie the differential trafficking of OS proteins, as compared to other mouse models
in which OSs do not form and thus trafficking is completely disrupted (Sanyal et al., 1980;
Sanyal and Jansen, 1981; Lem et al., 1999; Westfall et al., 2010). In the present study, we
surveyed the localization of several OS-specific proteins in the tulp1−/− retina as compared
to the wt retina to define Tulp1-dependent OS transport pathways. Representative OS
proteins of different functional classes (phototransduction and structural) and different
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membrane affiliations (integral membrane, peripheral membrane-associated and cytosolic)
were analyzed. In addition, we also evaluated several known IS proteins that function as part
of the machinery for OS protein transport in an attempt to pinpoint the defective step.

4.1. Peripheral membrane-associated proteins in tulp1−/− retinas
Our results indicate that the trafficking of several peripheral membrane-associated proteins,
including PDE, GRK1 and transducin, are not affected in tulp1−/− retinas (Figs. 2 and 3).
These proteins are posttranslationally processed solely in the ER and involve protein transfer
to vesicular carriers (Inglese et al., 1992; Qin et al., 1992; Karan et al., 2008b). The transfer
of these proteins between membranes is mediated by cytosolic prenyl binding proteins. In
the retina, PrBP/δ is a prenyl binding protein known to interact in vitro with the prenyl
chains of GRK1 and PDE (Li and Baehr, 1998; Zhang et al., 2004). In a mouse model
lacking PrBP/δ, GRK1 as well as cone PDE fail to be transported to the OS (Zhang et al.,
2007). Given our results that several peripheral membrane-associated proteins are not
mislocalized, it was not surprising that PrBP/δ was correctly distributed to the IS and ONL
in tulp1−/− retinas (Fig. 5H). These results indicate that Tulp1 does not have a direct role in
peripheral membrane-associated protein transport. However, GCAP1 is a peripheral
membrane-associated protein that is mislocalized in the tulp1−/− retina (Fig. 2J), but this
mislocalization may be due to a secondary effect. It has been postulated that non-
transmembrane proteins are transported in vesicles with their integral membrane protein
partners (Karan et al., 2008b). Thus, the mislocalization of GCAP1 may be the result of
traveling in vesicles with its integral membrane binding partner, GC1. This hypothesis is
supported by our current results showing that GC1 is mislocalized to the IS in Tulp1’s
absence (Fig. 2N). In addition, the cytosolic protein GCAP2 was also mistrafficked in
Tulp1’s absence (Fig. 2L). Based on the analysis of several mouse mutant phenotypes, it has
been proposed that GCAP1, GCAP2, GC1 and GC2 are co-transported, and that their
transport is independent of the rhodopsin trafficking system (Baehr et al., 2007; Karan et al.,
2008b). Unfortunately, we were not able to obtain a reliable GC2 antibody for localization
in the tulp1−/− retina.

4.2. Integral membrane proteins in tulp1−/− retinas
Integral membrane proteins are posttranslationally processed in the Golgi and bud from
vesicles derived from the TGN surface. Although two OS-specific integral membrane
proteins, rhodopsin and GC1, are mistargeted in Tulp1’s absence (Figs. 1F and 2N), there
are other OS integral membrane proteins that are able to localize properly without Tulp1,
specifically peripherin/rds, ROM1 and CNGB1 (Figs. 1G, 2B and 2H). Therefore, Tulp1
appears to be involved in the transport of integral membrane proteins, and the proteins that
co-transport with them, specifically, the rhodopsin and GC transport pathways (Fig. 7).
Curiously, the localization of GC1 in the tulp1−/− retina did not follow the pattern of the
other mistargeted proteins which appeared to be uniformly mislocalized throughout the
photoreceptor cell. Instead, the mislocalization of GC1 was confined to the IS (Fig. 2N). It is
possible that in the tulp1−/− retina, GC1 remains associated with transport vesicles that
become bottle-necked in the IS.

4.3. Signaling proteins in tulp1−/− retinas
The lack of arrestin localization in the tulp1−/− photoreceptor OS in response to light may
be attributed to the disruption of the transport carrier vesicles in which rhodopsin and
arrestin co-transport. This idea was proposed in a conditional KO of the Kif3a subunit of the
motor protein Kinesin-II, in which both rhodopsin and arrestin were mislocalized
(Marszalek et al., 2000; Mendez et al., 2003). Underlying this, there is evidence that the
translocation of arrestin to the OS is energy-dependent and requires an intact cytoskeleton
(McGinnis et al., 2002; Reidel et al., 2008; Orisme et al., 2010). In light of this, it is not
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surprising that arrestin’s translocation is disrupted, given that rhodopsin is no longer
confined to the OS in tulp1−/− mice. However, there is also evidence to suggest that arrestin
does not co-transport with rhodopsin in post-Golgi vesicles but instead translocates by
diffusion (Nair et al., 2005; Slepak and Hurley, 2008). In this scenario, the light-driven
compartmentalization of arrestin is attributed to the temporary trapping of molecules by
binding “sinks” in the IS and OS, and the affinity of either sink is modulated by the presence
or absence of light (Slepak and Hurley, 2008). The OS sink would be activated rhodopsin,
while the IS sink would likely be microtubules (Slepak and Hurley, 2008). In support of this,
it has been shown that arrestin and microtubules interact more substantially in the dark. In
addition, mutations in arrestin that enhance binding to microtubules decrease its ability to
translocate to the OS (Nair et al., 2005). Interestingly, we have identified two proteins
involved in the polymerization and stabilization of microtubules, microtubule associated
protein 1B and tubulin, as potential Tulp1 binding partners (Xi et al., 2003). Without Tulp1,
arrestin may bind more efficiently with the microtubules thereby inhibiting arrestin’s ability
to diffuse and bind with rhodopsin in the OS. A separate possibility for the lack of arrestin in
the OS is that the diminished amount of rhodopsin present in the tulp1−/− OS is not in the
active form, which has been suggested to be necessary for the translocation of arrestin to the
OS (Mendez et al., 2003).

4.4. Rhodopsin transport machinery in tulp1−/− retinas
In tulp1−/− photoreceptors, the small GTPase Rab8 staining is no longer present in the
ellipsoid region of the IS in close proximity to the CC. Instead, it is clustered in the myoid
region of the IS close to the ONL (Fig. 5D). This shift in sub-compartmental localization
may indicate that Rab8 is unable to interact with cargo thereby preventing the vesicles from
docking and fusing with the plasma membrane. Moreover, mutations in Rab8 induce an
accumulation of rhodopsin-laden vesicles by inhibiting vesicular fusion, resulting in retinal
degeneration (Moritz et al., 2001; Deretic, 2006). Interestingly, we have identified rab
geranyl geranyl transferase as a potential Tulp1 interacting protein (Xi et al., 2003). Rab
geranyl geranyl transferase is a prenyl transferase that transfers two geranylgeranyl groups
to the C-terminal of Rab proteins, reducing their solubility and allowing them to become
anchored to the plasma membrane near the CC. It is possible that if rab geranyl geranyl
transferase is negatively affected in Tulp1’s absence, Rab8 is unable to associate with the
plasma membrane. Furthermore, phosphatidylinositol-4,5-bisphosphate, actin and moesin, in
concert with Rab8, appear to be required for actin cytoskeleton remodeling associated with
vesicle fusion (Deretic et al., 1995; Deretic et al., 2004; Deretic, 2006). The association
between Tulp1, phosphatidylinositols, actin and microtubules (Xi et al., 2003; Xi et al.,
2005), together with the displacement of Rab8 in Tulp1’s absence, makes it tempting to
assign a role for Tulp1 in vesicle fusion with the plasma membrane at the base of the CC.

The other two Rab proteins investigated in this study, Rab6 and Rab11, have been
implicated in the generation and budding of vesicles from the TGN (Deretic and
Papermaster, 1993; Deretic et al., 1996; Deretic, 1997; Deretic, 2006). Although there is
some displacement of Rab6 in the tulp1−/− retina (Fig. 5B), Rab11 staining is dramatically
affected (Fig. 5F). In the wt photoreceptor, Rab11 staining extends throughout the IS but
appears most concentrated adjacent to the CC (Fig. 5E). In the tulp1−/− photoreceptor,
Rab11 is severely mislocalized, similar to Rab8. This pattern makes sense given that Rab11
remains attached to the vesicles after budding from the TGN (Deretic, 2006). Therefore, the
alteration in Rab11 staining may be indicative of a transport deficiency, rather than a defect
in vesicle generation at the TGN.
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4.5. The Tulp1 mouse model adds to our understanding of photoreceptor OS transport
pathways

A transport model of membrane associated phototransduction proteins was put forth based
on the analysis of data generated largely in PrBP/δ knockout (KO) mice (Zhang et al., 2007),
GC1 KO mice (Coleman et al., 2004) and GC1/GC2 double KO mice (Baehr et al., 2007;
Karan et al., 2008a). While it was proposed that the subunits of PDE co-transport in carriers
with GC1 and GC2, our results indicate that PDE6-β is able to be targeted exclusively to the
OS while GC1 is not. Additionally, it was proposed that GRK1 and transducin are co-
transported in rhodopsin transport carriers. In the tulp1−/− retina, although rhodopsin
carriers are severely mistrafficked, GRK1 and transducin localize normally. These
differences may indicate that PDE, GRK1, and transducin, are endogenous cargo of another
yet-unidentified carrier type, or in Tulp1’s absence, they are sorted into alternative carrier
vesicles. These discrepancies may also arise from the comparison between mutant mouse
lines in which OS proteins are affected differently, i.e., mislocalized vs. downregulated. In
GC1 KO mice, GCAP1 protein levels are reduced (Coleman et al., 2004). In GC1/GC2
double KO mice, GCAP1, GCAP2 and rod PDE6 subunits are also posttranslationally
downregulated (Baehr et al., 2007). It was proposed that in the absence of GC-bearing
vesicles, PDE6 and GCAPs are not transported but degraded, suggesting a role for the GCs
in protein trafficking (Baehr et al., 2007; Karan et al., 2008b; Karan et al., 2010). In tulp1−/
− mice, GCAP1 and GCAP2 do not appear to be downregulated but are mislocalized. In
addition, PDE6-β is unaffected. It is possible that in the absence of an integral membrane
protein, its binding partners are not extracted from the membranes of the synthetic
machinery and are eventually degraded. This is the case in the GC1 KO retina. In contrast,
the misrouting of an integral membrane protein may result in the mislocalization of its
binding partners in the tulp1−/− retina.

5. Conclusion
These new findings indicate that Tulp1 is essential for normal photoreceptor function by
participating in the polarized transport of a subset of OS phototransduction proteins in post-
Golgi vesicles. Our data suggest that both the rhodopsin and GC carrier pathways are Tulp1-
dependent, while alternative pathways are not. A graphical model of disrupted protein
transport pathways are shown in Figure 7. Our present work adds to the limited
understanding regarding the transport of peripheral membrane proteins, suggesting that
GRK1 and transducin are not endogenous cargo of the rhodopsin carrier pathway and that
PDE is not co-transported in the GC carrier vesicles. A phenotypic analysis of individual
carrier types, where the cargo constituents can be directly identified, will be critical in
defining these OS transport pathways. Finally, the displacement of Rab8 and Rab11 may
denote a role for Tulp1 in vesicular docking and fusion at the plasma membrane of the
rhodopsin transport pathway, although future studies are required to investigate this
relationship.
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• We surveyed localization of outer segment proteins in tulp1−/− mice.

• Tulp1 is required in the rhodopsin and guanylate cyclase transport pathways.

• Rhodopsin kinase and transducin are not cargo of the rhodopsin carrier pathway.

• Phosphodiesterase is not co-transported in the guanylate cyclase carrier
pathway.

• Disruption of Rab8 and 11 may denote a vesicle docking and fusion role for
Tulp1.
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Figure 1.
Tulp1−/− mice form OSs but exhibit defects in OS protein transport. A–D: wt retina at P16.
E–H: tulp1−/− retina at P16. Differential interference contrast (DIC) images reveal that the
wt retina (A) and the tulp1−/− retina (E) form OSs. Immunofluorescent staining indicates
that rhodopsin, normally localized exclusively to the OS (B), is distributed throughout the
OS, IS, ONL and photoreceptor synapses of the OPL in the tulp1−/− retina (F). In the wt
retina, peripherin/rds is a structural protein that is also confined to the OS (C), but unlike
rhodopsin, is localized normally in the tulp1−/− retina (G). The far right column shows a
merge of the channels in wt (D) and tulp1−/− (H) retinal sections. Nuclei are labeled with
DAPI (blue). Scale bars = 20μm.
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Figure 2.
Differential trafficking of OS resident proteins in the tulp1−/− retina. Immunofluorescent
images of proteins (white) and nuclei (DAPI; blue) compare the compartmental localization
of OS proteins in wt and tulp1−/− retinal sections at P16. Panels in the second and fourth
columns show a split screen view. On the right half, the protein of interest and nuclei are co-
labeled, while the left half displays only the immunofluorescent signal of the targeted
protein. A–H: OS proteins localized normally in wt and tulp1−/− retinas. We identified
several OS resident proteins that retain their normal localization in the tulp1−/− retina.
These proteins include: ROM1 (B), GRK1 (D), PDE6 (F) and CNGB1 (H). I–P: OS proteins
mislocalized in tulp1−/− retinas. In addition to rhodopsin (Fig. 1F), four additional OS-
resident proteins are mislocalized to other photoreceptor compartments in the tulp1−/−
retina. Although staining of GCAP1 (J) and 2 (L), GC1 (N) and blue cone opsin (P) is still
apparent in the OS, arrowheads highlight the mislocalization to other cellular compartments.
Scale bars = 20μm.
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Figure 3.
Light-induced translocation of arrestin but not transducin is severely impaired in P16
tulp1−/− retinas. A–D: Immunostaining for transducin in wt and tulp1−/− retinas.
Immunolocalization reveals that in the wt retina, transducin is localized to the OS in the dark
(A) and translocates to the IS, ONL and synapses of the OPL upon light stimulation (C).
(B&D) A similar translocation pattern is seen in the tulp1−/− retina. E–H: Immunostaining
for arrestin in P16 wt and tulp1−/− retinas. In contrast to transducin, arrestin is localized in
the wt retina to the IS, ONL and OPL in the dark (E), and translocates to the OS after
exposure to bright light (G). In the dark, arrestin is normally localized to the IS, ONL and
OPL in the tulp1−/− retina (F); however, arrestin does not translocate in response to light,
but remains in the IS, ONL and OPL (H). A graphical depiction of transducin and arrestin
localizations (red) in the light and dark adapted photoreceptor cell designated by open and
closed boxes is shown in between each corresponding image. Scale bars = 20μm.
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Figure 4.
High resolution images highlight the inability of arrestin to translocate to the OS in response
to light exposure in the P16 tulp1−/− retina. A–D: Double-labeled immunostaining for
arrestin (red) and peripherin/rds (green) in wt and tulp1−/− retinas (DAPI; blue). The right
half of each image shows the fluorescent signal of sections co-labeled with antibodies
against arrestin and peripherin/rds, while the left half displays only the immunofluorescent
signal for arrestin. (A) In the wt retina in the dark, arrestin is localized to the ONL and IS,
but is absent from the OS. Upon light stimulation, arrestin staining is no longer present in
the IS and ONL, but is present in the OS, where it is tightly co-localized with peripherin/rds
(C). (B) In the P16 tulp1−/− retina in the dark, arrestin is present in the ONL and IS, but is
absent from the OS. However, arrestin staining remains localized to the ONL and the IS
after light exposure, and there is no detectable fluorescent signal in the OS compartment
(D). Scale bars = 10μm.
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Figure 5.
OS protein transport machinery is mislocalized in tulp1−/− retinas. A–F:
Immunofluorescent images of three Rab GTPases involved in the transport of rhodopsin. G–
H: Immunofluorescent images of PrBP/δ, a protein implicated in the transport of several
peripheral membrane-associated proteins. (A) In the wt retina, Rab6 is localized to the IS.
(B) In the tulp1−/− retina, although it remains in the IS, arrowheads highlight areas where
Rab6 is mislocalized to the ONL. (C) Rab8 is localized immediately adjacent to the CC in
the wt retina; while in the tulp1−/− retina, it is positioned far from the CC and extends into
the ONL (D). (E) Rab11 follows a similar pattern to that of Rab8. In the wt retina, Rab11 is
primarily located in close proximity to the CC; however, in the tulp1−/− retina, it is
clustered near and throughout the ONL (F). In contrast to the Rab proteins, PrBP/δ staining
appears normal in the tulp1−/− retina. (G) PrBP/δ is localized to the IS and ONL in the wt
retina as well as in the tulp1−/− retina (H). Scale bars = 20μm.
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Figure 6.
IS organelles are normally distributed in tulp1−/− retinas. A,C,E: P16 wt retinas. B,D,F: P16
tulp1−/− retinas. (A) In the wt retina, calreticulin immunofluorescence reveals that the
localization of the ER is confined to the IS and ONL. (B) This pattern is not altered in the
tulp1−/− retina. (C) In the wt retina, as well as in the tulp1−/− retina (D), GM130 staining
shows that the Golgi apparatus is confined to a narrow band in the IS. (E) COXIV staining
indicates IS localization of mitochondria in wt and tulp1−/− retinas (F). Scale bars = 20μm.
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Figure 7.
A graphical model of vesicular-mediated OS protein transport pathways which are affected
in the tulp1−/− retina. This simplified schematic focuses on the normal flow of the
pathways, shown in green dashed lines, and the segment in the pathways that are affected in
the tulp1−/− retina, shown with red Xs. The pathway on the right shows a simplified
depiction of the guanylate cyclase transport system. Peripheral membrane-associated
proteins are posttranslationally processed solely in the ER and extracted for transport with
the help of proteins such as PrBP/δ. In the tulp1−/− photoreceptor, PrBP/δ is correctly
localized along with several peripheral membrane-associated proteins, indicating that Tulp1
is not directly involved in the transport of peripheral membrane-associated proteins.
Although GCAP1 is a mislocalized peripheral membrane-associated protein, its disruption in
the tulp1−/− photoreceptor is proposed to be caused by its co-transport in guanylate cyclase
carriers. The left pathway shows a simplified depiction of rhodopsin transport through the
IS. In the wt IS, rhodopsin molecules are posttranslationally modified in the Golgi
apparatus, and are inserted into carrier vesicles generated from the TGN surface. Rab6 and
Rab11 are involved in the budding of these rhodopsin-laden vesicles. In the tulp1−/−
photoreceptor, Rab11 is mislocalized. The cytosolic protein arrestin may be co-transported
in the rhodopsin transport pathway in the wt photoreceptor; however, it translocates to the
OS in response to light. In the tulp1−/− photoreceptor, arrestin is not localized to the OS
after light exposure. Rab8 is responsible for the docking and fusion of vesicles with the IS
plasma membrane, which is necessary for the subsequent transport of rhodopsin through the
CC to the OS discs. It is mislocalized in the tulp1−/− photoreceptor. Therefore, these data
point to a role for Tulp1 at a step between vesicular budding at the TGN and transport of
specific proteins through the CC.
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