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Abstract
Rod photoreceptors are specialized neurons responsible for capturing photons
and translating visual information into electrical signals. Visual signal transduction in
rods is confined to the unique outer segment organelle, a modified primary cilium
consisting of a stack of hundreds of flattened disc membranes enveloped by a single
plasma membrane. By concentrating important signaling molecules on disc membranes,
the outer segment provides an ideal biochemical environment for the production of
vision with high sensitivity and temporal resolution.
This dissertation focuses primarily on a molecular dissection of two
multifunctional outer segment proteins, R9AP and rhodopsin, and also reassesses the
localization of Glut1, a third protein formerly believed to reside in the outer segment.
All three experimental lines relied on in vivo expression of novel protein constructs in
vertebrate rods using several gene delivery strategies: conventional transgenics, retinal
electroporation, and retinal infection with recombinant adeno-associated virus.
The tail-anchored protein R9AP, in conjunction with RGS9-1 and Gβ5, comprises
the transducin GTPase activating complex, which catalyzes the rate-limiting step in rod
photoresponse recovery. In addition to maximizing the enzymatic activity of the
complex, R9AP is responsible for both the post-translational stability and outer segment
targeting of RGS9-1∙Gβ5. We investigated the mechanism behind R9AP's poorly
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understood function in protecting RGS9-1∙ Gβ5 from proteolysis and found that it is
performed simply by recruiting the complex to cellular membranes and can be entirely
dissociated from R9AP's outer segment targeting function. Furthermore, we
demonstrated that replacement of R9AP's transmembrane domain with a lipid anchor
preserves the ability of the GTPase activating complex to function in outer segments.
Rhodopsin, the visual pigment of rods, has a second important, yet poorly
defined, function as a rod outer segment building block: outer segments disc membranes
fail to form in the absence of rhodopsin. Our goal was to identify the molecular features
of rhodopsin mechanistically involved in outer segment morphogenesis by designing
artificial membrane proteins that could fully substitute for rhodopsin in performing this
function. We observed that rhodopsin's C-terminal VXPX outer segment targeting motif
is unnecessary for outer segment disc formation since it could be replaced with a
targeting motif from an unrelated protein, peripherin. Furthermore, we obtained
surprising evidence that rhodopsin's role in this process is limited to providing an
abundance of transmembrane protein material to disc membranes.
Finally, while attempting to find a targeting motif to substitute for the VXPX
motif of rhodopsin, we made an unexpected observation that the facilitative glucose
transporter Glut1, long thought to reside in the outer segment, is actively excluded from
this organelle. This revises our understanding of the energy flow in rods by showing
that the outer segment is entirely dependent on the inner segment for its energy supply.
v

Contents
Abstract .........................................................................................................................................iv
List of Figures ...............................................................................................................................ix
List of Abbreviations ...................................................................................................................xi
Acknowledgements ...................................................................................................................xiii
1. Introduction and background information ...........................................................................1
1.1 Microanatomy of the rod photoreceptor .......................................................................3
1.2 Visual signal transduction and recovery in the rod outer segment ..........................5
1.3 Morphogenesis and maintenance of the rod outer segment ....................................11
1.4 Targeting of proteins to the rod outer segment .........................................................19
2. Materials and methods ...........................................................................................................35
2.1 Primary antibodies .........................................................................................................35
2.2 Plasmids and constructs ................................................................................................36
2.3 Production of adeno-associated virus (AAV) ............................................................38
2.4 Mouse strains and generation of transgenic lines .....................................................39
2.5 Gene delivery to neonatal mouse retinas ....................................................................41
2.6 Production of transgenic Xenopus tadpoles ................................................................42
2.7 Western blot analysis .....................................................................................................43
2.8 Immunofluorescence analysis ......................................................................................45
2.9 Immunogold analysis ....................................................................................................47
2.10 Electrophysiological analysis ......................................................................................48

vi

3. Isolating the mechanism by which R9AP protects RGS9-1 from proteolysis in rod
photoreceptors .............................................................................................................................51
3.1 Physical interaction between R9AP and RGS9-1 is not sufficient for protection of
the transducin GTPase activating complex in rods .........................................................53
3.2 R7 RGS anchor proteins require membrane attachment in order to protect
RGS9-1 ....................................................................................................................................55
3.3 Lipidation of RGS9-1 obviates the need for protection by R9AP ............................58
3.4 In vivo analysis of the effect of a geranylgeranylated transducin GTPase activating
complex on photoresponse recovery .................................................................................61
3.5 Discussion ........................................................................................................................65
4. Determination of the molecular features of rhodopsin involved in rod outer segment
morphogenesis ............................................................................................................................78
4.1 Objective and hypotheses ..............................................................................................79
4.2 Gene delivery strategy ...................................................................................................82
4.3 Proof-of-principle: rod outer segment rescue by AAV-mediated delivery of
rhodopsin ...............................................................................................................................85
4.4 The final 15 C-terminal residues of rhodopsin can be made dispensable for rod
outer segment morphogenesis ............................................................................................91
4.5 Designing constructs to serve as potential rhodopsin substitutes in supporting
rod outer segment morphogenesis ....................................................................................99
4.6 The structural function of rhodopsin within rod outer segments appears limited
to contributing transmembrane protein material ..........................................................105
4.7 Trouble-shooting ..........................................................................................................109
4.8 Discussion ......................................................................................................................111

vii

5. Facilitative glucose transporter Glut1 is actively excluded from rod outer
segments .....................................................................................................................................126
5.1 Establishing the localization of endogenous Glut1 in the vertebrate retina ........128
5.2 Active exclusion of Glut1 from the rods of transgenic Xenopus tadpoles ...........131
5.3 Discussion ......................................................................................................................133
6. Summary and future directions ..........................................................................................143
References ...................................................................................................................................149
Biography ...................................................................................................................................168

viii

List of Figures
Figure 1.1: Basic anatomy of the vertebrate eye and retina ..................................................26
Figure 1.2: Ultrastructural features of rod photoreceptors ...................................................27
Figure 1.3: Activation and termination of the phototransduction cascade ........................29
Figure 1.4: The transducin GTPase activating complex ........................................................30
Figure 1.5: Morphogenesis and maintenance of the rod outer segment .............................31
Figure 1.6: Competing models of outer segment disc formation .........................................32
Figure 1.7: Topography of the rhodopsin protein ..................................................................33
Figure 1.8: Assembly of the rhodopsin targeting complex ...................................................34
Figure 3.1: Soluble R9AP fails to protect RGS9-1∙Gβ5 ...........................................................70
Figure 3.2: Protection of RGS9-1 by anchor proteins is dependent on membrane
attachment ....................................................................................................................................72
Figure 3.3: Lipidation of RGS9-1 is sufficient for protection from proteolysis but not for
outer segment targeting .............................................................................................................74
Figure 3.4: Characterization of the R9AP-/-ggR9AP transgenic mouse ................................75
Figure 3.5: Assessment of ggR9AP expression levels in transgenic retinas .......................76
Figure 3.6: Overexpression of ggR9AP accelerates photoresponse recovery in transgenic
rods ................................................................................................................................................77
Figure 4.1: Histological analysis of retinas from wild type and rhodopsin knockout
mice..............................................................................................................................................117
Figure 4.2: AAV-mediated delivery of rhodopsin to rods of rhodopsin knockout
mice .............................................................................................................................................118

ix

Figure 4.3: Histological assessment of C-terminally truncated rhodopsin mutants
expressed in rods of rhodopsin knockout mice ....................................................................119
Figure 4.4: Specific targeting of C-terminally truncated rhodopsin rescues outer segment
morphogenesis ..........................................................................................................................120
Figure 4.5: Conceptual framework of outer segment rescue experiments using artificial
constructs ....................................................................................................................................121
Figure 4.6: Assessing the localization of GPCR constructs in wild type rods ..................123
Figure 4.7: Validating single-pass transmembrane and peripheral membrane protein
constructs in wild type rods ....................................................................................................124
Figure 4.8: AAV-mediated delivery of artificial constructs to rods of rhodopsin knockout
mice .............................................................................................................................................125
Figure 5.1: Glut1 immunolocalization in the mammalian retina .......................................137
Figure 5.2: Glut1 immunolocalization in the amphibian retina .........................................138
Figure 5.3: Immunogold analysis of Glut1 in Xenopus retina sections ..............................140
Figure 5.4: GFP-tagged Glut1 is actively excluded from rod outer segments of transgenic
Xenopus tadpoles .......................................................................................................................142

x

List of abbreviations
5-HT1A, serotonin receptor-1A
5-HT6, serotonin receptor 6
AAV, adeno-associated virus
ATP, adenosine triphosphate
cGMP, cyclic guanosine monophosphate
CNG, cyclic nucleotide-gated channel
Gαt, α-subunit of the G protein transducin
Gαo, α-subunit of the G protein Go
GC, guanylate cyclase
GDP, guanosine diphosphate
ggR9AP, a mutant R9AP construct in which the transmembrane domain has been
replaced with a consensus sequence for geranylgeranylation
GPCR, G protein-coupled receptor
GTP, guanosine triphosphate
INL, inner nuclear layer
IPL, inner plexiform layer
IS, inner segment
ME, membrane extension
MV, microvilli
N, nuclear region
ONL, outer nuclear layer

xi

OS, outer segment
OPL, outer plexiform layer
PCDH21, protocadherin-21
PDE, phosphodiesterase
Prom-1, prominin-1
R7BP, RGS7 Binding Protein
R9AP, RGS9 Anchor Protein
R9APΔCT31, a mutant R9AP construct lacking a transmembrane domain
R9AP-/-, mouse line in which R9AP gene has been knocked out
RGS9-1, photoreceptor-specific isoform of the protein Regulator of G protein Signaling-9
Rho-/-, mouse line in which the rhodopsin gene has been knocked out
RhoQ344ter, C-terminally truncated rhodopsin mutant lacking the last 5 amino acids
RhoS334ter, C-terminally truncated rhodopsin mutant lacking the last 15 amino acids
RPE, retinal pigment epithelium
ST, synaptic terminal
TGN, trans-Golgi network
VXPX motif, rhodopsin's outer segment targeting signal (V, valine; P, proline; X, any
amino acid)

xii

Acknowledgements
My experience as an M.D./Ph.D. student in the Medical Scientist Training
Program (MSTP) at Duke University has been a tremendously fulfilling period of my
life, and I am indebted to many people who have contributed to it in innumerable ways.
I would first like to thank my undergraduate mentor at Stanford University, Martha
Cyert, for fostering my early interest in basic science research and for providing me with
a strong foundation that put me in a position to succeed in a highly challenging
environment like the Duke MSTP. I am also exceedingly grateful to Salvatore Pizzo and
Timothy Fields for giving me the opportunity to pursue my training at Duke and to
Christopher Kontos and Dona Chikaraishi for continuing to provide strong leadership to
the MSTP. Additionally, I feel very fortunate to have been the first graduate student to
train in the Albert Eye Research Institute at the Duke Eye Center. Working here has
provided me with countless opportunities to attend scientific and clinical lectures and to
present my work on a number of occasions to a very welcoming community. My
experience at the Eye Center has greatly solidified my commitment to a career in
academic ophthalmology.
I must especially acknowledge Vadim Arshavsky, who has been everything I
could ask for in a Ph.D. mentor and then some. My scientific maturity has benefited
enormously from the freedom he has given me to develop my own projects and to adopt
new techniques, always with the confidence that whenever I faced a roadblock he would
xiii

be readily available to incisively reach the crux of the questions I brought to him. Due to
his substantial influence, I will undoubtedly be able to approach my future research
endeavors with a higher degree of scientific rigor. Dr. Arshavsky has also provided me
with a dynamic laboratory environment in which to train and has been unfailingly
generous in supporting my projects as well as my professional development. He has
offered unbridled enthusiasm for science and genuine friendship that have helped me
sustain my efforts even during the most frustrating moments. In addition to Dr.
Arshavsky, I would like to thank the other members of my dissertation committee: Vann
Bennett, Christopher Kontos, Donald McDonnell, and Vasantha Rao. I am grateful for
their encouragement and guidance over the years and appreciate their efforts to help me
keep my projects on track.
Furthermore, I would like to thank all of the current and former members of the
Arshavsky lab for making the past five years such an enjoyable and worthwhile
experience. There are several individuals whose contributions I especially need to
highlight. I am very grateful to Sheila Baker and Nikolai Skiba for taking the time to
mentor me at the beginning of my graduate career and helping me to troubleshoot the
many problems I encountered, both the conceptually challenging and the mundane. I
am also indebted to Rolf Herrmann for his patient assistance with electrophysiology
experiments and to Mickey Kosloff for always being willing to lend his expertise in
biophysical concepts as I designed new protein constructs. Substantial technical support
xiv

provided by Joanie Winter has played a large role in making this final year graduate
school my most productive by far. Finally, our laboratory manager, Penelope FerryLeeper, has worked tirelessly to make sure that I have always had the necessary
reagents at my disposal and to help me stay on top of many regulatory hurdles; her
efforts are very much appreciated.
I would also like to take the opportunity to acknowledge the contributions of
outside collaborators. The laboratory of William Hauswirth at the University of Florida
lent its considerable expertise in the production and application of recombinant adenoassociated virus in gene delivery to the retina and graciously generated a number of
vectors optimally designed for the particular demands of my project. I especially
appreciate the efforts of Wentao Deng and Jijing Pang to personally instruct me on
subretinal injection techniques during my visit to Gainesville. The laboratory of Marie
Burns at the University of California, Davis, performed single-cell recordings on rods
from our transgenic mouse lines and participated in valuable discussions during the
preparation of the R9AP manuscript. Additionally, I am very grateful to Krishnakumar
Kizhatil, formerly of the laboratory of my committee member Vann Bennett, for
personally training me in retinal electroporation on neonatal mice, a technique which
has proven to be exceedingly important to my doctoral research. I also appreciate the
tireless efforts of Ying Hao at the Duke Eye Center EM core facility to help me prepare
and image a large number of retinal specimens over the years.
xv

Finally, I must thank those closest to me for their continued support during my
graduate years. My friends, particularly my classmates in the MSTP, have been a source
of encouragement, cheer, and diversion throughout. Furthermore, I can never hope to
repay my family for the abundance of love and confidence they have shown to me
throughout my life, asking so little in return. And last, but far from least, I thank my
new wife, Wen-Chi Foo, for being such an incredible source of patience, strength, and
emotional support for me since our first year of medical school. I truly could not have
gotten this far without her, and I look forward not only to a relaxing honeymoon but to
an exciting future as we continue our medical training and embark on our careers
together.

xvi

1. Introduction and background information
The vertebrate eye is often conceptualized as a biological camera; as an
instrument optimized for producing high-quality images of the outside world, the eye
has evolved a number of functionally important anatomic features (Fig 1.1A). The
majority of the eye's surface is covered by the rigid, opaque sclera, which protects the
contents of the eye and ensures that light may only enter the eye by passing through the
pupil, an aperture whose size is adjusted by the iris. As with a camera, it is important
that incoming light is focused before it is detected, and this function is performed by two
refractive tissues in the eye, the cornea and the lens. Because the eye is filled with the
transparent aqueous and vitreous humors, the focused light is transmitted with minimal
obstruction to the posterior of the eye, where it encounters the retina, a photosensitive
neural tissue that functions analogously to a camera's film. The retina lines the posterior
pole of eye, where it forms the innermost of several layers of tissue. Just outside of the
retina is the retinal pigment epithelium (RPE), which contains large pigment granules to
absorb any light passing through the retina, thus preventing backscatter within the
globe. Immediately superficial to the RPE and lying underneath the sclera is the choroid
layer that nourishes portions of the retina with its rich vasculature.
The retina is itself a laminated tissue and consists of three cellular layers, with
the nuclei stratified into the outer nuclear, inner nuclear, and ganglion cell layers (Fig.
1.1B). The outer nuclear layer is composed of nuclei from rod and cone photoreceptors.
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These specialized neurons are the most abundant retinal cell type and are responsible
for absorbing photons and translating this information into electrical signals that can be
communicated to other neurons. The second-order neurons in the relay of visual
information are bipolar cells. From their cell bodies located in the inner nuclear layer,
bipolar cells extend neuronal processes in both directions, allowing them to receive
synaptic inputs from photoreceptors and subsequently to communicate with the thirdorder neurons of the ganglion cell layer. Ganglion cells, in turn, project their axons via
the optic nerve to the central nervous system, where the visual signals produced by the
retina are further processed. The order of the retinal layers is actually somewhat
counter-intuitive, as incoming light must pass through the full thickness of the retina
before being detected by the photoreceptors. It should also be mentioned that while the
predominant cell types just mentioned represent the basic retinal circuitry and serve to
define the three retinal layers, there also exist glial cells and modulatory interneurons
within the retina that play important accessory roles in retinal physiology.
The focus of this dissertation is on the cell biology of rod photoreceptors. In
contrast to cone photoreceptors, which are dedicated to high-resolution color vision,
rods are responsible for highly sensitive detection of light under the dimmest of
illumination conditions (e.g. under starlight). Rods are the dominant photoreceptor
species in most vertebrates (accounting for 95-97% of photoreceptors in human and
mouse retinas (Curcio et al., 1990; Jeon et al., 1998)) and, unlike cones, exist in only one
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form. Consequently, rods have long been the primary model system for investigating
the biochemistry and physiology of visual signal transduction and have a much larger
wealth of literature to draw upon than cones. In the subsequent pages, I will introduce
the microanatomy and physiology of rod photoreceptors; though these concepts are
broadly applicable to all vertebrate photoreceptors, it should be noted that subtle
variations are encountered in cones that explain their different functional properties.

1.1 Microanatomy of the rod photoreceptor
Photoreceptors are highly polarized neurons consisting of discrete subcellular
compartments with important biological functions (Fig. 1.2A). The most apical
compartment, which directly abuts the RPE, is the outer segment. This compartment is
the site of photon absorption and visual signal transduction (also known as
phototransduction), which will be discussed in the subsequent section. The outer
segment is joined to the rest of the photoreceptor cell by a thin connecting cilium only
~250 nm in diameter and of variable length, depending on the species studied (De
Robertis, 1956a). The connecting cilium arises from the second main cellular
compartment, the inner segment. This compartment houses the photoreceptor's
abundant mitochondria and biosynthetic machinery. Directly below the inner segment
are the final two major subcellular compartments: the nuclear region and the synaptic
terminal. Synaptic glutamate release and gap junctions at the synaptic terminal allow
rods to communicate with other nearby neurons.
3

The outer segment is a unique organelle with structural features that are quite
fascinating. It is extremely membrane-rich, with a very low cytoplasmic volume. This is
because the outer segment is composed of a tightly-packed stack of flat membrane discs
(Sjostrand, 1953), surrounded by a single plasma membrane (Fig. 1.2 B,C). In rods, each
of these discs is a discrete self-enclosed membrane body with a lipid bilayer
surrounding an aqueous interior. The discs are flattened to such an extent that the
intradiscal space is a mere 2-4 nm in thickness (Chabre and Cavaggioni, 1975; Nickell et
al., 2007), while the diameter of a disc ranges from ~1.3 µm in mammals (Liang et al.,
2004) to 6-8 µm in amphibians (Bownds and Brodie, 1975). Located at the very edge is
the disc's rim, where the membrane makes a hairpin loop. Here, the intradiscal space is
slightly expanded to 13.5 nm (Corless et al., 1987). Occasionally, the disc rim
invaginates radially from the edge of the disc toward the center, giving the disc a
scalloped or leaf-like appearance when viewed from the top (Fig. 1.2D). These
"incisures" can vary from one per disc in mice to more than 20 in frogs and tend to be
aligned with the incisures of neighboring discs above and below (Robertson, 1965;
Carter-Dawson and LaVail, 1979). The functional significance of disc incisures is not
well understood, though it is likely to facilitate the diffusion of second messengers
across the length of the outer segment (Caruso et al., 2006).
The overall length of rod outer segments also varies by species, reflecting
differences in the number of discs enclosed within each outer segment. For example,
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mouse rod outer segments are just over 20 µm in length and contain a stack of ~800 discs
(Liang et al., 2004), while amphibian rod outer segments are nearly three times as long
and accordingly contain ~2000 discs (Molday, 2004). The disc stacks have a highly
ordered appearance, and freeze-fracture analysis suggests the presence of thin
filamentous structures in the disc rim region that may tether discs to the outer segment
plasma membrane and to each other (Roof and Heuser, 1982). As will be explained in
the next section, the ultrastructural features of the outer segment greatly influence the
physiological properties of rod photoreceptors.

1.2 Visual signal transduction and recovery in the rod outer
segment
The simplest way to view a rod cell is to think of it as a highly sensitive photon
detector. Rods generate electrical signals in response to light exposure through a signal
transduction cascade that is now understood in great detail following decades of
intensive investigation (reviewed in (Burns and Arshavsky, 2005)). The first participant
in visual signal transduction in rods is the visual pigment rhodopsin, by far the most
abundant protein in the outer segment (Papermaster and Dreyer, 1974). Rhodopsin is a
classical seven-transmembrane G protein-coupled receptor (GPCR) conjugated to an 11cis-retinal chromophore through a Schiff base linkage within its transmembrane core
(Palczewski et al., 2000). Absorption of a photon by rhodopsin stimulates isomerization
of the chromophore to all-trans-retinal, which activates rhodopsin by inducing a
conformational change within the protein. Activated rhodopsin functions to stimulate
5

exchange of GDP for GTP on the α-subunit of the heterotrimeric G protein transducin
(Gαt) (Fig. 1.3). Once bound to GTP, Gαt dissociates from its β- and γ-subunits and is
free to interact with its effector, PDE6, a cGMP phosphodiesterase. Binding to Gαt-GTP
releases PDE6 from auto-inhibition, allowing it to hydrolyze cGMP and thereby reduce
the concentration of this second messenger within the outer segment. Changes in outer
segment cGMP levels influence the conductance of the cyclic nucleotide-gated (CNG)
cation channel, which resides on the outer segment's plasma membrane. In the dark,
when cGMP concentrations are high, a fraction of the CNG channels is open; the
resulting influx of sodium and calcium ions into the outer segment (the "dark current")
keeps the resting potential of the rod photoreceptor relatively depolarized. However,
the light-triggered reduction in cGMP leads to channel closure and hyperpolarization of
the rod. Ultimately, light-induced hyperpolarization is communicated to second-order
retinal neurons (bipolar cells) through modulation of synaptic vesicle release by the rod.
In the dark, the depolarized rod cell tonically releases glutamate from its synaptic
terminal; hyperpolarization of the rod in response to photon absorption leads to a
cessation of glutamate release. Counter-intuitively, it is a reduction of synaptic
glutamate that informs the bipolar cell that a rod has detected light.
As already mentioned, rod photoreceptors detect light with exquisite sensitivity.
In fact, a rod cell can produce a stereotypical electrical signal in response to absorption
of a single photon (Baylor et al., 1979). It should be emphasized that this remarkable
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achievement is intimately tied to the architecture of the outer segment and the fact that
the key molecular events of phototransduction take place on the surface of outer
segment membranes. Rhodopsin (an integral membrane protein) and the transducin
heterotrimer and PDE6 (lipidated peripheral membrane proteins) localize
predominantly to the outer segment discs, which constitute 95% of the outer segment's
membrane content (Molday, 2004). The fact that a single photon can be reliably
captured by a rod cell is a direct reflection of the outer segment's microanatomy.
Because the path of incoming light runs along the longitudinal axis of the photoreceptor,
a photon will pass through the entire stack of rhodopsin-laden discs. As a result, the
probability that a single photon passing through the outer segment will eventually be
absorbed by rhodopsin is estimated to be up to 90%, depending on the outer segment
length in a particular species (Pugh and Lamb, 2000).
The single-photon sensitivity of rods is much more than a reflection of the outer
segment's ability to successfully capture photons, however. In order for a single
activated rhodopsin molecule (out of roughly 108 rhodopsin molecules in the outer
segment (Lamb and Pugh, 2006)) to cause a reproducible electrical response by the cell,
there must be enormous signal amplification during the phototransduction cascade.
Amplification occurs at several steps in phototransduction, two of which are directly
impacted by the microanatomy of the outer segment. For example, in the first step of
phototransduction, activated rhodopsin stimulates GDP/GTP exchange on several tens
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of Gαt molecules during its finite lifetime (Leskov et al., 2000). Accordingly, interactions
between rhodopsin and the transducin heterotrimer must occur very rapidly. Outer
segment discs provide an ideal environment for these encounters to take place: diffusion
of rhodopsin and the transducin heterotrimer is restricted to the two-dimensional plane
of the disc membrane, increasing the probability of an interaction. Due to its unusual
lipid content high in polyunsaturated fatty acids and low in cholesterol (Stone et al.,
1979; Fliesler and Schroepfer, 1982), the disc membrane is highly fluid, maximizing the
lateral diffusion rates of the signaling proteins.
Furthermore, the structure of the outer segment also contributes to signal
amplification in phototransduction through the sheer amount of volume taken up by the
discs: by essentially filling the outer segment with lipid, the discs crowd out space that
might otherwise be occupied by cytoplasm. The resulting dearth of cytoplasmic space in
the outer segment means that cGMP hydrolysis by a relatively small number of
activated PDE6 molecules on the discs can quickly and significantly reduce the local
cGMP concentration and thereby alter the conductance of CNG channels (Lamb and
Pugh, 2006). Confinement of the phototransduction cascade to such a structurally
specialized cellular compartment is therefore key to the ability of rods to reliably and
reproducibly signal the presence of very dim light to bipolar cells.
Sensitivity is not the only important characteristic of visual signal transduction,
however. Given that the external environment is highly dynamic, temporal resolution is
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also paramount to the production of useful vision. Therefore, it is crucial that the
phototransduction cascade can be rapidly turned off following cessation of a light
stimulus. Multiple mechanisms exist to quickly return the outer segment to the basal
state that exists in the dark (Fig. 1.3). For instance, activated rhodopsin, which has a
lifetime intrinsically limited by thermal decay, can be even more rapidly inactivated via
phosphorylation by rhodopsin kinase and subsequent binding to arrestin. Once bound
to arrestin, rhodopsin can no longer stimulate GDP/GTP exchange on Gαt. Additionally,
the reduction in calcium concentration within the outer segment due to closure of the
CNG cation channels results in an increase in the rate at which cGMP is synthesized by
guanylate cyclase on disc membranes, thus helping to replenish cGMP and re-open
CNG channels. The most important, rate-limiting step in recovery from the
photoresponse, however, is inactivation of Gαt via GTP hydrolysis, a process that is
relevant to the study presented in Chapter 3 and therefore merits further introduction.
While Gαt has its own intrinsic GTPase activity, it is too slow to allow for vision
with sub-second temporal resolution. Therefore, photoreceptors rely on a transducin
GTPase activating complex (Fig. 1.4) to accelerate the rate of GTP hydrolysis on Gαt by
over an order of magnitude (Baker et al., 2006). The catalytic protein is RGS9-1, a
member of the regulator of G protein signaling (RGS) family. RGS9-1 exists in a
constitutive complex with the long isoform of the G protein β-subunit, Gβ5. For these
proteins to contribute to photoresponse recovery in vivo, however, a third member of the
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GTPase activating complex is required: RGS9 anchoring protein (R9AP). R9AP is a tailanchored integral membrane protein with significant homology to the SNARE proteins
involved in vesicular trafficking. While the presence of R9AP increases the catalytic
activity of RGS9-1· Gβ5 toward Gαt-GTP in vitro (Baker et al., 2006), it also has important
non-catalytic functions. R9AP is the only member of the complex with a means of
membrane attachment; it is therefore responsible for proper localization of the entire
GTPase activating complex to outer segment discs, where it can encounter Gαt-GTP
(Martemyanov et al., 2003). Furthermore, the expression level of all members of the
complex is set by R9AP: rods lacking R9AP also fail to express RGS9-1 and Gβ5 at
appreciable levels (Keresztes et al., 2004), and in order to induce rods to express these
two proteins above wild type levels, it is R9AP that must be overexpressed
transgenically (Krispel et al., 2006). The explanation is that R9AP protects RGS9∙ Gβ5
from proteolytic degradation (Anderson et al., 2007b), and so it is impossible for these
proteins to exist in greater than a 1:1 stoichiometry to R9AP. Our investigation into the
mechanism by which R9AP protects RGS9-1∙ Gβ5 from proteolysis will be detailed in
Chapter 3.
One final point to mention about signaling in the rod outer segment is how
energetically expensive it is. Phototransduction requires a high ATP utilization rate for
phosphorylation of activated rhodopsin and replenishment of GTP and cGMP (Okawa
et al., 2008). This, in turn, places an enormous burden on the cell to obtain glucose, the
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key input for cellular metabolism in rods (Cohen and Noell, 1960). Chapter 5 will
present our surprising observations regarding the subcellular localization of the
facilitative glucose transporter Glut1 in rods and discuss the implications for delivery of
energy-rich substrates to the outer segment.

1.3 Morphogenesis and maintenance of the rod outer segment
As just described, the rod outer segment consists of a highly-ordered stack of
hundreds of membranous discs surrounded by a single plasma membrane. This
complex structure evolved in order to provide the optimal biochemical environment for
the reactions of phototransduction. The regular, monotonous appearance of the rod
outer segment, however, belies the fact that this organelle is not at all static. Rather, the
outer segment is a highly dynamic structure beginning with its initial morphogenesis
and continuing throughout the lifetime of the rod cell.
Outer segment formation is initiated after terminal differentiation of rod
photoreceptors in the developing retina. Rod cell differentiation is not synchronous, but
occurs within a relatively narrow timeframe. In mice, the terminal division or
"birthdate" of rod cells takes place between embryonic day 13 (E13) and postnatal day 10
(P10), with most rods born during a six-day window centered on P0 (Young, 1985;
Cepko et al., 1996). The first step in outer segment morphogenesis, which may be
observed as early as P0 in some newly differentiating rods, is migration of the
centrosome to the apical membrane of the inner segment, where it serves as a basal body
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to support the formation of a non-motile primary cilium (Caley et al., 1972). The rod's
cilium has the same 9+0 microtubule architecture of primary cilia found in most
vertebrate cell types (De Robertis, 1956a), but over the subsequent days it becomes
highly modified, making it morphologically and functionally distinct from cilia in all
other cell types. Transformation of the simple primary cilium into a mature outer
segment is driven by a tremendous accumulation of ciliary membranes over time. At P5
membranous material is observed ballooning from the distal end of the cilium (Obata
and Usukura, 1992), and over the subsequent three days, a disorganized collection of
tubulovesicular membranes builds up within this space (Fig. 1.5A). Flattened
membranes with a resemblance to outer segment discs can be observed in some cells
starting at P8, but they have not yet become organized into a uniform stack (De Robertis,
1956b). By P12-14 disc membranes become properly oriented perpendicular to the
longitudinal axis of the outer segment, though some vesicular structures remain in the
most basal part of the developing outer segments (Obata and Usukura, 1992). The outer
segments continue to elongate by adding discs to the stack until reaching their adult
length of ~23 µm between P19 and P25 (LaVail, 1973).
Though the rod outer segment stops elongating at this point, it is continually
remodeled throughout the life of the cell. The mature outer segment exists in dynamic
equilibrium, with new discs steadily added to the base of the outer segment and the
oldest discs shed from the top and phagocytosed by the overlying RPE. This concept
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was demonstrated in classical pulse-chase experiments, in which radiolabeled protein
was observed to collect in discrete bands that progressively moved from the base to the
tip of the outer segment over a period of days, until ultimately the radioactivity was
detected only in the RPE (Fig. 1.5B; (Young, 1967; Young and Bok, 1969)). In mouse
rods, the outer segment turnover time is 10 days, indicating that roughly 80 new discs
must be formed at the outer segment's base each day (Young, 1967).
While it is clear that new discs are continually generated within the rod outer
segment, the mechanism of disc formation remains elusive and controversial. The
debate is currently centered on two mutually exclusive models. The "open disc"
hypothesis (Steinberg et al., 1980) posits that each new disc is generated from an
evagination of the cilium's plasma membrane underneath the enclosed stack of older
discs (Fig. 1.6A). This would create a narrow sliver of extracellular space between the
ciliary evagination and the overlying outer segment plasma membrane. Eventually, an
elaborate circumferential fusion event forming a rim structure between the two
membranes would fully enclose this space, which would then become the intradiscal
space of the newest disc. This model is supported by electron micrographs showing a
stack of outer segment discs fully surrounded by a plasma membrane and just below it,
a series of disc-like ciliary membrane evaginations protruding into the extracellular
space (Nilsson, 1964; Steinberg et al., 1980). Furthermore, in pulse-chase experiments in
which retinas were treated with membrane-impermeant dyes, thin fluorescent bands
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were observed near the base of the rod outer segments and were displaced apically over
time (Laties et al., 1976; Kaplan et al., 1982). This was observed regardless of whether a
fluorescent dye was used that could react covalently with membranes; conversely cone
outer segments (in which all discs are "open" to the extracellular space) stained along
their entire length with a covalently reactive fluorescent dye but did not stain at all with
a non-reactive dye (due to washout) (Matsumoto and Besharse, 1985). These
experiments demonstrated that there is a small window of time in which the
extracellular milieu can gain entry to and become permanently enclosed within the
intradiscal space of the basal-most rod outer segment discs, consistent with the idea that
newly forming discs are briefly open to the extracellular space.
The competing model of disc formation is the "closed disc" hypothesis (Chuang
et al., 2007), which asserts that even nascent discs are confined within the outer
segment's plasma membrane, such that the intradiscal space is never in continuity with
the extracellular space. In this model, new discs at the base of the outer segment are
generated from the sequential fusion of vesicles, which progressively add membrane to
the growing disc until it has reached the size of the mature discs above (Fig. 1.6B). The
source of the vesicles is proposed to be either from endocytosis of the outer segment
plasma membrane or from post-Golgi vesicles produced in the inner segment; the latter
would require the vesicles to travel to the base of the outer segment through the
connecting cilium. The major evidence supporting this hypothesis consists of a different
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set of electron micrographs demonstrating a continuous plasma membrane surrounding
the entire stack of outer segment discs (even the basal-most discs that have not yet
reached maximal diameter), with some vesiculated membrane structures observable at
the very base of the stack (Obata and Usukura, 1992; Chuang et al., 2007). Furthermore,
the SNARE protein syntaxin-3 and the phosphoinositide-binding and endosomeassociated protein SARA have been detected in the basal regions of mouse rod outer
segments and appear to be required for discs to form normally (Chuang et al., 2007).
Based on these observations, the authors proposed that syntaxin-3 and SARA cooperate
to mediate vesicular fusion essential to the assembly of nascent discs.
Neither model can definitively be ruled in or out based on the existing
experimental data. The body of literature regarding the ultrastructural features of the
base of the outer segment is highly ambiguous due to the exquisite sensitivity of the
histology in this region to the particular tissue preparation protocols employed. This is
why both hypotheses can point to published EM findings for support; one cannot say for
certain which observations are histological artifacts and which truthfully reflect the
process of disc formation. Arriving at an accurate model depends on identifying the full
complement of molecular participants in disc morphogenesis and understanding of how
they function mechanistically in this process.
There are a number of genes that appear to be indispensable to rod outer
segment morphogenesis. While most of them play roles in a multitude of cell types in
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the formation of primary cilia (which is clearly a prerequisite for producing an outer
segment), there are a handful of genes that appear to function specifically in generating
outer segments with normal disc structures. The best understood participant in outer
segment morphogenesis is peripherin (also known as peripherin-2/RDS). Rod cells in
mice homozygous for a null mutation in peripherin undergo successful ciliogenesis but
fail to generate recognizable outer segments, with no evidence of disc formation (Sanyal
and Jansen, 1981; Jansen and Sanyal, 1984). While heterozygous mice do exhibit outer
segment disc formation, they appear as disorganized membrane whorls, rather than as
ordered stacks (Hawkins et al., 1985). A member of the tetraspanin family of membrane
proteins, peripherin is an outer segment protein that localizes to the rims and incisures
of discs (Molday et al., 1987; Travis et al., 1989; Connell et al., 1991). Peripherin exists
either as a core homotetramer or as a heterotetramer with the related protein rom-1
(Goldberg and Molday, 1996; Loewen and Molday, 2000). Peripherin complexes appear
to play two roles in establishing proper outer segment morphology. First, by forming
higher order complexes across the intradiscal space via disulfide bonds, peripherin is
believed to stabilize the hairpin loop along the circumference of each disc (Loewen and
Molday, 2000). Indeed, peripherin by itself has been shown to have an ability to flatten
microsomes under conditions allowing for disulfide bond formation (Wrigley et al.,
2000). Second, by directly interacting with the β-subunit of the CNG channel, peripherin
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is believed to provide a physical means of tethering discs to the outer segment's plasma
membrane (Poetsch et al., 2001).
Two other key players in outer segment morphogenesis are the transmembrane
proteins prominin-1 (Prom1) and protocadherin 21 (PCDH21). Prom1 is a cholesterol
binding protein that localizes to membrane protrusions in a variety of cell types (Corbeil
et al., 2001), while PCDH21 is a member of the cadherin family of cell adhesion
molecules and contains a large ectodomain that is subject to proteolysis in vivo (Rattner
et al., 2004). Immunolabeling studies indicate that these proteins share a unique
localization pattern in that they are both specifically found in newly forming discs in
the base of the outer segment; perhaps lending support to the "open disc" hypothesis,
they appear to prominently label the leading edge of ciliary plasma membrane
evaginations (Maw et al., 2000; Rattner et al., 2001). The two proteins have been shown
to physically interact and to mutually influence the subcellular localization of one other
(Yang et al., 2008). Knockout mouse models have been characterized for both genes, and
in contrast to the peripherin knockout (in which outer segment discs completely fail to
form), the absence of either Prom1 or PCDH21 results highly disorganized disc-like
structures that in some cases appear to be overgrown (Rattner et al., 2001; Zacchigna et
al., 2009). Thus, while not necessary for disc formation per se, it appears that these two
proteins may be involved in regulating disc diameter and in producing an ordered disc

17

stack. However, no firm evidence for a specific mechanism underlying these functions
currently exists.
A fourth essential participant in rod outer segment morphogenesis is the visual
pigment rhodopsin. In rhodopsin knockout mice, rod cells successfully undergo normal
ciliogenesis but never generate mature outer segments (Humphries et al., 1997; Lem et
al., 1999), similar to the phenotype observed in the homozygous peripherin knockout
mouse. At the distal tips of the cilia, disorganized collections of membranous material
accumulate, but recognizable discs are never formed. It is important to note that the
defect in rod outer segment morphogenesis in these mice is entirely unrelated to
rhodopsin's signaling function in phototransduction. For instance, outer segment
formation proceeds normally in mice raised in complete darkness and in mouse models
lacking transducin (Calvert et al., 2000), rhodopsin kinase (Chen et al., 1999), or arrestin
(Xu et al., 1997)-- the proteins known to interact with rhodopsin during initiation and
shutoff of phototransduction. Thus, rhodopsin appears to be a multifunctional protein,
with distinct signaling and morphogenic roles in the outer segment.
While rhodopsin is present on the outer segment plasma membrane (Nir and
Papermaster, 1983), it is particularly abundant in discs, where it is concentrated at 2530,000 molecules per µm2 (Roof and Heuser, 1982; Buzhynskyy et al., 2011). Like
peripherin, rhodopsin is found in discs throughout the entire length of the outer
segment, not just at the base. This suggests that rather than just assisting in the
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formation of new discs (as Prom1 and PCDH21 likely do), rhodopsin may be an
essential building block for discs, keeping them structurally stable over their lifetime
until they are shed from the outer segment's apical tip. Interestingly, peripherin and
rhodopsin exhibit non-overlapping localization patterns within discs, with peripherin
confined to rims and rhodopsin almost exclusively found in the flattened lamellae
(Molday et al., 1987; Buzhynskyy et al., 2011). Rhodopsin is oriented with respect to the
membrane such that its dually glycosylated N-terminal tail extends into the intradiscal
space, while its C-terminal tail is exposed to the cytosol (Fig. 1.7). Despite the fact that
outer segment dysgenesis in the rhodopsin knockout mouse was first observed nearly 15
years ago, the mechanism through which rhodopsin functions structurally in the disc
lamellae remains completely unknown. Chapter 4 will describe our efforts to identify
which molecular features of the rhodopsin protein are responsible for performing this
function.

1.4 Targeting of proteins to the rod outer segment
An important concept related to rod outer segment morphogenesis is how key
structural and signaling proteins are delivered to the outer segment. Consistent with the
high lipid content of the outer segment, most proteins that function in the outer segment
are integral or peripheral membrane proteins. Because these proteins are produced by
biosynthetic machinery located in the rod's inner segment, they depend on vesicular
traffic of the secretory system to reach the outer segment.
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Several outer segment proteins have been shown to possess amino acid
sequences that actively target them to the outer segment. The best-characterized outer
segment targeting motif is that of rhodopsin, which is highly abundant in the outer
segment and virtually absent from other subcellular compartments. Large rhodopsinpositive tubulovesicular structures have been observed near the base of the rod's
connecting cilium on electron microscopy; these are believed to be post-Golgi vesicles
delivering rhodopsin to the outer segment (Besharse and Pfenninger, 1980; Papermaster
et al., 1985). Important insights into how newly-synthesized rhodopsin molecules enter
this trafficking pathway came from the analysis of rhodopsin mutations linked to
autosomal dominant retinitis pigmentosa, which revealed that rhodopsin's C-terminus is
a hotpot for such mutations (Sung et al., 1994). When expressed on a wild type
background, these mutant rhodopsin proteins partially mislocalized outside of the outer
segment in a variety of transgenic animal models (Sung et al., 1994; Li et al., 1996; Li et
al., 1998; Green et al., 2000). These observations collectively suggested that the last five
C-terminal amino acids of rhodopsin are indispensible for proper sorting and/or
trafficking of the protein.
The first clue to how rhodopsin's C-terminus influences targeting of the protein
came from experiments conducted in a retinal cell-free system, which demonstrated that
addition of synthetic rhodopsin C-terminal peptides (but not those lacking the last five
residues, 344-348, or those bearing mutations in valine-345 or proline-347) inhibited the
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transport of newly-synthesized rhodopsin from trans-Golgi to post-Golgi membranes
(Deretic et al., 1998). Further proof that this region of rhodopsin serves as a bona fide
outer segment targeting motif was provided by a set of experiments conducted in the
transgenic Xenopus laevis model system. Expression of membrane-attached C-terminal
rhodopsin fragments revealed that the last eight amino acids are sufficient to confer
exclusive outer segment targeting to reporter molecules (Tam et al., 2000). Comparison
of rhodopsin and cone opsin sequences from a variety of vertebrate species defined the
consensus outer segment targeting motif as a conserved V(I)XPX sequence (V, valine; I,
isoleucine; P, proline; X, any amino acid). From here on, this will be referred to as a
VXPX motif.
Rhodopsin trafficking to the outer segment is thought to consist of several
discrete steps (Deretic, 2006). After synthesis at the ER and passage through the Golgi,
rhodopsin is sorted into post-Golgi carrier vesicles. As mentioned above, this key step is
where the VXPX targeting motif appears to function. Budding of the rhodopsin carrier
vesicles is believed to be promoted by an interaction between the VXPX motif and the
small GTPase Arf4 at the trans-Golgi network (TGN) (Deretic et al., 2005), leading to the
assembly of a protein complex consisting of Arf4, the Arf GTPase accelerating protein
ASAP1, the small GTPase Rab11, and the Arf- and Rab11-effector FIP3 (Fig. 1.8;
(Mazelova et al., 2009)). All components of the complex appear necessary for the
formation of post-Golgi rhodopsin transport carrier vesicles, with the membrane-
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bending BAR domain of ASAP1 perhaps directly stimulating budding from the TGN.
The carrier vesicles then transit to the base of the connecting cilium, likely with the aid
of cytoplasmic dynein, a molecular motor shown to interact with rhodopsin's Cterminus (Tai et al., 1999). The next step in rhodopsin trafficking is docking and fusion
of the carrier vesicles, which must occur at a target membrane somewhere beyond the
diffusional barrier near the connecting cilium that separates the plasma membrane of the
outer segment from that of the rest of the cell (Spencer et al., 1988). Another set of small
GTPases, rac1 and Rab8, have been implicated in this process (Moritz et al., 2001; Deretic
et al., 2004). After the fusion event, rhodopsin must travel through the ciliary membrane
into the outer segment, possibly assisted again by cytoskeletal motors such as myosin
VII (Liu et al., 1999) and/or the kinesin II/intraflagellar transport (IFT) complex
(Marszalek et al., 2000; Pazour et al., 2002). Finally, the vast majority of the rhodopsin
molecules enter newly forming discs, while only a small fraction remains in the outer
segment's plasma membrane. As discussed in the previous section, incorporation of
rhodopsin into discs likely occurs either by accumulating in membrane evaginations at
the base of the outer segment (according to the "open disc hypothesis") or by being taken
up into endocytic vesicles that subsequently fuse to form discs (according to the "closed
disc hypothesis").
Sequence analysis of other outer segment membrane proteins suggests that the
VXPX motif is not very widely utilized for outer segment targeting. Among non-opsin
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outer segment proteins, the only one known to have a functional VXPX motif is
photoreceptor-specific retinol dehydrogenase (prRDH), a peripheral membrane protein
involved in regenerating rhodopsin's 11-cis-retinal chromophore (Luo et al., 2004).
Additionally, there is an indication that the β-subunit of the rod CNG channel may use a
similar targeting motif, as disrupting an internal RVXP sequence impeded the targeting
of this subunit to primary cilia in MDCK cells (Jenkins et al., 2006); however, the RVXP
sequence is poorly conserved across species, and its significance in photoreceptors
remains to be evaluated. No other proteins residing in the outer segment contain a
putative cytosolic VXPX motif.
The only outer segment protein for which there is clear evidence of a targeting
sequence distinct from the VXPX motif is peripherin. A 20-amino acid peptide from the
cytosolic C-terminus of peripherin has been shown to be sufficient to target a reporter
molecule specifically to rod outer segments in transgenic Xenopus tadpoles (Tam et al.,
2004). However, no specific residues within this peptide have yet been defined as
critical for targeting, nor has it been demonstrated that this peptide is required for outer
segment targeting of the full-length peripherin protein. Furthermore, no binding
partners have yet been identified for peripherin's targeting peptide. The sequence of
molecular events required for delivery of peripherin to the outer segment thus remains
completely unknown.
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Our recent work has demonstrated that membrane proteins can be delivered to
the outer segment not only through active mechanisms (via outer segment targeting
motifs), but also passively. We determined that the localization pattern of R9AP, the
anchor protein of the transducin GTPase activating complex, is an example of default
targeting to the outer segment (Baker et al., 2008). While R9AP predominantly localizes
to the rod outer segment, a fraction of the protein can be found in the plasma membrane
of the inner segment and synaptic terminal. By constructing chimeras between R9AP
and the structurally homologous SNARE protein syntaxin-3, which is entirely excluded
from the rod outer segment, we showed that R9AP has no targeting motif specifically
directing it to the outer segment. Rather, its bias toward the outer segment merely
reflects the fact that this organelle is where the majority of the rod's membranes exist.
Because a major portion of post-Golgi vesicular traffic is directed to the outer segment to
support its continual renewal, a newly synthesized membrane protein lacking an
intrinsic targeting signal (like R9AP) will also traffic there in abundance by passively
incorporating into vesicles budding from the TGN. In contrast, we found that syntaxin3 contains targeting information within its SNARE homology domain specifying
exclusion from the outer segment. The notion of passive targeting to the outer segment
was rather surprising, since the relatively simple protein composition of the outer
segment would suggest that it is a privileged destination for membrane proteins.
Apparently, the vast majority of membrane proteins synthesized by the rod encode
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targeting information that is interpreted by the secretory system to specify outer
segment exclusion.
As already mentioned, we decided to follow up our observation that R9AP
delivers the transducin GTPase activating complex to rod outer segments through a
default targeting pathway by exploring the mechanism of R9AP's protection of RGS9-1∙
Gβ5 from proteolytic degradation. We were interested to determine whether delivering
the complex to the outer segment was a key part of the protection mechanism or
whether R9AP's targeting and protective functions are entirely independent and
dissociable. The findings of this investigation are described in Chapter 3.
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Figure 1.1: Basic anatomy of the vertebrate eye and retina. (A) Diagram of the gross
anatomy of the eye, showing the various tissue layers and the path of light from the
cornea to the fovea, a region of the retina specializing in high-acuity vision. (B) Diagram
of the retina's cell layers, highlighting the basic circuitry consisting of photoreceptors,
bipolar cells, and ganglion cells. The overlying RPE directly abuts the photoreceptors.
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Figure 1.2: Ultrastructural features of rod photoreceptors. (A) Diagram of the basic
compartmentalization of the rod cell, which can be divided into the outer segment, inner
segment, nuclear region, and synaptic terminal. The outer segment is connected to the
rest of the cell only by a thin connecting cilium. (B) Electron micrograph of three
neighboring rods, with good visualization of the outer segment/inner segment junction
in each; structures are labeled according to the abbreviations shown in (A). (C) Diagram
of a longitudinal section through a rod outer segment, highlighting the stacked
appearance of the discs and showing the dimensions of the intradiscal space at the
flattened lamellae and at the slightly expanded rim regions. (D) Diagram of an
amphibian outer segment disc as viewed from above. Incisures penetrate radially
toward the center of the disc at irregular intervals. These represent invasions of the rim
structures into the lamellar regions of the disc. Incisures are more rare in mammalian
discs, with only one per disc in rodents.
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Figure 1.3: Activation and termination of the phototransduction cascade. (Top) In the
dark, cGMP levels in the rod outer segment are high due to local production by
guanylate cyclase (GC). This keeps the cyclic nucleotide-gated channel on the plasma
membrane open, allowing an influx of cations and maintaining the rod in a relatively
depolarized state. (Middle) Photon absorption by rhodopsin on disc membranes
activates the phototransduction cascade. Activated rhodopsin (R*) stimulates GDP/GTP
exchange on the α-subunit of transducin (Gα), which then dissociates from its β- and γsubunits and activates phosphodiesterase (PDE) by binding to PDE's inhibitory γsubunit. PDE proceeds to hydrolyze cGMP, leading to closure of the cyclic nucleotidegated channel and hyperpolarization of the rod. (Bottom) The key biochemical steps in
the termination of phototransduction are shown. Rhodopsin is inactivated through
phosphorylation by rhodopsin kinase (RK) and subsequent binding to arrestin (Arr).
Meanwhile, the α-subunit of transducin is inactivated through GTP hydrolysis
promoted by the GTPase activating complex consisting of RGS9, Gβ5, and R9AP.
Consequently, PDE returns to its inactive state, allowing guanylate cyclase to replenish
cGMP levels within the outer segment. This ultimately re-opens the channel, returning
the rod to a depolarized state.
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Figure 1.4: The transducin GTPase activating complex. During phototransduction the
GTP-bound form of the α-subunit of transducin (Gαt) binds to the inhibitory γ-subunit
of PDE, maintaining PDE in a dis-inhibited state until GTP is hydrolyzed on Gαt. The
intrinsically slow GTPase activity of Gαt is accelerated by the transducin GTPase
activating complex. In this complex, Gβ5 and the catalytic RGS9 form an obligate dimer
that is anchored to disc membranes by the transmembrane protein R9AP.
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Figure 1.5: Morphogenesis and maintenance of the rod outer segment. (A) During rod
development, the centrosome forms a basal body (BB) to support the extension of a
primary cilium. Membrane is progressively added to the cilium, eventually leading to
the formation of an organized stack of discs. In mice the structure has matured by P21.
(B) Throughout a rod's lifetime, new discs are continually added to base of the outer
segment and old ones shed from the top. Radiolabled rhodopsin (green) is displaced
apically over time, ultimately ending up in RPE phagosomes after disc shedding.
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Figure 1.6: Competing models of outer segment disc formation. (A) The traditional
"open-disc" model proposes that new discs form as evaginations of the connecting
cilium's (CC) plasma membrane. After these evaginations fully elongate,
circumferential fusion with the overlying outer segment plasma membrane produces
disc rims, and the completely formed disc loses continuity with the plasma membrane.
(B) The "closed-disc" model asserts that newly forming discs are never in continuity with
the plasma membrane. Confined within the outer segment, they form from the
progressive fusion of intracellular vesicles. (Inset) These vesicles may originate from
endocytosis of the outer segment plasma membrane or from the inner segment via the
connecting cilium. Figure modified from (Chuang et al., 2007).
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Figure 1.7: Topography of the rhodopsin protein. As a classical G protein-coupled
receptor, rhodopsin has seven transmembrane domains and N- and C-terminal tails
located on opposite sides of the membrane. Its N-terminus is located within the
intrasdiscal space and is glycosylated on two asparagine residues. Rhodopsin's Cterminal tail is exposed to the cytosol. The tail is anchored to the membrane by two
adjacent cysteines that are palmitoylated. At the very end of the C-terminal tail is
rhodopsin's VXPX outer segment targeting motif.
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Figure 1.8: Assembly of the rhodopsin targeting complex. Once newly-synthesized
rhodopsin has reached the trans-Golgi network (TGN), its VXPX motif is believed to
interact with the small GTPase Arf4. This leads to the assembly of a protein complex also
containing the Arf GAP protein ASAP1, the small GTPase Rab11, and the Arf- and
Rab11-effector FIP3. ASAP1 contains a BAR domain and is thought to mediate budding
of post-Golgi vesicles bound for the outer segment. After budding, all members of the
targeting complex appear to dissociate from the vesicle, with the exception of Rab11,
which may later interact with another set of proteins involved in vesicular fusion at the
base of the connecting cilium.

34

2. Materials and methods
2.1 Primary antibodies
The following primary antibodies were purchased from commercial sources:
goat polyclonal anti-RGS9 (T-19; sc-8143) and mouse monoclonal anti-Na/K/ATPase αsubunit (sc-58628) and anti-c-Myc (9E10; sc-40) antibodies from Santa Cruz
Biotechnology (Santa Cruz, CA); mouse monoclonal anti-FLAG M2 antibody from
Sigma-Aldrich (St. Louis, MO); rabbit polyclonal antibody against Glut1 from Abcam
(Cambridge, MA). The following primary antibodies were kindly provided by other
laboratories: rabbit polyclonal antibody against Gβ5 (William Simonds, National
Institute of Diabetes and Digestive and Kidney Diseases); rabbit polyclonal antibody
against the C-terminus of RGS9-1 (Theodore Wensel, Baylor College of Medicine);
mouse monoclonal antibodies against the N-terminus (4D2) and C-terminus (1D4) of
rhodopsin (Robert Molday, University of British Columbia); mouse monoclonal
antibody R2-15N against the N-terminus of rhodopsin (Ellen Weiss, University of North
Carolina); rabbit polyclonal antibody against peripherin (Gabriel Travis, University of
California, Los Angeles). Rabbit polyclonal antibody against amino acids 144-223 of
mouse R9AP (Keresztes et al., 2003) and sheep polyclonal antibody against rat
phosducin (Sokolov et al., 2004) were produced and purified in house previously.
Polyclonal anti-peptide antibody against Xenopus laevis Glut1 was generated in
rabbits at the Duke University animal facility using the peptide
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CAEELNTFGHADDSQV conjugated to KLH. Polyclonal anti-peptide antibody against
bovine Rom-1 was generated in sheep by Elmira Biologicals (Iowa City, IA) using the
peptide PAPGETPPEEKPPKECLPE conjugated to KLH. Affinity purification of both
antibodies from animal serum was achieved using the same peptides coupled to the
Sulfolink Plus column (Pierce, Rockford, IL), following the manufacturer’s instructions.

2.2 Plasmids and constructs
The pRho vector driving gene expression with the 2.2 kb bovine rhodopsin
promoter was provided by Constance Cepko (Harvard Medical School) via Addgene
(Addgene plasmid 11156). The pXOP vector for driving gene expression with a 1.5 kb
version of the Xenopus opsin promoter was obtained from Barry Knox (SUNY Upstate
Medical University).
DNA constructs kindly provided by other laboratories include the following:
FLAG-tagged R7BP by Kendall Blumer (Washington University); an N-terminally myctagged type II activin receptor by Wylie Vale (Salk Institute); and a GFP-Glut1 fusion
construct by Jeffrey Rathmell (Duke University). cDNA for mouse R9AP (Martemyanov
et al., 2003) and RGS9-1 (Makino et al., 1999) were used as templates for the generation
of mutant constructs by PCR. The 5-HT1A serotonin receptor was amplified from a
human cDNA library provided by Paulo Ferreira (Duke University). The 5-HT6
serotonin receptor was amplified from a mouse brain cDNA library (Stratagene, Cedar
Creek, TX). Other constructs based on retinal genes of mouse origin were generated
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from reverse transcription of mouse retinal mRNA. Total RNA was extracted from
retinal samples using the RNAeasy Protect Mini Kit (QIAGEN, Valencia, CA). mRNA
concentration was determined using the Quant-IT RiboGreen RNA Assay (Invitrogen,
Carlsbad, CA) on a TD-700 Fluorometer (Turner Designs, Sunnyvale, CA). cDNA was
nonspecifically synthesized from 0.5–1 µg of total RNA using Superscript III Reverse
Transcriptase and oligo-(dT)20 primer (Invitrogen) according to the manufacturer's
instructions. The single-stranded cDNA was used as template for amplification of
rhodopsin and peripherin (or fragments of these genes) for inclusion in fusion
constructs.
All novel fusion constructs were produced using overlap extension PCR. The 5HT6-based GPCR construct was generated by replacing the C-terminal tail of 5-HT6
with that of rhodopsin following the mutually-conserved NPXXY motif at the end of the
final transmembrane helix (Tyr-322 of 5-HT6). The activin receptor-based single-pass
transmembrane construct was produced by deleting the codons for Glu-36 through Tyr116 of the type II activin receptor and then fusing the codon for lysine-165 to the last 38
codons of rhodopsin. PCR-based strategies were also used to add the coding sequence
for the FLAG epitope peptide (DYKDDDDK) to the 3' end of RGS9-1; to introduce
premature stop codons into R9AP, R7BP, rhodopsin, and Glut1; and to add lipidation
signals to the 5' or 3' ends of relevant DNA constructs. Specifically, to replace R9AP's
transmembrane domain with a geranylgeranylation signal ("ggR9AP"), a reverse primer
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was designed to introduce codons for the amino acids CCIIL after G206 of R9AP.
Addition of the lipidated peptide from Gαo to RGS9-1 was accomplished by designing a
forward primer to introduce codons for MGCTLSAEERA followed by a linker consisting
of AKLTEER just upstream of the coding sequence for RGS9-1 (McCabe and Berthiaume,
1999). This coding sequence was similarly added upstream to GFP in order to increase
the membrane affinity of the extrinsic membrane protein construct consisting of GFP
fused to rhodopsin's 38-residue C-terminal tail.
DNA constructs for use in electroporation or transgenic Xenopus experiments
were sub-cloned between 5' AgeI and 3' NotI sites into pRho or pXOP, respectively.
Following transformation into chemically competent TOP10 cells (Invitrogen), plasmid
DNA was purified using a Midiprep kit (QIAGEN) and fully sequence-verified by the
Duke University DNA Analysis facility.

2.3 Production of adeno-associated virus (AAV)
AAV vectors were generated by our collaborators at the University of Florida in
the laboratory of William Hauswirth. Standard packaging and purification procedures
were used (Hauswirth et al., 2000). Briefly, self-complementary cassettes of the 500-bp
mouse opsin promoter followed by the DNA constructs of interest were sub-cloned
between the inverted tandem repeats (ITRs) of AAV2 in the plasmid pTR-UF5
(Zolotukhin et al., 1996). To produce recombinant AAV, this plasmid and the helper
plasmid pDG (containing AAV genes rep and cap, as well as adenovirus genes required
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for replication and packaging of AAV (Grimm et al., 1998)) were co-transfected in a 1:1
molar ratio into human 293 cells as calcium phosphate DNA precipitates. Use of pDG
containing the cap gene for AAV8 Y733F ensured that the recombinant AAV would be of
the desired serotype (Petrs-Silva et al., 2009). Two days post-transfection, cells were
harvested and subjected to three freeze-thaw cycles to achieve lysis and release viral
particles into the supernatant. AAV was purified on an iodixanol step gradient,
followed by heparin affinity chromatography, and then was concentrated on BIOMAX
100 K filters (Millipore, Bedford, MA). A quantitative competitive PCR assay was used
to measure the concentration of viral genome copies within the final viral suspension.

2.4 Mouse strains and generation of transgenic lines
Procedures involving mice were performed in accordance with NIH guidelines
and were approved by the Duke University, University of California,Davis, and
University of Florida Institutional Animal Care and Use Committees. The R9AP-/- mouse
line with a targeted deletion of R9AP (Keresztes et al., 2004) and the transgenic mouse
line over-expressing full-length R9AP (Krispel et al., 2006) were generated in house for
use in previous studies. The rhodopsin knockout (Lem et al., 1999), Rho-/-RhoS334ter
(Concepcion et al., 2002), and Rho-/-RhoQ344ter (Concepcion and Chen, 2010) mouse lines
were provided by Janis Lem (Tufts University), John Flannery (University of California,
Berkeley), and Jeannie Chen (University of Southern California), respectively. Wild type
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C57BL/6 and CD-1 mice and Long-Evans rats were obtained from Charles River
(Wilmington, MA).
To generate transgenic mouse lines expressing mutant R9AP constructs, primers
were designed to add 5' SalI and 3' BamHI restriction sites to the ends of the
R9APΔCT31 and ggR9AP sequences. The PCR products were cloned between the
SalI/BamHI restriction sites into a rod-specific expression vector carrying the 4.4kb
mouse rhodopsin promoter and a polyadenylation signal of the mouse protamine gene
(Lem et al., 1991). Linear fragments were excised by digest with KpnI and NotI and
were purified using the Qiagen Gel Extraction kit. The DNA was injected into pronuclei
of mouse embryos from superovulated FVB/NHsd females by the Duke University
Transgenic Mouse Facility. Potential transgenic founders were identified by PCR
analysis of tail DNA. Genotyping of R9APΔCT31 and ggR9AP was performed with the
forward primer 5'-CCTGGAGTTGCGCTGTGGGAGC-3' recognizing the mouse
rhodopsin promoter and the reverse primer 5'-AGCTAAGCTCCGGTCC-3' recognizing
a sequence within R9AP; the PCR product is 300 bp in length. To establish the final
mouse lines, the founders were crossed with R9AP-/- mice. For experiments, mice of the
F3 generation on the R9AP-/- background were used.
To generate transgenic mouse lines carrying the GPCR, single-pass
transmembrane, and RhoS334ter-peripherin fusion constructs, primers were designed to
flank each construct with PmeI restriction sites. PCR products were sub-cloned into a
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plasmid containing a 16 kb fragment of human rhodopsin locus at a PmeI site
introduced into exon 1 of rhodopsin (Joseph and Li, 1996). This eliminated the START
codon of human rhodopsin, ensuring that only the DNA constructs of interest would be
translated from the transgene mRNA. Linear DNA fragments were excised by digest
with SalI and purified as above. Pronuclear injection of B6SJLF1 zygotes and
identification of founders by the Duke University Neurotransgenic Laboratory are
currently ongoing.

2.5 Gene delivery to neonatal mouse retinas
Retinal transfection of neonatal mice was performed as described in (Matsuda
and Cepko, 2004). Briefly, following anesthetization of the mice on ice, the eyelid and
sclera were punctured at the periphery of the eye using a 30-G needle. A blunt-end 32-G
needle on a syringe (Hamilton, Reno, NV) was advanced through the defect until
reaching the subretinal space, at which point 0.3-0.5 µl of concentrated plasmid DNA
was deposited. For fluorescent constructs, plasmid DNA at a concentration of 5 µg/µl
was injected; for unlabeled constructs, 4 µg/µl was injected along with 2 µg/µl of DsRed
or rhodopsin-mCherry in pRho to label transfected rod cells. Immediately following
subretinal injection, a tweezer-type electrode (Harvard Apparatus, Holliston, MA) was
placed over the mouse's head with the positive electrode overlying the injected eye.
Five 80-V pulses of 50 ms duration were applied using an ECM830 square pulse
generator (Harvard Apparatus). The neonates were returned to their dam and allowed
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to develop until harvesting of retinal tissue at postnatal day 21 (P21). At least three
successfully transfected retinas were analyzed for each construct.
AAV-mediated transduction of mouse retinas was achieved by performing
subretinal injections on neonatal mice. The surgical procedure was identical to that
outlined above for retinal transfection, with the exception that the final electroporation
step was omitted. 0.3-0.5 µl volumes of viral suspensions at titers of 1-4 x 1012 viral
genomes/ml were injected. The mice were allowed to develop to adulthood and
analyzed electrophysiologically and/or histologically at P35.

2.6 Production of transgenic Xenopus tadpoles
Adult Xenopus laevis were obtained from Nasco (Fort Atkinson, WI) and
maintained as an in-house colony, as approved by the Duke University Institutional
Animal Care and Use Committee. Xenopus oocytes were collected by priming females
with 200 units of pregnant mare serum gonadotropin (PMSG, Sigma-Aldrich) three to
ten days in advance and administering an injection of 500 units of human chorionic
gonadotropin (HCG, Sigma-Aldrich) the night before. Transgenic tadpoles were
generated using the restriction enzyme-mediated integration method (Kroll and Amaya,
1996; Amaya and Kroll, 1999) modified as described in (Baker et al., 2008). Briefly,
transgene DNA in the pXOP plasmid was linearized with XhoI and purified using the
Qiagen Gel Extraction kit. The DNA was mixed with Xenopus sperm nuclei in the
presence of egg extract and XhoI to promote chromatin decondensation and transgene
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integration. Transgenic sperm nuclei were then micro-injected into freshly laid Xenopus
oocytes de-jellied with 2% cysteine (Sigma-Aldrich) and carefully maintained at 16°C.
The resulting embryos were screened for the presence of GFP fluorescence in the retina
at developmental stage 37-42. Positively-expressing embryos were allowed to develop
until stage 43-54, at which point retinal development had progressed sufficiently for
histological analysis. The retinas from a minimum of five positive transgenic animals
were analyzed for each DNA construct.

2.7 Western blot analysis
Mouse and frog retinas were excised and placed in lysis buffer consisting of PBS
with 0.5% NP-40 and a Complete Mini EDTA-free protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany). Following homogenization with a motorized pestle
and two five-second sonicator pulses, the lysates were clarified at 5000 x g, and protein
concentrations were measured using a Bio-Rad DC protein assay (Bio-Rad Laboratories,
Hercules, CA). Samples were diluted to equal protein concentrations in SDS-PAGE
sample buffer and boiled. Retinal proteins were separated on 4-20% SDS-PAGE gels,
transferred onto PVDF membranes, blocked in Odyssey blocking buffer (Li-Cor, Lincoln,
NE), and blotted with primary antibodies. After incubating with appropriate secondary
antibodies conjugated to AlexaFluor 680 (Invitrogen) or IR800 (Molecular Probes,
Eugene, OR), blots were scanned on an Odyssey imaging system (Li-Cor).
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For quantitative Western blotting of mouse retinal lysates, the rhodopsin content
of a sample from each mouse was measured for normalization. This was accomplished
by extracting retinas from dark-adapted mice under dim red illumination and sonicating
them in deionized water. One aliquot was solubilized in 70 mM n-octylglucoside with
50 mM hydroxylamine (pH 7.4), and the rhodopsin content was determined by
difference spectroscopy at 500 nm before and after a full bleach, using 40,500 M−1 ∙ cm−1
as the extinction coefficient for rhodopsin. Another aliquot of retinal homogenate was
diluted with SDS-PAGE sample buffer to a rhodopsin concentration of 1.0 pmol/µl.
After boiling, wild type and transgenic retinal homogenates were loaded in increasing
concentrations side by side on the same gel. The separated proteins were transferred to
PVDF membrane and blotted for R9AP and RGS9. Band intensities were measured
using the Odyssey software (Li-Cor) and plotted against the rhodopsin content of each
sample. The slope of the resulting linear regression lines was used to compare protein
concentrations between each sample.
To analyze soluble and membrane fractions from mouse retinas, dissected retinal
tissue was placed in de-ionized water with protease inhibitors. After mechanical
homogenization and brief sonication, each sample was centrifuged at 240,000 x g for 30
min in a TLA 120 rotor on a tabletop Optima Max-E ultracentrifuge (Beckman Coulter,
Brea, CA). Afterwards, the supernatant was removed and mixed with SDS-PAGE
sample buffer, representing the soluble fraction. The pellet was re-suspended in de-
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ionized water with 1% Triton X-100 to solubilize membranes, followed by another
centrifugation step as above to pellet insoluble material. The supernatant was removed
and mixed with sample buffer, representing the membrane fraction. After boiling,
proteins were separated on 4-20% SDS-PAGE gels, transferred onto PVDF membranes,
blotted, and imaged as above.

2.8 Immunofluorescence analysis
Posterior eyecups obtained from mouse eyes were prepared for cryosectioning
by fixing in 4% paraformaldehyde in PBS for 15 minutes at room temperature,
undergoing cryoprotection in 30% sucrose for one hour at 4°C, and being embedded in
Tissue-Tek OCT (Sakura Finetek, Torrance, CA) over liquid nitrogen. 12-µm frozen
sections were collected on a Microm HM550 cryostat (Thermo Fisher Scientific,
Waltham, MA). The sections were blocked in 5% goat serum in PBS with 0.1% Triton X100 for one hour, incubated in primary antibody diluted in blocker for 1.5 hours, washed
three times in PBS with 0.1% Triton, and stained for one hour with goat secondary
antibodies conjugated to AlexaFluor 488 or 594 (Invitrogen) and 10 µg/ml Hoechst 33342
(Invitrogen) to label nuclei. After three additional washes, samples were mounted with
Fluoromount (EMS, Hatfield, PA) under glass coverslips. Adult Xenopus eyecups and
whole tadpoles were prepared for cryosectioning as above, with the exception that they
were fixed for one hour in 4% paraformaldehyde in frog ringers (115 mM NaCl, 2 mM
KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.4). In some cases, sections were co45

stained with wheat germ agglutinin (to label outer segments) or phalloidin (to label
filamentous actin) conjugated to AlexaFluor 594 (Invitrogen).
To prepare agarose sections of mouse and rat eyecups, tissue was fixed in 4%
paraformaldehyde in PBS for one hour at room temperature, followed by three washes
in PBS. Eyecups were embedded in 4% agarose (Invitrogen), and 100-150 µm cross
sections through the central retina were collected with a VT1200S vibratome (Leica,
Wetzlar, Germany) in 24-well plates. Floating sections were incubated for 4 hours with
blocking solution (5% goat serum and 0.5% Triton X-100 in PBS), incubated with
primary antibodies in blocking solution overnight at room temperature, washed, stained
with secondary antibodies and Hoechst 3342 for two hours, washed, and mounted as
above.
Mouse retinal flatmounts were prepared by gently detaching the retinas from
posterior eyecups and fixing them for 15 min in 4% paraformaldehyde in PBS. The freefloating retinas were blocked and immunolabeled in eppendorf tubes using the same
staining protocol described above for agarose sections. Several radial incisions were
made at the periphery of the retinas, allowing them to be mounted flat onto glass slides
with the photoreceptor layer immediately under the coverslip.
To collect isolated Xenopus rod outer segments, retinas were peeled from the
eyecups of frogs that had been dark-adapted for two hours to promote retraction of the
RPE. The retinas were vigorously shaken in 4% paraformaldehyde in frog ringer and
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allowed to fix for one hour. The suspension of outer segments was placed on a slide
coated with 0.1 mg/ml concanavalin A (Sigma-Aldrich) and allowed to settle and
adhere. Slides were then prepared for immunofluorescence using an identical staining
protocol as for Xenopus cryosections.
In all cases, histological analysis was performed using a Nikon Eclipse 90i
microscope and a C1 confocal scanner controlled by EZ-C1 v 3.10 software (Nikon,
Tokyo, Japan). Manipulation of images was limited to adjusting the brightness level,
image size, and cropping using either EZ-C1 v 3.10 Viewer or Photoshop (Adobe, San
Jose, CA).

2.9 Immunogold analysis
Mouse or Xenopus eyecups were fixed for three hours at room temperature in 2%
paraformadehyde and 0.5% glutaraldehyde in 0.1M sodium cacodylate (mouse) or frog
ringer (Xenopus). At the Duke Eye Center electron microscopy core facility, the samples
were dehydrated and embedded in LR white (Ted Pella, Redding, CA). 65-nm sections
were stained with primary antibody in the presence of 2% goat serum and 0.1% saponin.
Appropriate secondary antibodies conjugated to 15 nm gold particles (EMS) were then
applied. In control experiments, sections were incubated with a nonspecific IgG control
(Abcam). Transmission electron microscopy was performed with a JEM-1400
instrument (JEOL, Tokyo, Japan).
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For quantification of Glut1 immunogold labeling, ten images at magnifications of
50,000 were taken of the longitudinal and cross sections under both labeling conditions.
The number of gold particles localizing to rod outer segments or RPE microvilli were
counted manually for each image. Gold particle counts were normalized to the total
membrane area for each type of structure, which was measured using MetaMorph
software (version 6.3r, Molecular Devices, Sunnyvale, CA), and 95% confidence intervals
for the mean gold particle labeling densities were constructed using StatView v 5.0.1
software (SAS Institute, Cary, NC).

2.10 Electrophysiological analysis
Electroretinograms (ERGs) were recorded using the Espion E2 system
(Diagnosys, Littleton, MA) according to published protocols (Saszik et al., 2002). Fiveweek-old mice were dark-adapted overnight and prepared for recordings in darkness
using infrared goggles. Mice were anesthetized by intraperitoneal injection of a
ketamine/xylazine mixture (75/10 mg/kg). Pupils were dilated with 1% cyclopentolateHCl, 2.5% phenylephrine (~2.8 mm in diameter). A drop of Gonak solution (Akorn,
Buffalo Grove, IL) was placed on the cornea. Recordings were performed
simultaneously from both eyes with silver loop electrodes supplemented with contact
lenses to keep the eyes immersed in Gonak solution to prevent drying of the eyes. The
reference electrode was a toothless alligator clip wetted with Gonak and attached to the
mouse cheek. ERG responses were evoked by a series of flashes ranging from 0.0001
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cd∙s/m2 to 1000 cd∙s/m2. For dim flashes up to 0.1 cd∙s/m2, responses of 10 trials were
averaged. For 1 cd∙s/m2 flash responses, 3 trials were averaged. For brighter stimuli,
responses to single flashes were recorded without averaging. Intervals between
individual flashes were chosen to ensure that the retina recovered completely from each
flash.
Suction electrode recordings from the outer segments of intact mouse rods were
performed by our collaborators in the laboratory of Marie Burns (University of
California, Davis) as previously described (Gross and Burns, 2010). Briefly, under
infrared light, mice dark-adapted overnight were euthanized and the retinas stored on
ice in oxygenated Leibovitz's L-15 medium (Invitrogen) supplemented with bovine
serum albumin (1 mg/ml) and 10 mM glucose. Recordings were performed in
oxygenated, bicarbonate buffered Locke’s solution supplemented with 10 mM glucose at
35-37 °C. The suction pipette contained HEPES-buffered Locke’s solution, pH 7.4,
connected to a calomel electrode via an agar bridge. An agar bridge also connected the
bath to the opposite calomel half cell.
Brief (10 ms, 500 nm) flashes of calibrated strength were used to elicit electrical
responses, which were amplified (Axopatch 200B; Molecular Devices), filtered at 30 Hz
with an 8-pole Bessel (Frequency Devices, Ottawa, IL), and digitized at 200 Hz using
custom-written acquisition procedures in IgorPro (Wavemetrics, Lake Oswego, OR).
Responses to a large number (>30) of dim flashes were averaged and used to determine
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the mean time to peak and integration time if the peak amplitude was less than 20% of
the maximal response amplitude (dark current). Variance to mean analysis of the dim
flash responses was used to calculate the average single photon response for each cell,
and saturating flash responses were used to calculate the dominant time constant of
recovery as previously described (Krispel et al., 2006; Gross and Burns, 2010).
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3. Isolating the mechanism by which R9AP protects
RGS9-1 from proteolysis in rod photoreceptors
As described in Chapter 1, the rate-limiting step in the recovery of retinal
photoreceptors from a photoresponse is the inactivation of the G protein transducin
through GTP hydrolysis on its α-subunit (Gαt) (Krispel et al., 2006). The slow intrinsic
GTPase activity of Gαt is incompatible with vision of high temporal resolution;
therefore, to speed transducin inactivation, photoreceptors rely on a transducin GTPase
activating complex. This complex consists of three members: RGS9-1, a member of the
R7 family of the regulator of G protein signaling (RGS) proteins; Gβ5, an atypical G
protein β-subunit; and R9AP (RGS9 anchor protein), a transmembrane protein that
tethers the complex to the disc membranes of photoreceptor outer segments. While the
obligate RGS9-1∙Gβ5 dimer suffices to accelerate transducin GTPase activity in vitro, this
activity is potentiated by over ten-fold when RGS9-1∙Gβ5 is bound to R9AP (Baker et al.,
2006). Furthermore, RGS9-1∙Gβ5 depends on the versatile R9AP for two additional
functions in vivo: R9AP is responsible both for setting the expression level of all three
members of the GTPase activating complex (Keresztes et al., 2004; Krispel et al., 2006)
and for targeting the entire complex to photoreceptor outer segments (Martemyanov et
al., 2003).
Understanding the multiple functions of R9AP and determining the extent to
which they are interdependent have been longstanding goals of our laboratory. We
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recently demonstrated that R9AP performs its targeting function through passive
mechanisms. By virtue of its transmembrane domain and the absence of any competing
targeting motifs, R9AP traffics predominantly to the membrane-rich outer segment via
default flow through the photoreceptor's secretory pathway (Baker et al., 2008).
However, the precise mechanism of R9AP's function in determining the expression level
of RGS9-1∙Gβ5 remains incompletely defined. In photoreceptors from R9AP-/- mice,
RGS9-1∙Gβ5 protein levels are undetectable; the observation that mRNA levels for RGS91 and Gβ5 are unaffected in these mice suggests that R9AP is responsible for posttranslational stabilization of these proteins, likely performed through direct proteinprotein interactions (Keresztes et al., 2004). RGS9-1∙Gβ5 binds to R9AP via an interface
formed by Gβ5 and the N-terminal DEP (Disheveled, EGL-10, Pleckstrin) domain and
adjacent R7 homology domain of RGS9-1 (Masuho et al., 2011). Interestingly, an RGS9-1
mutant lacking the DEP domain was found to be stably expressed in rod photoreceptors
despite its inability to bind R9AP (Martemyanov et al., 2003). This observation suggests
that the DEP domain is destabilizing and targets wild type RGS9-1 for rapid proteolysis
unless R9AP is present to provide protection. It was recently reported that an R9AP
homolog, RGS7 binding protein (R7BP), expressed heterologously in rod
photoreceptors, can also protect endogenous RGS9-1∙Gβ5 from degradation, though it
causes the complex to be excluded from outer segments and instead mislocalize to the
plasma membrane of the inner segments and synaptic terminals (Cao et al., 2010). This
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observation demonstrated that protection of RGS9-1∙Gβ5 is distinct from the process of
targeting the GTPase activating complex to outer segments.
With the knowledge that protection of RGS9-1∙Gβ5 can be dissociated from their
proper delivery to the outer segment, we set out to test two plausible mechanisms for
RGS9-1∙Gβ5 protection in rods. One possibility was that binding of R9AP to the DEP
domain might physically mask labile residues of RGS9-1 from the photoreceptor's
proteolytic machinery. A second (though not necessarily mutually exclusive)
mechanism could be that R9AP sequesters RGS9-1∙Gβ5 from proteolytic machinery in
the rod's cytosol by recruiting the complex to cellular membranes. In this study, we
systematically evaluated these putative mechanisms by defining the minimal
requirements for rescuing RGS9-1 expression in R9AP-/- mouse rods. Subsequently, we
exploited one of our R9AP mutant constructs to investigate whether lateral diffusion of
the R9AP∙RGS9-1∙Gβ5 complex in outer segment disc membranes imposes a limit on the
rate of photoresponse recovery in rods.

3.1 Physical interaction between R9AP and RGS9-1 is not
sufficient for protection of the transducin GTPase activating
complex in rods
R9AP exhibits high structural similarity to the SNARE proteins involved in
vesicular fusion (Keresztes et al., 2003; Martemyanov et al., 2003). It consists of an Nterminal trihelical bundle, followed by a fourth helical region known as a SNARE
homology domain, and finally a C-terminal transmembrane domain (Fig. 3.1A). R9AP is
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oriented such that it is membrane-anchored at its tail, with the rest of the protein facing
the cytosol. It has been shown that the interaction between R9AP and RGS9-1 is
mediated by R9AP's trihelical bundle; neither the transmembrane domain nor the
SNARE homology domain are required for this interaction (Hu et al., 2003; Baker et al.,
2006). To test the hypothesis that it is the physical interaction between R9AP and RGS91 rather than membrane recruitment that is responsible for protecting RGS9-1∙Gβ5 from
proteolysis, we generated a transgenic mouse line carrying a mutant R9AP construct
with a deletion of the last 31 amino acids, thereby eliminating its transmembrane
domain (R9APΔCT31; Fig. 3.1A). This construct was predicted to be fully soluble,
because R9AP has no predicted lipid modifications to provide an alternative means of
membrane attachment. The transgene was placed under the transcriptional control of
the 4.4 kb mouse rhodopsin promoter in order to drive expression in rod photoreceptors
(Lem et al., 1991).
After identification of founders, the transgene was crossed onto the R9AP-/background. Western blot analysis of retinal lysates demonstrated expression of the
mutant protein (Fig. 3.1B) which, as expected, ran slightly faster than the full-length
protein expressed in a wild type mouse retina. In contrast to wild type R9AP, which ran
as a triplet due to variable phosphorylation, the mutant protein existed as a single band.
This observation may indicate that the kinase(s) responsible for phosphorylating R9AP
function on the rod's cellular membranes and cannot access R9AP in the cytosolic space.

54

However, despite strong expression of R9APΔCT31, there was no evidence of rescue of
RGS9-1 or of the long isoform of Gβ5 in these retinas (the short isoform of Gβ5 is
expressed in other retinal cell types, and its expression level is not influenced by R9AP).
Immunolabeling of retinal cryosections from these mice supported the above
findings (Fig. 3.1C). While wild type retinas demonstrated prominent outer segment
staining for all three components of the GTPase activating complex, none of them were
detectable in the photoreceptors of R9AP-/- mice. In the transgenic mice expressing only
R9APΔCT31, the mutant construct exhibited a localization pattern characteristic of a
soluble protein, filling the cytosolic space of the rods' inner segments, nuclear regions,
and synaptic terminals, while failing to localize strongly to the membrane-rich outer
segments. Consistent with the Western blot analysis, there were no discernible
differences between the R9AP-/-R9APΔCT31 retinas and the pure R9AP-/- retinas when
retinal sections were immunostained for RGS9-1 or Gβ5. Thus, despite robust
expression of soluble R9AP capable of binding to RGS9-1, protection of RGS9-1∙Gβ5
within rods was not achieved.

3.2 R7 RGS anchor proteins require membrane attachment in
order to protect RGS9-1
To further investigate the mechanism of R9AP's protective function, we decided
to alter our experimental strategy and adopt the method of in vivo electroporation of
mouse retinas (Matsuda and Cepko, 2004). This gene delivery technique has the distinct
advantage over conventional transgenics in allowing efficient analysis of a large number
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of DNA constructs. By transfecting neonatal mouse retinas with plasmid DNA
containing the 2.2 kb bovine rhodopsin promoter, rod-specific expression of DNA
constructs could be achieved, and assessment of the stability and localization of the
constructs could be completed by the time rod cells reached maturity around postnatal
day 21 (P21). To validate this strategy for rescuing RGS9-1 in R9AP-/- rods, we first
performed several proof-of-principle experiments to demonstrate that we could replicate
previous findings. R9AP-/- rods transfected with wild type R9AP produced the
anticipated observations when immunolabled for R9AP and RGS9-1 (Fig. 3.2 A). The
scattered cells that had been successfully transfected exhibited robust expression of
R9AP, which localized predominantly to rod outer segments and, to a lesser extent,
synaptic terminals. Rescued RGS9-1 was also readily observed in the outer segments
transfected cells. Furthermore, when retinas from R9AP-/- mice were transfected with
soluble R9APΔCT31, the mutant protein localized as in the rods of the R9AP-/R9APΔCT31 transgenic mice and again failed to rescue RGS9-1 (Fig. 3.2B).
Having established the validity of this experimental approach, we proceeded to
ask whether the failure of soluble R9AP to rescue RGS9-1 necessarily meant that
physical masking of the DEP domain was an inadequate protection mechanism. To
pursue this question, we turned to R7BP, a membrane anchor protein of high structural
homology to R9AP, with the major exception that its means of membrane attachment is
achieved through palmitoylation rather than via a transmembrane domain. Among
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R7BP's known functions are protection of the long splice isoform of RGS9 (RGS9-2) in
striatal neurons and targeting RGS9-2∙Gβ5 to postsynaptic densities (Anderson et al.,
2007b; Anderson et al., 2007a). R7BP also has the capacity to bind RGS9-1 and was
recently shown to protect RGS9-1∙Gβ5 when heterologously expressed in mouse rods
(Cao et al., 2010). Despite the structural similarities between R7BP and R9AP, they differ
in their mechanism of binding to RGS9: unlike R9AP, R7BP uses not just its trihelical
bundle but also its SNARE homology domain to bind RGS9 (Anderson et al., 2007b). It
therefore seemed plausible that R7BP might mask the labile regions of RGS9 more
effectively than R9AP.
We transfected retinas from R9AP-/- mice with FLAG-tagged versions of either
wild type R7BP or a truncated R7BP mutant lacking the last 16 C-terminal residues
(R7BPΔCT16). This mutation eliminated both the palmitoylation site and a polybasic
region that has been shown to direct palmitoylation-deficient R7BP to nuclei (Drenan et
al., 2006), thereby ensuring that the mutant construct would localize to the rod's cytosol.
As shown in Figure 3.2C, wild type R7BP localized to the plasma membrane of the rods'
inner segment, nuclear, and synaptic compartments, but was entirely excluded from
outer segments. This localization pattern is in complete accordance with that reported
for the transgenic mouse model expressing R7BP in rods (Cao et al., 2010) and is likely to
result from targeting information encoded within R7BP's SNARE homology domain
(Baker et al., 2008). Also in agreement with the findings from the R7BP transgenic mice,
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we observed that RGS9-1 was rescued in transfected rods and co-localized with R7BP in
inner segments. Like soluble R9APΔCT31, the soluble R7BP mutant, R7BPΔCT16,
localized to the cytosol and completely failed to rescue RGS9-1 expression (Fig. 3.2D).
This indicates that despite its different binding mechanism to RGS9, R7BP also requires
membrane attachment in order to protect RGS9-1 in rods.
Finally, we asked whether providing R9APΔCT31 with an alternative means of
associating with membranes would restore the ability to rescue RGS9-1. Addition of a
CAAX box (CIIL) to the C-terminus of R9APΔCT31dictated that it be isoprenylated with
a geranylgeranyl group, thereby providing a mode of membrane attachment distinct
from both wild type R9AP and R7BP. In transfected R9AP-/- rods, this
geranylgeranylated R9AP construct (ggR9AP) had an identical localization pattern to
wild type R9AP (Fig. 3.2E); furthermore, it similarly protected RGS9-1 and delivered it
to outer segments. Thus, it appears that anchor proteins do not protect RGS9-1 simply
through physical masking of labile residues, but must be able to recruit RGS9-1 to the
membrane.

3.3 Lipidation of RGS9-1 obviates the need for protection by
R9AP
While the previous experiments demonstrated that membrane recruitment is
essential to the protection of RGS9-1, it remained unclear whether this mechanism is
sufficient for protection or whether a physical interaction between R9AP and RGS9-1 is
also necessary (i.e. that sequestration of RGS9-1 at the membrane and masking of labile
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residues are both required for protection). Therefore, we proceeded to turn our
attention to RGS9-1 itself, to assess whether the protein could be manipulated so that
binding to an anchor protein would become unnecessary for its stable expression.
To this end, we created a C-terminally FLAG-tagged RGS9-1 construct and
further modified RGS9-1 by adding the first 11 amino acids from the α-subunit of the G
protein Go to its N-terminus. This peptide contains sites for both myristoylation and
palmitoylation and has been shown to be sufficient to attach GFP to membranes in
cultured cells (McCabe and Berthiaume, 1999). We reasoned that bringing the labile
DEP domain at RGS9-1's N-terminus into close proximity to the membrane would most
closely mimic the normal orientation of RGS9-1 when bound to R9AP and would
therefore have the highest probability of protecting the protein from proteolysis. When
lipidated RGS9-1 was transfected into R9AP-/- retinas, the construct was readily detected
by immunohistochemistry in rod cells (Fig. 3.3A). In contrast, RGS9-1-FLAG without
the lipidated Gαo peptide predictably failed to stably express in transfected rods lacking
R9AP (Fig. 3.3B). The lipidated RGS9-1 localized most prominently to the plasma
membrane of rod inner segments, but was also found around the nuclei and in the
synaptic terminals; surprisingly, despite the high membrane content of the rod outer
segment, the lipidated construct was not observed in this compartment. The total
exclusion of lipidated RGS9-1 from the outer segment was most easily appreciated in
rods co-transfected with a rhodopsin-mCherry fusion construct to specifically label this
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compartment (Fig. 3.3C). These data indicate that direct membrane attachment of RGS91 is sufficient to protect it from rapid proteolysis, but not to establish its normal
localization to the outer segment.
The above experiment revealed that lipidated RGS9-1 somehow escapes the
default flow of membrane proteins to the outer segment, implying that there must be a
targeting signal within the construct that specifies outer segment exclusion. This
observation serves to highlight the importance of R9AP's specific function in delivering
RGS9-1∙Gβ5 to the outer segment, where the complex is needed to inactivate transducin.
To further reinforce R9AP's indispensible role in outer segment targeting, we transfected
wild type mouse retinas with either wild type or lipidated RGS9-1-FLAG and assessed
how these constructs localized when R9AP was present in rods. Wild type RGS9-1FLAG localized as expected to outer segments (Fig. 3.3D), and the localization of
lipidated RGS9-1-FLAG was partially altered by the presence of R9AP, with a fraction of
the construct re-directed to outer segments and another sizable fraction continuing to
localize outside of this compartment (Fig. 3.3E). The reason why R9AP was only
partially able to deliver lipidated RGS9-1 to the outer segment is likely that R9AP only
had a short timeframe in which to bind the lipidated construct before it stably attached
to inner segment membranes and became inaccessible for outer segment targeting.
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3.4 In vivo analysis of the effect of a geranylgeranylated
transducin GTPase activating complex on photoresponse
recovery
Having found that R9AP’s roles in the protection and trafficking of RGS9 are
distinct, we took advantage of the tools we had developed to investigate another
function of R9AP as part of the transducin GTPase activating complex. We revisited a
longstanding question regarding the extent to which transducin inactivation through
GTP hydrolysis can determine the rate at which photoreceptors recover from excitation.
Because we have found that ggR9AP retains the capacity to protect and deliver RGS9-1
to rod outer segments, this construct represented an opportunity to test the activity of
the transducin GTPase activating complex when attached to disc membranes only by a
lipid anchor. Peripheral membrane proteins diffuse much faster than transmembrane
proteins, as established in many studies of isoprenylated proteins (e.g. (Niv et al., 1999;
Rotblat et al., 2004)). As a rule, their diffusion coefficients are in the same range as
membrane lipids, ~1-2 µm2/s, whereas the diffusion coefficients of transmembrane
proteins are at least 10 times lower and vary from 0.001 to 0.1 µm2/s (see (Henis, 1993)
for a comprehensive review). Furthermore, the rate of membrane diffusion of lipidanchored proteins has little dependence on protein size because this rate is primarily
influenced by the viscosity of the membrane, which greatly exceeds that of the
cytoplasm (Saffman and Delbruck, 1975). Accordingly, the diffusion rate of RGS9-1∙Gβ5
bound to ggR9AP is predicted to be at least an order of magnitude higher than that of
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RGS9-1∙Gβ5 bound to wild type R9AP. Analysis of mouse rods expressing ggR9AP
would therefore allow us to determine whether faster diffusion of the transducin
GTPase activating complex on disc membranes could increase the transducin GTPase
rate and potentially the rate of photoresponse recovery.
An important property of the photoresponse recovery from excitation is that the
rate of recovery observed over a broad range of light stimulus intensities is determined
by a single, dominant time constant, τD, which reflects the slowest (rate-limiting)
biochemical step in phototransduction cascade inactivation (Pugh, 2006). This constant
is calculated by measuring the slope of the relation between the rod cell's recovery time
and the natural logarithm of the flash intensity (Pepperberg et al., 1992). According to
theory, the rate of photoresponse recovery can be experimentally increased (τD value
decreased) only by speeding the rate-limiting reaction. This conceptual framework was
previously used to show that transducin inactivation (rather than rhodopsin
inactivation) is normally the rate-limiting step in photoresponse recovery:
overexpressing the GTPase activating complex in transgenic rods shortened τD from
~250 ms to ~80 ms, whereas increasing the rate of rhodopsin inactivation by
overexpressing rhodopsin kinase failed to alter τD (Krispel et al., 2006). More recently, a
mouse line overexpressing the GTPase activating complex at even higher levels was
observed to achieve a τD as short as 53 ms (Chen et al., 2010). What remained unknown
was whether this new time constant reflected a newly imposed rate limit determined by
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the lifetime of activated rhodopsin, or whether transducin inactivation still remained
rate-limiting under those conditions. We decided to test whether overexpression of
ggR9AP could further decrease τD by increasing the encounter rate between RGS9-1∙Gβ5
and Gαt∙GTP. We expected this to provide further insight into the extent to which
transducin inactivation through GTP hydrolysis can determine the rate at which
photoreceptors recover from excitation and to further interrogate the upper limit of the
lifetime of activated rhodopsin, a major unsolved question in phototransduction.
Because in vivo electroporation can successfully transfect only a small fraction of
a retina's photoreceptors, and because it is not possible to precisely quantify expression
of a construct within individual transfected cells, we realized it would be necessary to
return to a transgenic mouse model to address this question. Therefore, a transgene was
generated placing the ggR9AP construct under the transcriptional control of the 4.4 kb
mouse rhodopsin promoter (Fig. 3.4A). After identifying founders and crossing the
transgene onto the R9AP-/- background, ggR9AP protein expression was assessed. We
verified that ggR9AP was membrane-attached by fractionating mouse retinas and
demonstrating that, unlike soluble R9APΔCT31, ggR9AP partitioned almost entirely to
the membrane fraction (Fig. 3.4B). As shown in Figure 3.4C and D, ggR9AP was
expressed robustly and successfully rescued expression of RGS9-1∙Gβ5 as assessed by
Western blot and immunolabeling. Additionally, ggR9AP successfully delivered the
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complex to rod outer segments (Fig. 3.4D), consistent with our earlier electroporation
results.
To quantify expression levels of the transducin GTPase activating complex,
quantitative Western blotting comparing wild type and R9AP-/-ggR9AP retinas was
performed. Of the five transgenic lines analyzed, one expressed ggR9AP at such high
levels that retinal degeneration was induced (data not shown). The other four lines
expressed ggR9AP at levels ranging from 2.7- to 8.3-fold higher than R9AP protein
expression in wild type mice (see Fig. 3.5A,B for a representative analysis). RGS9-1 was
also over-expressed in these mice (Fig. 3.5A,C), with levels ranging from 1.7 to 4.9-fold
above wild type. Due to inconsistent measurements between mice of the same line, we
wondered whether the rods from these mice might exhibit mosaicism in their expression
of the transgene (as described in (Martemyanov et al., 2008)). Staining of retinal
flatmounts from R9AP-/-ggR9AP mice for R9AP revealed that this was indeed the case, as
patches of rhodopsin-positive outer segments without R9AP expression were easily
identified (Fig. 3.5D).
Single cell recordings from rods of the four different transgenic lines confirmed
this mosaic expression. For each line, the light responses varied dramatically in the
speed with which the current recovered back to baseline, with τD that ranged from ~40
ms to ~ 10 s (Fig. 3.6). Unlike wild type rods that have a recovery time constant of ~ 250
ms, most R9AP-/-ggR9AP rods had time constants that were considerably shorter,
64

consistent with a higher expression level of the transducin GTPase activating complex
(Krispel et al., 2006). In roughly a third of the rods, the flash responses were
indistiguishable from those of rods completely lacking the GTPase activating complex
(τD ~ 10 s; (Chen et al., 2000; Krispel et al., 2003; Keresztes et al., 2004)). Because of the
high degree of cell-to-cell heterogeneity in ggR9AP expression, it made little sense to
take average τD values among all cells recorded for a given line, so we decided to look at
subpopulations of cells. One mouse line (line 26) had a sizeable subpopulation (~50%)
that clustered with particularly fast τD values. When considering this subpopulation, the
mean τD was 56.5 ± 3 ms (n=11). (The τD mean for all rods analyzed in line 26 was 222 ±
73 ms; n=23). A similar analysis of the "fastest" 50% of cells among conventional R9AP
overexpressors yielded essentially the same τD value of 56.8 ± 2.7 ms (R9AP138 in Fig.
3.6; also see (Chen et al., 2010)). Thus, analysis of the "fast" subpopulations indicates
that overexpression of ggR9AP is capable of greatly shortening photoresponse recovery
compared to wild type rods and of approaching, but not necessarily surpassing, the
speed achieved in mice overexpressing normal R9AP.

3.5 Discussion
In this study, we demonstrated that the stabilization of the RGS9-1 protein in
rods occurs through a simple mechanism of recruitment to cellular membranes. While
this is normally achieved through binding of RGS9-1 to the membrane anchor protein
R9AP, direct membrane attachment of RGS9-1 itself is also sufficient. The N-terminal
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DEP domain of RGS9-1 has been demonstrated to destabilize the protein (Martemyanov
et al., 2003; Anderson et al., 2007a), but even though R9AP and the related R7BP have
both been shown to bind to the DEP domain, this physical interaction is not sufficient to
protect RGS9-1 if the anchor proteins have lost their capacity to associate with
membranes. It is clear that the particular means of membrane attachment does not
define the ability of an anchor protein to protect RGS9-1: palmitoylated R7BP,
transmembrane wild type R9AP, and an artificially geranylgeranylated R9AP mutant
were all capable of performing the protective function.
What might explain the requirement for RGS9-1 to be recruited to the membrane
in order to avoid proteolysis? The N-terminus of RGS9-1 contains six destabilizing
KFERQ-like motifs (Anderson et al., 2007a), short sequences consisting of glutamine next
to a tetrapeptide containing a combination of acidic, basic, and hydrophobic residues
(Dice, 1990). These sequences facilitate binding to the heat shock protein Hsc70, which
targets proteins for lysosomal degradation in a process known as chaperone-mediated
autophagy (CMA; reviewed in (Orenstein and Cuervo, 2010)). Further supporting the
role of CMA in RGS9 proteolysis is the observation that inhibition of lysosomal cysteine
proteases, but not inhibition of the proteasome, decreases the rate of RGS9-2
degradation in brain slices from R7BP knockout mice (Anderson et al., 2007a). It would
appear likely, then, that binding of RGS9-1 to soluble R9AP or R7BP does not
sufficiently mask the KFERQ-like motifs to prevent shuttling to the lysosome. On the
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other hand, the stability of RGS9-1 when associated with membranes would seem to
suggest either that RGS9-1 is completely hidden from Hsc70 at this location or that if
Hsc70 retains the ability to bind RGS9-1, it fails to physically extract it from the
membrane.
It is notable that the RGS9-1 construct anchored to membranes via the
myristoylated and palmitoylated N-terminus of Gαo exhibited a strikingly different
localization pattern than RGS9-1 in wild type rods. Though successfully protected from
proteolysis, the fusion construct was unable to traffic to the rod outer segment, the
compartment where the transducin GTPase activating complex functions. This
observation, in conjunction with the finding that RGS9-1 mislocalizes in R7BPexpressing rods (Cao et al., 2010), illustrates that protection of RGS9-1 can be fully
dissociated from its delivery to the outer segment. By normally employing R9AP to
perform both functions, the rod cell thereby ensures that the vast majority of RGS91∙Gβ5 protected from proteolysis ultimately ends up in the outer segment, where it can
be put to productive use.
Having established that membrane anchorage is the sole mechanism by which
R9AP protects RGS9-1∙Gβ5 from proteolysis, we proceeded to determine how the means
of R9AP's attachment to membranes impacts the activity of the transducin GTPase
activating complex. The R9AP-/-ggR9AP transgenic mouse line was generated for the
purpose of testing whether an isoprenylated version of R9AP could challenge the
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previously reported limit on photoresponse recovery kinetics by increasing the diffusion
rate of the GTPase activating complex. Electrophysiological results, although
complicated by the mosaic pattern of ggR9AP expression, clearly demonstrated that this
construct is capable of forming a functional complex with RGS9-1 and Gβ5 and that
overexpression of this lipid-anchored complex accelerates the rate of photoresponse
recovery beyond the rate observed in wild type rods. The analysis of the “fastest”
subpopulations of rods expressing ggR9AP revealed that the lipid-anchored complex
was capable of reducing τD to a value approximating that achieved when normal R9AP
is overexpressed.
The immediate question this observation raises is why no further acceleration of
response recovery kinetics was produced by ggR9AP. There are three possible
explanations. First, it might be that ggR9AP∙RGS9-1∙Gβ5 expression levels within
individual rods never reached the six-fold overexpression achieved in the fastestrecovering R9AP transgenic mice (Chen et al., 2010), such that even with a higher
diffusion rate the lipid-anchored complex failed to encounter Gαt∙GTP any more rapidly
than the complex slowed by a transmembrane domain. However, this would seem
unlikely, given that one of our transgenic mouse lines (line 9) exhibited a 4.9-fold
overexpression of RGS9-1, despite electrophysiological evidence that roughly a third of
its rods did not express the ggR9AP transgene at all. Second, it could be that transducin
inactivation had been accelerated to the point that its rate was now limited by the actual
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catalysis of GTP hydrolysis on Gαt rather than by the encounter rate between Gαt∙GTP
and the GTPase activating complex. Third, it could be that ggR9AP did indeed allow for
more rapid transducin inactivation in vivo when compared to the normal R9AP
overexpressors but that this effect was masked because the τD of ~55 ms in the fastest
R9AP-/-ggR9AP rods reflected the time constant of rhodopsin inactivation, which had
become rate-limiting in these mice. In either event, our results strongly suggest that the
time constant of ~55 ms represents the full extent to which enhancing transducin
inactivation can speed the rod's recovery from a photoresponse.
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Figure 3.1: Soluble R9AP fails to protect RGS9-1∙Gβ5. (A) Schematic of the structure of
wild type R9AP and a soluble mutant form (R9APΔCT31). R9AP has an N-terminal
trihelical bundle responsible for its interaction with RGS9-1∙Gβ5, a SNARE homology
domain, and a C-terminal transmembrane domain (TM). The transmembrane domain
has been deleted in R9APΔCT31. (B) Western blot analysis of the components of the
GTPase activating complex in retinas from wild type, R9AP-/- and R9AP-/-R9APΔCT31
mice. Equal amounts of retinal lysates (9 µg total protein) were loaded for each sample,
and the blot was probed for the proteins indicated to the left. (C) Immunolabeling of
retinal cryosections from the mouse lines analyzed in (B). Mouse genotype is indicated
to the left of each row, and the labeled proteins are indicated above each column. To the
right, a cartoon of a mouse rod demonstrates the relative positions of the rod subcellular
compartments within the outer retina. Abbreviations: OS, outer segment; IS, inner
segment; N, nuclear region; ST, synaptic terminal. Bar: 10 µm.
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Figure 3.2: Protection of RGS9-1 by anchor proteins is dependent on membrane
attachment. Rods from R9AP-/- retinas were transfected with wild type R9AP (A),
R9APΔCT31 (B), FLAG-tagged wild type R7BP (C), FLAG-tagged R7BPΔCT16 (D), or
ggR9AP (E). In the left panels, the retinas were immunolabled for the particular anchor
protein being expressed (green); in the right panels, the sections were stained for
endogenous RGS9-1 (green) to test for its ability to escape proteolysis. In all cases, the
retinas were co-transfected with DsRed (red) to mark successfully transfected rods.
Abbreviations are as described in Fig. 3.1. Bar: 10 µm.
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Figure 3.3: Lipidation of RGS9-1 is sufficient for protection from proteolysis but not
for outer segment targeting. (A,B) Retinas from R9AP-/- mice were co-transfected with
DsRed (red) and RGS9-1-FLAG (green), either lipidated with an N-terminal peptide
from Gαo (A) or unlipidated (B). (C) Lipidated RGS9-1-FLAG (green) was co-expressed
with rhodopsin fused to mCherry (red) to label outer segments in R9AP-/- rods. (D,E)
Wild type mouse retinas were transfected with either non-lipidated (D) or lipidated (E)
RGS9-1-FLAG in order to assess the localization patterns of the constructs in the
presence of R9AP. Abbreviations are the same as in Fig. 3.1. Bar: 10 µm.
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Figure 3.4: Characterization of the R9AP-/-ggR9AP transgenic mouse. (A) Schematic of
the ggR9AP construct, in which the last 31 C-terminal amino acids have been replaced
with a CAAX box (CCIIL) directing the protein to be geranylgeranylated. (B) Western
blot analysis of soluble and membrane fractions from mouse retinas. Wild type (first
row), R9AP-/-R9APΔCT31 (second row), and R9AP-/-ggR9AP (third row) retinal fractions
were stained for R9AP. Wild type retinal fractions were also stained for phosducin (a
soluble protein, fourth row) and Rom-1 (a transmembrane protein, last row) as controls.
(C) Western blot analyzing the expression of the members of the transducin GTPase
activating complex in a retinal lysate from the R9AP-/-ggR9AP mouse. (D)
Immunohistochemical analysis of R9AP (left), RGS9-1 (middle), and Gβ5 (right)
expression in R9AP-/-ggR9AP retinal cryosections. Abbreviations are the same as in Fig.
3.1. Bar: 10 µm.
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Figure 3.5: Assessment of ggR9AP expression levels in transgenic retinas.
(A) Quantitative Western blot of lysates from wild type and R9AP-/-ggR9AP retinas,
stained for R9AP and RGS9-1. (B,C) Band intensities from (A) were plotted for R9AP (B)
and RGS9-1 (C) against rhodopsin content. Linear regression slopes revealed that the
transgenic mouse (line 26) overexpressed ggR9AP by 8.3-fold and RGS9-1 by 2.6-fold.
(D) R9AP-/-ggR9AP retinal flatmount labeled for R9AP (green) and rhodopsin (red).
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Figure 3.6: Overexpression of ggR9AP accelerates photoresponse recovery in
transgenic rods. Single-cell recordings were taken of rods from R9AP-/-ggR9AP lines 3, 9,
26, and 30, as well as from a transgenic line overexpressing normal R9AP (R9AP138,
which achieved a uniform 4-fold overexpression of RGS9-1) and from wild type mice.
The dominant time constant τD was calculated for each sampled rod and plotted above.
To aid comparison across lines, the mean τD value for all R9AP138 rods (70.2 ms) is
depicted as a dotted line.
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4. Determination of the molecular features of rhodopsin
involved in rod outer segment morphogenesis
In this chapter, we turn our attention to another multifunctional protein in rod
outer segments, rhodopsin. As introduced in Chapter 1, in addition to its thoroughly
defined role as the GPCR initiating phototransduction, rhodopsin has at least one
additional important function: it is an essential building block of the rod outer segment.
Targeted deletion of the mouse rhodopsin gene results in a devastating failure of outer
segment morphogenesis in rod cells (Humphries et al., 1997; Lem et al., 1999). While
ciliogenesis still proceeds in affected rods, ordered stacks of outer segment discs are
never generated; instead, amorphous membranes accumulate at the distal end of the
connecting cilium. Over the subsequent three months, the rod photoreceptors undergo
progressive degeneration, at which point only scattered cone photoreceptors (which
express distinct cone opsin genes) remain. As described in section 1.3, the
morphological phenotype and subsequent degeneration observed in the rhodopsin
knockout mouse retina are not secondary to the absence of rhodopsin signaling; rather,
it appears to be the physical absence of the rhodopsin molecule from the outer segment
that is responsible.
Rhodopsin's structural role in the rod outer segment, though clearly crucial,
remains undefined mechanistically. While rhodopsin is found at very high density in
the flattened membranes of disc lamellae, there are no known interactions between
rhodopsin and other outer segment proteins that would be predicted to contribute to the
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formation and/or maintenance of an organized disc stack. This is in contrast to the
better-understood structural function of the tetraspanin protein peripherin in disc
membranes. As discussed in Chapter 1, peripherin contributes to outer segment
morphogenesis by stabilizing the disc rims and tethering them to the outer segment's
plasma membrane (Loewen and Molday, 2000; Wrigley et al., 2000; Poetsch et al., 2001).
Determining whether rhodopsin plays a similarly specific structural role within disc
membranes would be an important advance in our conceptual understanding of outer
segment morphogenesis.

4.1 Objective and hypotheses
Our objective in this study was to define the specific molecular elements of
rhodopsin that mediate the formation of stable rod outer segment discs. To this end, we
set out to rescue outer segment morphogenesis by expressing protein constructs in the
rods of rhodopsin knockout mice. By identifying proteins that could fully replace
rhodopsin as an outer segment building block and comparing their structures to that of
rhodopsin, we reasoned that we could determine the crucial molecular features of
rhodopsin that underpin its structural function. Successfully dissecting out the essential
molecular features of rhodopsin would represent the necessary first step to approaching
a mechanism behind its structural function in outer segment morphogenesis.
Previously, it was reported that outer segment formation and rod survival in
rhodopsin knockout mice could be at least partially rescued by transgenes expressing
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cone opsins in rod cells (Sakurai et al., 2007; Shi et al., 2007). However, because
rhodopsin and cone opsins are virtually identical from a structural standpoint, these
studies provided little insight into how rhodopsin normally functions as an outer
segment building block. Therefore, we decided to test a variety of non-opsin membrane
proteins that were further away along a spectrum of structural similarity to rhodopsin.
Our experimental strategy was a direct outgrowth of the central hypothesis of
this project: the molecular integrity of rhodopsin is not required for outer segment
morphogenesis. Rather, we proposed that rhodopsin's structural function could be
stripped down to only one or several molecular elements that would be sufficient to
promote outer segment formation in the absence of wild type rhodopsin. Each feature
of the rhodopsin molecule found to be indispensable would, in turn, be expected to
figure mechanistically into the process of outer segment disc formation and/or
maintenance.
Our intuition was that the regions of the rhodopsin molecule most likely to
function structurally within outer segment discs were rhodopsin's transmembrane
domains and those portions of the protein residing in the intradiscal space (i.e.
rhodopsin's N-terminal tail bearing two oligosaccharide modifications and its three
intradiscal loops). Because rhodopsin makes up ~50% of the mass of outer segment
discs (Molday, 2004), the tremendous amount of transmembrane protein material
contributed by rhodopsin might be important to the stability of disc membranes.

80

Furthermore, while it is unclear how the discs achieve their highly flattened shape, there
has been speculation that rhodopsin might have the capacity to mediate intermolecular
interactions across the intradiscal space, which is only 20-40 A° wide in the region of the
disc lamellae (Chabre and Cavaggioni, 1975; Hubbell et al., 2003). In particular, there is
some published evidence that glycosylation of rhodopsin's intradiscal N-terminus is
required for normal outer segment morphogenesis (Fliesler and Basinger, 1985; Fliesler
et al., 1985; Defoe et al., 1986).
The remaining portions of the rhodopsin protein to consider are those regions
exposed to the cytosol (i.e. rhodopsin's three cytosolic loops and C-terminal tail). A role
for rhodopsin's cytosolic elements in outer segment disc formation might seem probable,
by analogy to observations made in Drosophila photoreceptors. Invertebrate
photoreceptors also rely on tightly-packed membrane structures to concentrate
rhodopsin and downstream signaling proteins (which constitute a signaling cascade
entirely different from vertebrate phototransduction). These specialized membrane
structures, known as rhabdomeres, are microvillar in origin (unlike vertebrate outer
segments, which are ciliary), so each membrane protrusion is actin-based. The cytosolic
C-terminal tail of Drosophila rhodopsin is essential for normal rhabdomere morphology,
and it is thought that this polypeptide is involved in linking the rhabdomeric
membranes to the underlying cytoskeleton (Ahmad et al., 2007). It might therefore be
tempting to envision a parallel scenario in which vertebrate rod outer segment discs are
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structurally supported by a membrane cytoskeleton lining its lamellar surfaces by
interacting with the cytosolic face of rhodopsin. However, while the outer segment's
plasma membrane is supported by a membrane cytoskeleton (Kizhatil et al., 2009), it
does not appear that this is true for individual discs. The only verified binding partners
for rhodopsin's cytosolic loops and C-terminal tail within the outer segment are
involved in signaling and unlikely to influence disc structure (i.e. transducin, rhodopsin
kinase, and arrestin, which transiently interact with rhodopsin following activation by
light). Thus, we hypothesized that the portions of the rhodopsin molecule exposed to
the cytosol were the most likely to be expendable with regard to rhodopsin's structural
function.
The above considerations were kept in mind as we designed an initial set of
constructs to test the contribution of various molecular features of rhodopsin to outer
segment morphogenesis. However, the first matter to be resolved was choosing an
appropriate approach for expressing the novel constructs in the rods of rhodopsin
knockout mice.

4.2 Gene delivery strategy
In selecting a strategy for heterologous expression of constructs in mouse rods,
we preferred to avoid using a conventional transgenic approach, as the generation of
transgenic mouse lines for each potential construct would be highly resource-intensive
and time-consuming. While gene delivery by retinal electroporation proved very useful
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in our study in Chapter 3, we were concerned that the low density of transfected rods
achieved by electroporation would be detrimental to successful rescue of outer segment
morphogenesis. That is, we suspected that rod outer segment morphogenesis might not
be an entirely cell-autonomous process, but that it would be necessary for a rod cell to be
surrounded by a relatively high density of healthy neighbors in order to produce a
normal, elongated outer segment. With this in mind, the gene delivery method we
ultimately elected to use for outer segment rescue experiments was transduction by
recombinant adeno-associated virus (AAV).
The AAV vector has a long track record of successfully introducing genes to a
variety of intraocular tissues in vivo (Buie et al., 2010; Sharma et al., 2010; Stieger and
Lorenz, 2010). There have been numerous reports in animal models of AAV-mediated
gene therapy successfully rescuing retinal diseases caused by loss-of-function mutations,
such as Leber congenital amaurosis (LCA), retinoschisis, and achromatopsia (Acland et
al., 2001; Zeng et al., 2004; Alexander et al., 2007). In fact, the effectiveness of AAV in
animal models has led to its use as a vector in human gene therapy trials to restore the
RPE65 gene to the RPE of patients with LCA, leading to successful restoration of vision
to a number of affected individuals (Maguire et al., 2008). Very importantly for our
purposes, subretinal injection of AAV in adult mice has been shown to produce very
high rod cell transduction efficiencies (>50% of rods) within large patches of treated
retinas; near the injection sites, transduction efficiencies can approach 100% (Sarra et al.,
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2002). It was our hope that AAV would provide a tool to express DNA constructs in the
rods of neonatal rhodopsin knockout mice at a similarly high efficiency.
AAV is a non-enveloped single-stranded DNA virus of the Parvoviridae family
that is naturally replication-incompetent; its replication requires the assistance of a
helper virus (its common association with adenovirus is the reason for its name). AAV
infects cells through a stepwise process of adhering to the cell membrane, undergoing
endocystosis, escaping the endosome, translocating to the nucleus, uncoating, and
synthesizing a complementary DNA strand to become double-stranded (Daya and
Berns, 2008). Recombinant AAV used for gene therapy lacks the Rep gene from the viral
genome, usually causing the double-stranded DNA to persist episomally in the nucleus
rather than integrating into the host genome (Kumar-Singh, 2008). The ability of AAV to
transduce post-mitotic cells likely accounts in part for its higher gene delivery efficiency
in photoreceptors than electroporation.
Expression of rhodopsin by mouse rod cells begins by postnatal day 4
(Blackshaw et al., 2004), and we suspected that rescue of outer segment morphogenesis
would depend on robust expression of constructs within a similar timeframe. However,
there is a known lag time between injection of AAV and initiation of gene expression,
with expression levels not peaking until several weeks post-injection. To ensure that we
would achieve high gene expression in rods as early as possible, we reviewed the AAV
literature in order to optimize several gene delivery parameters. The 500 bp mouse
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rhodopsin promoter was selected to drive construct expression specifically within rods
in a manner that would best mimic endogenous rhodopsin (Flannery et al., 1997).
Additionally, we elected to use the recently described AAV serotype 8, which had been
shown to achieve substantially higher gene expression levels in rods than the
conventionally used serotypes 2 and 5 and to hasten the onset of expression from more
than a week to 5 days post-injection (Natkunarajah et al., 2008). Furthermore, we
decided to exploit the recent finding that mutation of tyrosine-733 to phenylalanine on
the AAV8 VP3 capsid protein further boosted transduction efficiency and expression
levels, presumably by inhibiting ubiquitination and degradation of internalized viral
particles before translocation to the nucleus (Petrs-Silva et al., 2009). Finally, the DNA
for the rhodopsin promoter and constructs were made self-complementary, a strategy
that has been shown to boost expression levels within the retina by roughly two-fold
(Natkunarajah et al., 2008). This benefit is likely due to the single-stranded viral DNA
self-annealing within the nucleus, reducing the probability of it being degraded before a
second strand can be synthesized. Incorporation of each of these improvements was
expected to progressively increase the feasibility of our approach to rescuing rod outer
segment morphogenesis in the rhodopsin knockout background.

4.3 Proof-of-principle: rod outer segment rescue by AAVmediated delivery of rhodopsin
Before determining whether other proteins could be used to substitute for
rhodopsin in promoting rod outer segment morphogenesis, it was first necessary to
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establish morphological standards with which to compare the various constructs. First,
we characterized the retinas of wild type and un-injected rhodopsin knockout mice by
confocal microscopy. Retinas from mice at postnatal week 5 were sectioned in agarose,
allowing for optimal preservation of outer segments for histological analysis. Figure 4.1
shows cross sections of both wild type and rhodopsin knockout retinas stained for
rhodopsin and peripherin. The morphological differences between the two are quite
stark. In the wild type retina, rhodopsin and peripherin both co-localize specifically to
outer segments, which are elongated (>20 µm in length) and very straight (Fig. 4.1A,A').
As expected, only peripherin is detected in the rhodopsin knockout retina (Fig. 4.1B,B').
It continues to localize specifically to the apical end of the photoreceptor cells, but in this
case the labeled structures do not look like bona fide outer segments. Instead, the
peripherin-positive formations are short (4-6 µm) and often appear bent rather than as
well-ordered linear arrays. While it is difficult to assess the thicknesses of the structures
by light microscopy with good precision, it is clear that they are thinner (<0.5µm vs
~1µm in wild type) and abnormally tapered in the rhodopsin knockout retinas.
We also conducted an ultrastructural analysis of the retinas using electron
microscopy. Figure 4.1A'' shows some classic wild type rod outer segments, including
one joined to the inner segment by a connecting cilium. The outer segments exhibit
ordered stacks of uniform, evenly spaced discs and are 1-1.5 µm in width, as typically
reported. Due to the "floppier" nature of the apical structures in the rhodopsin knockout
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retinas, it was difficult to capture them within a single plane on electron microscopy.
Figure 4.1B'' shows an example of a single such structure. A normal-appearing
connecting cilium is observed arising from the inner segment. At the distal end of the
cilium is a small membranous extension 3.5 µm in length and varying between 0.25 and
0.6 µm in diameter, similar to what was observed by confocal microscopy. While there
are some small membrane formations within the ciliary membrane extension, they are
disorganized and tubulovesiculated, with no evidence of parallel disc-like structures.
These observations are consistent with the original descriptions of ciliary "stumps" in the
rhodopsin knockout mouse (Humphries et al., 1997; Lem et al., 1999).
Having established baseline morphological characteristics, we next performed a
proof-of-principle experiment reintroducing wild type rhodopsin into the rods of
neonatal rhodopsin knockout mice. Following the injection procedure on the first day of
life, the mice were allowed to grow to adulthood and analyzed at 5 weeks. When retinal
cross sections from injected eyes were stained for rhodopsin, the protein was detected in
a significant fraction of rod cells (Fig. 4.2A). The signal from the re-introduced
rhodopsin was quite intense, indicating that it was expressed in abundance by infected
cells. Furthermore, with regard to targeting, the rhodopsin protein behaved as in wild
type rods, localizing to an apical region of the cells that was clearly distinct from the
inner segment. Only in a very minor fraction of cells was there evidence of rhodopsin
mislocalization to other subcellular compartments. Importantly, the properly targeted
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rhodopsin often labeled elongated structures with a clear morphological resemblance to
normal outer segments. Though somewhat heterogeneous in appearance, these
structures were generally longer than the ciliary "stumps" labeled by peripherin in
control rhodopsin knockout retinas, reaching up to 14 µm in length. Many, though not
all, of the rhodopsin-positive structures were noticeably thicker than typical ciliary
stumps (often ~1 µm in diameter), particularly those structures expressing rhodopsin
most intensely. The most normal-appearing of these maintained a constant thickness
throughout their length, rather than tapering off at the end. Thus, the evidence from
fluorescence microscopy suggested that re-introduction of rhodopsin into rods of
rhodopsin knockout mice produced morphological changes in apical rod ciliary
membranes that seem consistent with normal outer segments. While the rhodopsinpositive structures were not perfectly straight like in wild type retinas, this was thought
to reflect the fact that only a fraction of the rods had been infected: a perfect linear array
of outer segments would likely require that all neighboring rods also undergo successful
outer segment morphogenesis.
Ultimate proof of outer segment rescue, however, required the demonstration of
organized outer segment disc formation in the infected cells. In order to distinguish
rescued rod outer segments from cone outer segments, which are relatively normal in
appearance in young rhodopsin knockout mice, we elected to analyze the retinas with
immuno-electron microscopy: by staining the samples for rhodopsin, successfully
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transduced rods could be readily selected from the surrounding environment of cones
and uninfected rods. This ultrastructural analysis provided clear evidence of restored
outer segment morphogenesis in rods that had received the rhodopsin gene. Figure 4.2B
shows a particularly compelling example of an electron micrograph of the apical end of
a rhodopsin-positive rod. Distal to the connecting cilium is a stack of parallel disc
membranes laden with rhodopsin, as evidenced by the strong labeling with gold
particles. It was challenging to capture the entire lengths of individual, bending outer
segments because only a single plane could be imaged (in contrast to confocal
microscopy, in which z-stacks could be acquired). The rescued outer segment pictured
was 4.5 µm in length, which was pretty typical for this sample. Notably, the thickness of
this outer segment was only 0.75 µm, while wild type outer segments can be up to twice
that diameter. Outer segment thickness is likely a reflection of the expression level of
rhodopsin within a particular rod, as rods hemizygous for rhodopsin have been
reported to have thinner outer segments than in wild type littermates (Liang et al., 2004).
Having established that AAV-mediated delivery of rhodopsin was capable of
producing morphological rescue of rod outer segments in rhodopsin knockout mice, we
tested whether this method could also rescue the photoresponse in rods. Unfortunately,
the surgical procedure of subretinal injection in neonatal mice often produces traumatic
changes within the injected eyes, with cataract formation particularly common (because
the procedure is performed without visualization of the inside of the globe, nicking of
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the lens with the needle is difficult to avoid). Therefore, most mice did not exhibit
rescue of the rod photoresponse even when successful gene delivery was later observed
by immunofluorescence. However, electrophysiological analysis of two mice did
demonstrate restoration of rod function. Figure 4.2C shows electroretinography (ERG)
tracings for one of these mice. Following dark adaptation, the mouse was exposed to
brief light flashes of increasing intensity, and the electrical response of the entire retina
was recorded using a corneal electrode. The uninjected left eye showed no electrical
response to low intensity (scotopic) flashes due to the incompetence of rod cells lacking
their visual pigment. Only when light intensities crossed the threshold where cone
photoreceptors are also active was an electrical response observed. (This positive
deflection-- known as the b-wave-- represents depolarization of bipolar cells after
communication from photoreceptors. The hyperpolarization of photoreceptors
themselves-- a negative deflection known as the a-wave-- is much more subtle.) In
contrast, the injected right eye demonstrated an electrical response to light even under
scotopic conditions, indicating that a fraction of the rods have regained the ability to
detect and respond to light.
These experiments confirmed that significant outer segment rescue in rhodopsin
knockout mice could be achieved with AAV-mediated gene delivery in the neonatal
period. Therefore, expression of DNA constructs could occur early and strongly enough
to initiate outer segment morphogenesis before irreversible degenerative processes had

90

taken hold within transduced rods. Our observations were supported soon after by a
report of a similar effort using AAV-mediated gene therapy to re-introduce rhodopsin to
the rods of these mice (Palfi et al., 2010). Having fully established the validity of this
strategy, we were ready to begin testing which specific molecular features of rhodopsin
are involved in building rod outer segments.

4.4 The final 15 C-terminal residues of rhodopsin can be made
dispensable for rod outer segment morphogenesis
Before commencing with a systematic analysis of the entire rhodopsin molecule,
we decided to follow up on some reports in the literature regarding the ability of two
rhodopsin mutants to support rod outer segment morphogenesis when expressed in
transgenic mice. Both of these mutants were C-terminally truncated, resulting in the
elimination of rhodopsin's VXPX outer segment targeting motif located within
rhodopsin's last four residues. One mutant, termed RhoS334ter, was missing the final 15
amino acids from rhodopsin's cytosolic C-terminal tail due to replacement the codon for
serine-334 with a termination codon; the other, RhoQ344ter, lacked only the last five
residues as a result of a termination codon in place of glutamine-344. Without a VXPX
motif to specifically target them, both rhodopsin mutants had been reported to partially
mislocalize away from the outer segment when expressed in the rods of animals with a
wild type genetic background (Sung et al., 1994; Green et al., 2000). Notably, the two
mutants had been reported to produce different morphological effects when expressed
on a rhodopsin knockout background, with RhoS334ter exhibiting no ability to promote
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rod outer segment morphogenesis (Concepcion et al., 2002; Lee and Flannery, 2007) but
RhoQ344ter successfully generating flattened discs within rescued outer segments that
were smaller than normal (Concepcion and Chen, 2010). The difference in the
morphologies of the transgenic rods was observed despite roughly similar expression
levels for RhoS334ter and RhoQ344ter at the mRNA level, measured to be 10% and 12%,
respectively, of rhodopsin mRNA levels in wild type mice (Concepcion et al., 2002;
Concepcion and Chen, 2010).
These observations would seem to indicate that rhodopsin residues 334-343 in
rhodopsin's C-terminal tail may play an important role in outer segment disc formation,
as this polypeptide represents the only difference between the two mutants. This
interpretation represented an immediate challenge to our prediction that rhodopsin's
cytosolic regions were unlikely to participate in rhodopsin's structural function within
outer segment discs. Because the two mutants had never been compared head-to-head,
we obtained both lines and performed a histological analysis.
After confirming that both transgenes were carried on a pure rhodopsin
knockout background (they will henceforth be denoted Rho-/-RhoS334ter and Rho-/RhoQ344ter), retinas from P27 mice were processed for confocal and electron
microscopy. Immunofluorescence analysis of rods in agarose sections (Fig. 4.3A,B)
confirmed that both mutant rhodopsin proteins passively distributed throughout all
subcellular membrane compartments, due to the absence of a VXPX motif (Sung et al.,
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1994; Green et al., 2000). Apical to the rod inner segments, some mutant protein was
detected in short and thin membrane structures that were also positive for peripherin.
For both Rho-/-RhoS334ter and Rho-/-RhoQ344ter, these apical structures were
indistinguishable from the ciliary membrane extensions observed in rods of rhodopsin
knockout mice. In contrast, immuno-EM analysis demonstrated clear differences
between the two transgenic lines (Fig. 4.3A',B'). While apical membrane structures
immunopositive for rhodopsin were observed in both samples, Rho-/-RhoS334ter rods
exhibited only disorganized membrane accumulations whereas it was indeed possible to
find rare rods in Rho-/-RhoQ344ter retinas with examples of flattened discs. Despite some
degree of restoration of disc formation, though, the scattered outer segments observed in
Rho-/-RhoQ344ter rods remained short and very thin (<500 nm), explaining why no
evidence of outer segment rescue was observed by light microscopy.
However, rather than immediately conclude that the RhoQ344ter mutant was
intrinsically superior to RhoS334ter as an outer segment building block, we considered
an alternative explanation for the differences in rod morphologies between the two lines:
it was conceivable that both mutant sequences contained all of rhodopsin's molecular
features necessary for disc formation but that only in rare rods of Rho-/-RhoQ344ter mice
was a critical concentration threshold for rhodopsin achieved within outer segments.
Because both mutants lacked a VXPX, only a small portion of the proteins could
passively distribute to the outer segments; therefore, accumulation of sufficient mutant
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rhodopsin molecules in outer segments might be quite sensitive to protein expression
levels.
Using difference spectroscopy, we measured the rhodopsin content of retinas
from five mice of each line and found that Rho-/-RhoQ344ter retinas contained somewhat
more rhodopsin (31.9 ± 5.9 pmol) than Rho-/-RhoS334ter retinas (20.4 ± 7.8 pmol; p=0.03),
though both paled in contrast to the 450-600 pmol normally observed in wild type mice
(Lyubarsky et al., 2004; Martemyanov et al., 2008). Interpreting the difference in
rhodopsin content between the two mutant lines may not be straightforward, however,
because the presence of discs in Rho-/-RhoQ344ter rods could conceivably protect
rhodopsin from proteolysis and therefore overstate any differences in protein expression
compared to Rho-/-RhoS334ter rods without discs. In an effort to test whether the
morphological differences between the two lines could be attributed merely to
rhodopsin protein levels achieved within outer segments, we attempted to double the
dose of the RhoS334ter by breeding the transgene to homozygosity; unfortunately, live
homozygous offspring were never produced (perhaps because the insertion site for the
transgene disrupted a critical gene).
We realized that the only way to determine whether or not the first 333 residues
of rhodopsin were intrinsically capable of supporting outer segment disc formation
would be to find an alternative means of directing the RhoS334ter mutant specifically to
outer segments. This strategy would allow us to circumvent the potential problem of

94

achieving a critical concentration threshold of the protein within outer segments.
Artificially targeting the RhoS334ter mutant to outer segments could be accomplished
by exploiting the targeting signal of an outer segment protein that does not rely on a
VXPX motif. While this criterion ruled out the verified targeting motif of photoreceptorspecific retinol dehydrogenase (Luo et al., 2004) and the putative targeting sequence of
CNGβ1 (Jenkins et al., 2006), several other outer segment proteins were considered (the
study in Chapter 5 arose from our evaluation of the facilitative glucose transporter Glut1
as a protein with a potentially unique outer segment targeting motif). Ultimately, we
decided to proceed with the targeting sequence of peripherin.
A putative targeting motif for peripherin has been narrowed down to a 20-amino
acid peptide capable of delivering a reporter protein to rod outer segments in transgenic
Xenopus tadpoles (Tam et al., 2004). Though the specific amino acids comprising the
targeting motif were not described, there was no VXPX motif within this region (Fig.
4.4A). Therefore, we decided to test the ability of this peptide to target a C-terminally
truncated rhodopsin mutant to rod outer segments by appending the 20-residue
peripherin peptide to the C-terminus. We elected to start with RhoS334ter because if
targeting this protein specifically to outer segments resulted in rescue of rod outer
segment morphogenesis, then there would be no need to test RhoQ344ter-- we would
already know that rhodopsin amino acids 334-348 were unnecessary for rhodopsin's
outer segment structural function.
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Because generating AAV is a relatively time-intensive process, we elected to
verify the targeting properties of all constructs in this study via electroporation before
committing to packaging them into AAV for outer segment rescue experiments. Retinas
from neonatal rhodopsin knockout mice first were transfected with the RhoS334ter
mutant. At P21, transfected retinas were stained with an antibody recognizing the Nterminus of rhodopsin. As shown in Figure 4.4B, the untargeted RhoS334ter distributed
throughout all subcellular compartments of the transfected rod cells, just as we observed
in the Rho-/-RhoS334ter transgenic retinas. In contrast, addition of the 20-residue
targeting peptide from peripherin successfully redirected the vast majority of the
truncated rhodopsin mutant to the outer segment region of transfected rod cells (Fig.
4.4C).
While the apical structures labeled by the artificially targeted RhoS334ter
construct did not substantially resemble normal outer segments, we did not consider
this experiment to be a definitive test of this construct's ability to rescue outer segment
morphogenesis. Previous attempts to rescue outer segment morphogenesis by
electroporating full-length rhodopsin had also produced outer segments with
disappointing morphology compared to AAV-mediated gene delivery, probably due to
the low density of transfected rods (data not shown). Thus, we considered the
electroporation approach to be reliable only for establishing the localization patterns of
the constructs.
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With the targeting behavior of the RhoS334ter-peripherin fusion construct now
established, we proceeded to assess its ability to rescue outer segment morphogenesis by
using AAV-mediated gene delivery. As in the proof-of-principle experiment with fulllength rhodopsin, the rhodopsin-peripherin fusion construct was packaged into AAV8
Y733F and injected subretinally into neonatal rhodopsin knockout mice. In P35 retinal
cross sections stained for the N-terminus of rhodopsin, transduced rods expressing the
construct were easily identified and were more numerous than in the previous
electroporation experiment. As before, the 20-residue peripherin peptide efficiently
delivered the rhodopsin mutant to the outer segment region in most rods (Fig. 4.4D). In
contrast to the electroporation experiment, though, the labeled structures were much
more consistent with normal outer segments, as they were clearly longer (some
exceeding 10 µm) and thicker (~1 µm) than the ciliary stumps we had observed in the
pure rhodopsin knockout retinas.
Ultrastructural analysis of these structures with immuno-EM also gave
promising evidence that this construct promoted outer segment disc formation. We
observed numerous flattened membrane structures in the apical region of rod cells that
were robustly labeled with gold particles (Fig 4.4E). Unfortunately, unlike the original
experiment with full-length rhodopsin, in which rhodopsin-positive structures were
very abundant on EM, in this case they were relatively rare (less than 5% of total rods).
We were never able to identify outer segment structures that were as elongated as the
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ones we observed when taking z-stacks on confocal microscopy; however, the clear
evidence of disc formation found in the RhoS334ter-peripherin positive membrane
structures was strikingly different from the complete absence of outer segment discs
observed in pure rhodopsin knockout rods or in the Rho-/-RhoS334ter transgenic rods.
The discs were clearly not as well-ordered as in the outer segments in Figure 4.2B
expressing full length rhodopsin. Based on the light microscopy data, though, we
hesitate to conclude that this construct is not sufficient to completely rescue outer
segment morphogenesis. Rather, we believe that morphological rescue was somewhat
impaired due to a low density of rod cell transduction in the areas of retina sampled in
the EM analysis. Indeed, when we examined retinas that were even less efficiently
transduced with full-length rhodopsin, morphological rescue of outer segments of
rhodopsin-positive rods was not apparent at all (data not shown).
It appears, therefore, that finding densely transduced regions of retina to analyze
is of paramount importance for evaluating the competence of a construct to rescue outer
segment morphogenesis. Low transduction efficiencies are not compatible with full
morphological rescue, likely because of the adverse effects of unhealthy neighboring
cells or because low transduction densities reflect low viral copy numbers within
successfully transduced cells. The challenge of selecting optimally transduced areas of
retina for EM analysis proved to be a major stumbling block in this study, making it
very difficult to interpret a negative result. Unlike confocal analysis of agarose sections,
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which allowed us to assess protein expression and retinal morphology in many optical
planes within a 100 µm section, EM analysis only permitted analysis of the rods within a
single plane cut through the retina. This challenge will be further discussed in section
4.7.
Based on the evidence of rod outer segment morphogenesis from confocal
microscopy and our observation of disc structures by EM, though, we concluded that
the rhodopsin sequence from amino acids 1-333 is intrinsically competent to serve as an
outer segment building block if delivered specifically to outer segments. Thus, it
appears that aside from mediating targeting, the last 15 C-terminal amino acids of
rhodopsin are likely dispensable to its structural function.

4.5 Designing constructs to serve as candidates to substitute for
rhodopsin in supporting rod outer segment morphogenesis
Having reasonably convinced ourselves that the end of rhodopsin's C-terminal
tail is not essential to rhodopsin's outer segment structural function per se, we were
ready to proceed with a more extensive molecular dissection of rhodopsin. The initial
phase of this analysis was designed to test models in which rhodopsin might perform its
function as an outer segment building block through relatively broad mechanisms based
on its fundamental structure rather than focusing on the contributions of specific amino
acids. That is, rather than immediately hone in on individual residues (e.g. rhodopsin's
N-terminal glycosylation sites on aspargines-2 and -15 (Hargrave, 1977)), we decided
first to evaluate whether aspects of rhodopsin's basic topology sufficed to perform its
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outer segment structural function. To accomplish this, we proposed three progressively
simpler models for rhodopsin's structural function that could each be tested with a
single construct.
One possibility was that rhodopsin's ability to serve as an outer segment
building block is completely housed within its seven-pass transmembrane domain
structure as a classical GPCR (Fig. 4.5A). As discussed, previous reports indicated that
cone opsins are adequate substitutes for rhodopsin in supporting rod outer segment
morphogenesis (Sakurai et al., 2007; Shi et al., 2007); due to their extremely high
structural homology to rhodopsin and their presumably identical role in supporting
outer segment morphogenesis in cone photoreceptors, this observation was far from
surprising. A more interesting question is whether a non-opsin GPCR could be an
equally effective substitute.
Alternatively, one could envision a role for rhodopsin in supporting outer
segment morphogenesis that is simpler even than providing a basic seven-pass
transmembrane structure. For instance, it could be that rhodopsin's seven-pass topology
is relevant only in the sense that it allows rhodopsin to contribute a critical mass of
transmembrane protein material. According to this model, the arrangement of the
transmembrane domains would be unimportant; a single-pass transmembrane protein
could fulfill rhodopsin's structural role as long as it were present in sufficient abundance
within the outer segment (Fig. 4.5B).
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The simplest model that we could envision for rhodopsin's role in supporting
rod outer segment morphogenesis was that rhodopsin's function is not really structural
at all; that is, rhodopsin might only be required for outer segment disc formation
because it supplies the outer segment with an abundance of lipids by using its targeting
motif to direct vesicular traffic to this compartment. In this model, even a peripheral
membrane protein without any transmembrane domains could substitute for rhodopsin
in supporting outer segment morphogenesis if it possessed a targeting motif to boost the
delivery of vesicular membranes to the outer segment region (Fig. 4.5C).
The first step to conducting this study was designing appropriate constructs for
heterologous expression in rods of rhodopsin knockout mice. When considering the
design of a GPCR construct, we reasoned that likelihood of successful rescue would be
highest if a non-opsin GPCR with an overall structure that is otherwise not drastically
different from rhodopsin were selected; thus, we decided to choose from other members
of the class A group of GPCRs.
As highlighted by the experiments with C-terminally truncated rhodopsin
mutants described in the previous section, achieving a critical threshold of a structural
protein within the outer segment is of utmost importance for supporting disc formation.
There have been a few published reports of failed attempts to target heterologously
expressed GPCRs specifically to the outer segments of mouse rods (Kodama et al., 2005;
Li et al., 2007; Salom et al., 2008), so it was clear that establishing an outer segment
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localization for a non-opsin GPCR would not be a trivial matter. Based on the finding
that the serotonergic 5-HT1A receptor fused to GFP could be made to localize
exclusively to transgenic Xenopus rod outer segments by adding targeting information
from rhodopsin's C-terminal tail (Zhang et al., 2005), we decided that this receptor
would be a logical class A GPCR to consider for our studies. To ensure that the 5-HT1A
receptor fusion construct would target similarly in mouse rods, its localization was
assessed in wild type mouse rods transfected via electroporation. Unexpectedly, despite
the addition of rhodopsin's entire 38-amino acid C-terminal tail to the construct, it only
partially localized to the outer segments of transfected rods (Fig. 4.6A). When
rhodopsin's VXPX targeting motif was deleted from this construct, it was entirely absent
from outer segments while still robustly localizing to other subcellular compartments of
the rod cells (Fig. 4.6B). The fact that the latter construct appeared to have escaped the
default trafficking pathway to the outer segment indicated that the 5-HT1A receptor
likely possesses intrinsic targeting information capable of excluding it from outer
segments. While rhodopsin's VXPX motif is apparently capable of completely
overriding this competing targeting signal in Xenopus rods, it can only partially do so in
mouse rods. The failure to completely target the 5-HT1A receptor to mouse rod outer
segments made this receptor unsuitable for outer segment rescue experiments, as a
negative result would not be interpretable: while it might indicate that the 5-HT1A
receptor is not intrinsically capable of performing rhodopsin's outer segment structural
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function, it could alternatively reflect a failure to achieve a critical density of the GPCR
within the outer segment or the possibility that substantial mislocalization of the
construct outside of the outer segment is toxic to the rod cell. Therefore, it was
necessary to identify another GPCR that could be made to localize specifically to mouse
rod outer segments.
Given that the localization of heterologous proteins within Xenopus rods was not
an accurate predictor of their localization within mouse rods, it was clear that another
strategy was necessary for selecting an appropriate GPCR for mouse studies. Because
the outer segment is fundamentally a modified primary cilium, we reasoned that GPCRs
known to localize to cilia in other cell types might be capable of targeting to rod outer
segments. Therefore, we selected another GPCR, the serotonergic 5-HT6 receptor, which
has been shown to localize to neuronal cilia in vivo (Hamon et al., 1999). When
transfected into wild type mouse rods, a 5-HT6-GFP fusion construct localized
specifically to outer segments, confirming that general ciliary targeting mechanisms are
conserved in rod cells (Fig. 4.6C). With its ability to localize robustly to rod outer
segments fully verified, the 5-HT6 receptor was deemed suitable for subsequent outer
segment rescue studies. Because this receptor has the same seven-pass transmembrane
topology as rhodopsin but no similarity in its N-terminal tail (which, like rhodopsin's,
would have an intradiscal orientation), the 5-HT6 receptor provided an opportunity to
test whether the seven-pass structure itself is key to promoting disc formation.
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Designing a single-pass transmembrane construct that targeted to outer
segments was achieved more readily. We reasoned that using a random transmembrane
domain unrelated to any of rhodopsin's seven transmembrane domains would most
vividly demonstrate whether providing generic transmembrane material to outer
segment discs is the extent of rhodopsin's structural contribution. Ultimately, we
selected the type II activin receptor as the source of a transmembrane domain because it
has both a well-defined signal sequence for membrane insertion and a membrane
topology that would allow its C-terminus to be exposed to the cytosol, like that of
rhodopsin. We made use of a previously published construct that had placed a myc
epitope tag just after the receptor's cleavable signal peptide (Gray et al., 2000). This was
modified by deleting most of the receptor's extracellular domain, including the ligand
recognition site, so that the construct would be physiologically inert and would not be
too bulky to fit within the narrow intradiscal space. The activin receptor's C-terminal
tail was replaced with the 38-residue tail of rhodopsin to ensure that the VXPX motif
would be presented in an optimal orientation to target the construct to outer seegments.
When the single-pass transmembrane construct was transfected into wild type
rod cells, it exhibited the desired outer segment-specific localization pattern (Fig. 4.7A).
Deletion of the VXPX motif caused the construct to partially spill out into other
subcellular compartments, as expected for an untargeted protein (Fig. 4.7B). By
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demonstrating that the VXPX motif was fully functional, these experiments validated
the single-pass transmembrane construct for use in outer segment rescue experiments.
Finally, in designing an extrinsic membrane protein construct, we elected to use
rhodopsin's 38-residue C-terminal tail as a backbone. Rhodopsin's tail contains two
palmitoylated cysteines that are expected to provide a means of membrane attachment
even in the absence of a transmembrane domain. Because such a short polypeptide may
not be stably expressed, we elected to fuse rhodopsin's C-terminal tail to the end of GFP,
replicating a construct that had been shown to target to outer segments in the transgenic
Xenopus model system (Tam et al., 2000). Because this construct was not as efficiently
palmitoylated in mouse rods (data not shown), we added an 11-amino acid peptide from
the N-terminus of Gαo to the beginning of GFP, providing the construct with a
myristoylation signal and an additional site for palmitoylation (McCabe and
Berthiaume, 1999). When this modified construct was transfected into wild type mouse
rods, it successfully attached to membranes and targeted to outer segments in a VXPXdependent manner (Fig. 4.7 C,D). With these criteria met, we were ready to proceed
with outer segment rescue experiments using AAV.

4.6 The structural function of rhodopsin within rod outer
segments appears limited to contributing transmembrane
protein material
The GPCR, single-pass transmembrane, and extrinsic membrane protein
constructs under transcriptional control of the rhodopsin promoter were packaged into
105

AAV8 Y733F. The GPCR construct was modified such that the C-terminal tail of 5-HT6
was replaced with that of rhodopsin. This modification ensured that all three constructs
contained rhodopsin's entire C-terminal tail, so that only the N-terminal portions of the
constructs differed. In this way, any differences in the abilities of the constructs to
rescue outer segment morphogenesis could be directly attributed to the molecular
features we were interested in testing.
Five weeks after AAV-mediated delivery of the 5-HT6-based GPCR construct to
the rods of neonatal rhodopsin knockout mice, the retinas were harvested and
immunolabled with an antibody specifically recognizing the C-terminus of rhodopsin.
Just like the 5-HT6-GFP fusion protein in wild type rods, the GPCR construct was
faithfully targeted to apical membrane structures in rhodopsin knockout rods (Fig.
4.8A). In many cases, these structures were greater than 10 µm in length and noticeably
thicker than the ciliary stumps observed in pure rhodopsin knockout mice. Their
appearance on immunohistochemistry was indistinguishable from the rescued outer
segments produced by viral infection with full-length rhodopsin, suggesting that the
fundamental structure of the 5-HT6 receptor was an equally effective outer segment
building block as an opsin protein.
Even more striking was the finding that a rhodopsin knockout mouse litter
receiving the single-pass transmembrane construct also exhibited strong evidence of rod
outer segment rescue by immunohistochemistry (Fig. 4.8B). By confocal microscopy, the
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single-pass transmembrane construct generated outer segment structures that were
equally convincing as those rescued by gene therapy with full-length rhodopsin.
Gene delivery of the extrinsic membrane protein construct, on the other hand,
produced markedly different results (Fig. 4.8C). Unlike the previous two proteins, this
construct failed to localize specifically to apical membrane structures, instead exhibiting
significant spillover into other subcellular compartments of rod cells. This strongly
differed from the same construct's outer segment-specific localization pattern when
expressed in wild type rods. Some fluorescence signal was observed in apical
membrane structures in the rhodopsin knockout rods, but these structures were very
thin (<0.5 µm and noticeably narrower than the inner segments from which they arise).
Aside from achieving a slightly greater length (occasionally 8 µm, rather than 4-6 µm),
these apical structures were similar to the ciliary stumps produced by pure rhodopsin
knockout rods. Thus, it appears that the extrinsic membrane protein construct has the
capacity to target to normal outer segments, but not to generate them. The spillover of
the construct seen in rhodopsin knockout rods is likely a reflection of the ciliary stumps
lacking the capacity to accumulate the extrinsic membrane protein construct as
effectively as a normal, membrane-rich outer segment can.
Multiple attempts using immuno-EM to locate densely infected retinal sections
and to assess outer segment morphology were unsuccessful for both the GPCR and the
single-pass transmembrane constructs, however. As already mentioned, this reflects the
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highly non-uniform delivery of genes to the retina and the limitation of only being able
to examine cells within a single plane on EM (as opposed to confocal microscopy, where
cells within a depth of several tens of micrometers can be imaged). Without the ability
to analyze the ultrastructure of rod outer segments from robustly infected regions of the
retinas, it was unfortunately not possible to obtain definitive confirmation that the
elongated outer segment structures rescued by the GPCR and single-pass
transmembrane constructs contained discs. This represents a significant hurdle, which
we will briefly address in the subsequent section.
The failure of the ultrastructural analysis component of this project made the
observed inability of the extrinsic membrane protein construct to rescue outer segment
morphogenesis by confocal microscopy very important for comparisons to other
constructs. The fact that this construct produced such a strikingly different
morphological result than the GPCR and single-pass transmembrane constructs despite
sharing with them rhodopsin's entire C-terminal tail is a testament to the necessity of
transmembrane protein material in outer segment morphogenesis. Based on the highly
promising light microscopic evidence of outer segment rescue by the single-pass
transmembrane domain construct, we tentatively conclude that rhodopsin's outer
segment structural function can be fulfilled by a highly expressed generic
transmembrane protein with a means of efficiently trafficking to the outer segment. This
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unexpected finding obviated the need to conduct an additional round of analysis of
potential roles for rhodopsin's residues within the intradiscal space.

4.7 Trouble-shooting
Several attempts were made to improve the efficiency of photoreceptor
transduction by subretinal injections of AAV in order to make EM analysis more
reliable. In one strategy, the constructs were packaged into a modified AAV2 serotype
with four tyrosine to phenylalanine mutations on the VP3 capsid protein that had been
reported to increase the ability of the virus to penetrate retinal tissue (Petrs-Silva et al.,
2011). The reasoning for this was that if subretinal injections of neonatal mice resulted
in significant leakage of the viral suspension into the vitreal cavity, then better tissue
penetration might give the virus particles a second chance at infecting photoreceptors.
However, we found no evidence that the density of rod transduction with this serotype
was any higher than in our original experiments with AAV8 Y733F (data not shown).
Returning to the AAV8 Y733F serotype, we tried an alternative strategy of performing
subretinal injections on older mouse pups subsequent to eye opening. Our reasoning
was that this would make it possible to visualize the injection needle within the eye and
the deposition of viral suspension subretinally, allowing the experimenter to take note of
which mice received the highest quality injections. This strategy was employed by our
collaborators at the University of Florida, who are very experienced at injecting older
mice. As a positive control, full-length rhodopsin was delivered to the rods of postnatal
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day 13-15 rhodopsin knockout mice. However, after allowing 4 weeks for the retinas to
recover and develop, even the best-injected retinas failed to exhibit an ERG response.
Moreover, on histological analysis, the density of rod cell transduction remained very
low, and the rods successfully expressing rhodopsin produced outer segments with a
disappointingly short morphology (data not shown). Evidently, delivery of rhodopsin
two weeks after birth was too late for significant outer segment rescue to be achievable.
We reached the conclusion that the best way to proceed would be to abandon
viral-mediated gene delivery for the generation of transgenic mouse lines, which could
be crossed with the rhodopsin knockout strain. Rather than rely on the 4.4 kb mouse
rhodopsin promoter, which can sometimes produce highly mosaic transgene expression
(as was demonstrated in Chapter 3), we elected to complete this study by utilizing a 16
kb genomic fragment of the human rhodopsin locus to drive transgene expression in
mouse rods. By inserting cDNA of the transgene within the first exon of human
rhodopsin (and consequently disrupting the rhodopsin START codon), it has been
shown that the genomic fragment can drive rod-specific transgene expression with high
uniformity and in great abundance (approaching or exceeding endogenous rhodopsin
levels) (Joseph and Li, 1996). This is because the genomic fragment contains 5' and 3'
regulatory elements of rhodopsin and preserves human rhodopsin's introns, which are
naturally spliced out from the mature mRNA. cDNA for the RhoS334ter-peripherin
fusion construct as well as the GPCR and single-pass transmembrane domain constructs
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were subcloned into this rhodopsin genomic fragment, and production of transgenic
mouse lines is now underway.
While mouse transgenics is a resource- and time-intensive strategy, it offers
several advantages over AAV-mediated gene delivery for the purposes of this study.
This approach should allow high levels of expression of the constructs in nearly all rod
cells, making EM analysis of rod cells expressing the constructs a much simpler task.
Furthermore, expression of the constructs should be initiated within the same temporal
window as expression of endogenous rhodopsin (unlike AAV-mediated gene delivery,
in which construct expression is delayed by a number of days post-injection), so there
should be no question of the constructs being produced early enough for outer segment
morphogenesis to proceed smoothly. Finally, expression of the RhoS334ter-peripherin
fusion construct in virtually all rods of transgenic mice will make it possible to take
reliable ERG and single-cell recordings, so that it can be demonstrated that this construct
produces outer segment rescue not only morphologically but also electrophysiologically.

4.8 Discussion
The observations presented in this chapter are consistent with a model in which
rhodopsin's function in supporting outer segment morphogenesis is limited to
supplying transmembrane protein material to this compartment. While rhodopsin's
lipidated C-terminal tail by itself cannot build a rod outer segment, addition of this
peptide to a random transmembrane domain appears to be a sufficient substitute for
111

full-length rhodopsin. In one sense, this is not terribly surprising. Outer segment discs
are roughly 50% protein by mass (Fliesler and Schroepfer, 1982), and because rhodopsin
is expressed in roughly a 20-fold excess over all other integral membrane proteins in the
discs combined (Krebs and Kuhn, 1977), eliminating its expression in rhodopsin
knockout mice is essentially asking mutant rods to produce discs with a protein content
of less than 3%. By comparison, most biological membranes have a protein content of
roughly 50%, and the naturally occurring membrane with the lowest protein content
described is myelin, which is 20% protein (Guidotti, 1972). It therefore makes some
sense that merely restoring a natural level of transmembrane protein material to the
outer segment could have a major impact on the ability to form stable discs.
On the other hand, our suggestion of such a simple structural role for rhodopsin
flies in the face of the commonly held assumption in the field that rhodopsin plays a
specific role in keeping discs flattened. The intradiscal space between disc lamellae is a
very narrow 20-40 A°, and molecular modeling of rhodopsin illustrates that its Nterminal tail might be able to reach across this short space to participate in
intermolecular interactions on the opposing membrane, quite plausibly with other
rhodopsin molecules (Hubbell et al., 2003). The observation by electron microscopy that
isolated outer segment discs retain their flattened structure in vitro would seem to be a
vivid testament to the existence of interactions across the intradiscal space that prevent
the discs from ballooning when the ordered disc stack is disrupted (Molday and
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Molday, 1987). However, the fact that the intradiscal space is occupied by a finite
aqueous volume means that if the disc diameter is rigidly fixed by a network of
peripherin/rom-1 complexes in the rims, then maintaining a flattened shape would be
the only thermodynamically favorable conformation for isolated discs, even in the
absence of intradiscal interactions between the lamellae.
Still, the apparent dispensability of rhodopsin's N-terminal tail for outer segment
morphogenesis remains rather surprising, as there is a body of literature indicating that
glycosylation of asparagines at positions 2 and 15 of rhodopsin are important for
maintaining healthy rod outer segments. Disruption of glycosylation consensus
sequences in rhodopsin have been associated with autosomal dominant retinitis
pigmentosa, an inherited retinal degenerative disease marked by shortening of rod outer
segments and eventual rod cell death (Sullivan et al., 1993; van den Born et al., 1994).
Furthermore, in frog retinal explants treated with tunicamycin, a potent inhibitor of the
first reaction in protein glycosylation, production of new discs at the base of outer
segments was severely impaired and nonglycosylated rhodopsin was extruded into the
extracellular matrix on vesicular structures (Fliesler and Basinger, 1985; Fliesler et al.,
1985; Defoe et al., 1986). In vivo analysis of mutant proteins in animal models indicates
that proper glycosylation of rhodopsin is not necessary for protein folding or for
transport through the secretory system to the base of the outer segment (Zhu et al., 2004;
Tam and Moritz, 2009). Rather, glycosylation of rhodopsin appears to be important only
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after the protein has reached the outer segment. Therefore, our observations suggesting
that a nonglycosylated single-pass transmembrane protein is capable of serving as an
adequate substitute for rhodopsin within discs would initially appear to be difficult to
reconcile with the existing literature.
However, it was recently reported that when rhodopsin mutants with impaired
glycosylation are expressed in transgenic Xenopus rods, they readily incorporate into
outer segment discs and only produce rod degeneration when the tadpoles are exposed
to light (Tam and Moritz, 2009). This is consistent with the observation that human
patients with such mutations exhibit more severe pathology in the inferior retina, which
is subject to the greatest amounts of light exposure (Fishman et al., 1992; Sullivan et al.,
1993; Li et al., 1994; van den Born et al., 1994). The authors therefore proposed that Nglycosylation of rhodopsin may play an important role in the thermal stability of the
protein following activation by light and that denaturing of mutant proteins exposed to
light might explain the observed pathological effects (Tam and Moritz, 2009). Indeed,
the fact that rhodopsin N-glycosylation mutations are associated with autosomal
dominant disease suggests that the mutations produce a detrimental gain-of-function
effect within the outer segment, rather than loss-of-function. If glycosylated residues
within rhodopsin's N-terminus were directly responsible for mediating rhodopsin's
outer segment structural role, then one would expect these rhodopsin mutations to
produce autosomal recessive disease (one complement of normally glycosylated
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rhodopsin would not be haploinsufficient for building normal outer segment discs, since
mice hemizygous for a rhodopsin deletion still produce outer segments of nearly normal
morphology (Humphries et al., 1997; Lem et al., 1999)). If it is true that glycosylation is
only needed for the thermal stability of activated rhodopsin, then one would predict that
the existing transgenic mouse lines carrying glycosylation-deficient rhodopsin
mutations would be able to produce normal outer segments on the rhodopsin knockout
background if the mice were raised in darkness. This experiment would be the ultimate
test of the necessity of rhodopsin's glycosylation for outer segment morphogenesis, but
to our knowledge, it has not yet been performed.
It should also be pointed out that the adverse effect of tunicamycin treatment on
outer segment disc formation is not irreconcilable with our assertion that rhodopsin
glycosylation is dispensable for outer segment morphogenesis. The experiments
mentioned above involved a lengthy incubation step in which the retinas were exposed
to light, meaning that newly synthesized rhodopsin might have become unstable by the
time it had been delivered to the outer segments (Fliesler and Basinger, 1985; Fliesler et
al., 1985). Moreover, tunicamycin inhibits glycosylation of all nascent proteins, so the
reported observations might actually reflect a role for glycosylation of a protein other
than rhodopsin in the process of disc formation.
Ultimately, if the generation of stable transgenic lines for the RhoS334terperipherin, GPCR, and single-pass transmembrane constructs confirms the production
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of discs within rescued outer segments, there will be an additional question to address
regarding rhodopsin's role in outer segment morphogenesis. Namely, it will be
interesting to determine whether the three constructs also have the ability to halt or slow
the rod cell degeneration that occurs within three months in rhodopsin knockout mice
(Humphries et al., 1997; Lem et al., 1999). One might assume that a construct's ability to
rescue outer segment morphogenesis would be equivalent to the ability to prevent rod
cell death, but there is currently no evidence supporting this idea. It remains a
possibility that the role of rhodopsin in rod cell survival is distinct from its role in outer
segment formation, and the transgenic mouse lines will allow us to test this directly. As
it is currently unclear how the absence of rhodopsin triggers apoptosis, these
experiments could potentially lead to some interesting insights with relevance to the
pathogenesis of some human retinal degenerative conditions.
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Figure 4.1: Histological analysis of retinas from wild type and rhodopsin knockout
mice. Agarose sections from P35 wild type (top row) and rhodopsin knockout (bottom
row) mouse retinas were immunolabled for rhodopsin (green; A,B) and peripherin (red;
A',B'). Retinas from these mice were also analyzed by electron microscopy, revealing rod
outer segments with organized discs in wild type samples (A'') and disorganized
membrane extensions emanating from the rod connecting cilium in the rhodopsin
knockout samples (B''). Abbreviations: OS, outer segment; IS, inner segment; N, nuclear
region; ST, synaptic terminal; CC, connecting cilium; ME, membrane extension. White
bars: 10 µm; black bars: 500 nm.
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Figure 4.2. AAV-mediated delivery of rhodopsin to rods of rhodopsin knockout mice.
The right eyes of neonatal rhodopsin knockout mice received subretinal injections of
AAV carrying the rhodopsin gene. (A,B) At P35, injected eyes were immunostained for
rhodopsin and analyzed by confocal microscopy (A) or immuno-electron microscopy
(B). (C) Electroretinogram comparing the electrical activity of the non-injected eye to that
of the treated eye in response to increasing light flash intensities. Only the treated eye
shows evidence of rod activity before cones begin to respond at higher flash intensities.
Abbreviations are the same as in Fig. 4.1. White bar: 10 µm; black bar: 500 nm.
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Figure 4.3: Histological assessment of C-terminally truncated rhodopsin mutants
expressed in rods of rhodopsin knockout mice. The RhoS334ter (top row) and
RhoQ344ter (bottom row) transgenes were crossed onto the rhodopsin knockout genetic
background. At P27, retinas were prepared for histological analysis and stained with
antibodies against the N-terminus of rhodopsin. Agarose sections (A,B) were co-stained
for peripherin (red) to mark apical ciliary membrane extensions. Both rhodopsin
mutants (green) localized diffusely throughout the rod cells. Immuno-gold analysis
(A',B') revealed disc formation only in some Rho-/-RhoQ344ter rods. Abbreviations are the
same as in Fig. 4.1. White bar: 10 µm; black bar: 500 nm.
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Figure 4.4: Specific targeting of C-terminally truncated rhodopsin rescues outer
segment morphogenesis. (A) Amino acid sequences of a peripherin peptide containing
an outer segment targeting signal and of rhodopsin's C-terminal 15 residues, including
the VXPX motif. (B,C) Retinas from neonatal Rho-/- mice were transfected with the
RhoS334ter mutant (B) or the mutant protein fused to the peripherin targeting peptide
(C) and stained with an antibody to rhodopsin's N-terminus. (D,E) The RhoS334terperipherin fusion was delivered to Rho-/- rods by AAV, and outer segment rescue
assessed by confocal microscopy (D) or immuno-EM (E; outer segments marked by
asterisks). Abbreviations same as in Fig. 4.1. White bars: 10µm; black bar: 500 nm.
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Figure 4.5: Conceptual framework of outer segment rescue experiments using
artificial constructs. The above cartoon illustrates three basic hypotheses proposed for
the possible means by which rhodopsin contributes to outer segment morphogenesis.
All three hypotheses were testable by exploiting rhodopsin's VXPX motif to direct
artificial protein constructs to developing outer segments. Adding the VXPX motif to the
constructs was expected to allow them to bind Arf4 at the trans-Golgi network (TGN), to
assemble the other members of the rhodopsin targeting complex (ASAP1, FIP3, and
Rab11), and ultimately to traffic to the outer segment on post-Golgi vesicles. (A)
Hypothesis 1: The basic heptahelical GPCR structure of rhodopsin is key to building
outer segment discs. If true, then directing a non-opsin GPCR to outer segments using
rhodopsin's VXPX motif may suffice to rescue outer segment formation in rhodopsin
knockout rods. (B) Hypothesis 2: Rhodopsin contributes to outer segment formation by
providing a critical mass of transmembrane protein material to the discs. Accordingly,
using the VXPX motif to target an abundance of random transmembrane domains may
promote outer segment morphogenesis in the absence of rhodopsin. (C) Hypothesis 3:
Rhodopsin's only role in outer segment morphogenesis is to use its VXPX motif to send
post-Golgi vesicles to the outer segment and thereby supply it with an adequate amount
of membrane material. This model would imply that a peripheral membrane protein
with a functional VXPX motif may suffice to fully rescue outer segment morphogenesis.
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Figure 4.6: Assessing the localization of GPCR constructs in wild type rods. GPCR
constructs were expressed in transfected wild type rods to determine their ability to
target to outer segments. (A) A fusion construct consisting of the 5-HT1A receptor, GFP,
and rhodopsin's C-terminal tail localized only in part to outer segments. (B) Elimination
of the VXPX motif from the construct in (A) resulted in exclusion from outer segments.
(C) The 5-HT6 receptor fused to GFP targeted specifically to rod outer segments even
without the aid of a VXPX motif. Abbreviations are the same as in Fig. 4.1. Bar: 10 µm.
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Figure 4.7: Validating single-pass transmembrane and peripheral membrane protein
constructs in wild type rods. Constructs were expressed in transfected wild type rods to
verify their ability to target to outer segments in a VXPX-dependent manner. (A,B) A
myc-tagged transmembrane domain fused to rhodopsin's C-terminal tail localized
specifically to rod outer segments (A), but redistributed to other cellular compartments
when the VXPX motif was deleted (B). (C,D) A peripheral membrane protein construct
consisting of a lipidated Gαo peptide, GFP and rhodopsin's palmitoylated C-terminal tail
specifically localized to rod outer segments if rhodopsin's VXPX motif was included (C),
but spilled into other compartments if the motif was eliminated (D). Abbreviations are
the same as in Fig. 4.1. Bar: 10 µm.
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Figure 4.8: AAV-mediated delivery of artificial constructs to rods of rhodopsin
knockout mice. The GPCR (A), single-pass transmembrane (B), and peripheral
membrane protein (C) constructs were delivered to rods of neonatal rhodopsin knockout
mice, and rod morphology was assessed at P35 by staining agarose sections for the
rhodopsin C-terminus. Both the GPCR and single-pass transmembrane constructs
targeted robustly to elongated and thickened apical structures resembling outer
segments. The peripheral membrane protein construct only partially localized to apical
structures that were thin and tapered. Abbreviations are the same as in Fig. 4.1. Bar: 10
µm.
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5. Facilitative glucose transporter Glut1 is actively
excluded from rod outer segments
The work presented in this chapter is an outgrowth of our efforts in Chapter 4 to
find a VXPX-independent means of targeting a C-terminally truncated rhodopsin
mutant to rod outer segments. Accomplishing this would require identifying targeting
signals in non-opsin outer segment proteins and ultimately determining whether adding
these signals to an unrelated membrane protein was sufficient to deliver it to outer
segments. Among the proteins we considered as a candidate to possess a non-VXPX
outer segment targeting motif was Glut1, the most ubiquitously expressed member of
the GLUT family of facilitative glucose transporters (Scheepers et al., 2004), which was
believed to play a very important role in local energy metabolism within rod outer
segments.
Because the retina is among the most metabolically active vertebrate tissues, it is
highly susceptible to acute deprivation of oxygen and energy substrates. Furthermore,
chronic impairment of nutrient delivery is thought to contribute to the progression of
different degenerative retinal diseases (Umino et al., 2006; Punzo et al., 2009). The
energy requirements of photoreceptors are particularly strenuous (Okawa et al., 2008).
In the dark, they expend substantial energy powering ion pumps to maintain both the
circulating dark current and Ca2+ flux for synaptic transmission; when illuminated,
photoreceptors need significant energy to perform phototransduction. Photoreceptors
are highly polarized cells that sequester key biochemical reactions in anatomically
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distinct compartments. For example, the Na+/K+ ATPase, ultimately responsible for
maintaining the dark current, is localized to the photoreceptor inner segment (Stahl and
Baskin, 1984) where numerous mitochondria supply ATP through oxidative
phosphorylation. Conversely, the energy-consuming reactions of phototransduction
take place in the photoreceptor outer segment. Filled with a dense stack of membrane
discs, the outer segment is completely devoid of mitochondria and joined to the rest of
the cell only by the thin connecting cilium. While diffusion of ATP through the
connecting cilium is a possible mechanism for supplying the outer segment with energy
(Linton et al., 2010), the presence of glycolytic enzymes in the rod outer segment, as
determined by biochemical (Lowry et al., 1961; McConnell et al., 1969; Hsu and Molday,
1991, 1994) and immunohistochemical (Hsu and Molday, 1991) methods, suggests that
the outer segment is not entirely dependent on inner segment metabolism. Rather, it
appears to possess the energy-generating capacity to meet at least some of its own needs
through glycolysis.
Powering phototransduction via glycolysis would depend on ready access to
glucose as an energy substrate. For nearly 20 years, Glut1 has been thought to reside on
the plasma membrane of rod outer segments, based on glucose transport activity
measured in bovine rod outer segment preparations (Hsu and Molday, 1991; LopezEscalera et al., 1991) and immunohistochemical data published by a number of
laboratories (Hsu and Molday, 1991; Mantych et al., 1993; Nihira et al., 1995; Elliott et al.,
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2008); but see (Kumagai et al., 1994). The presence of Glut1 on the outer segment plasma
membrane has in fact stood as an additional argument for the existence of local
glycolysis in the outer segment. The rod outer segment's close proximity to the retinal
pigment epithelium (RPE) would seem highly advantageous for acquiring glucose, as
Glut1 has also been observed on both the apical and basolateral membranes of the RPE
(Takata et al., 1990, 1992), providing a direct route for glucose from the choroidal
circulation to be delivered to photoreceptors.
The following investigation into the localization and targeting mechanism of
Glut1 in photoreceptors led us to the surprising conclusion that, contrary to prior
reports, Glut1 is in fact not present in rod outer segments. Rather, we found that it is
actively excluded from this compartment by targeting information present on its
cytosolic C-terminal tail. While this finding ruled Glut1 out as a tool for targeting
truncated rhodopsin to outer segments, it did provide us with interesting insights
regarding outer segment energy metabolism, summarized in our recent publication
(Gospe et al., 2010).

5.1 Establishing the localization of endogenous Glut1 in the
vertebrate retina
Immunostaining of Glut1 in the rat retina shown in Figure 5.1 demonstrated
widespread expression of the protein throughout the various retinal layers. Glut1 was
observed in the ganglion cell layer, in the neuronal processes of both plexiform layers,
and in the cell bodies of the inner nuclear layer. Within photoreceptors, it was
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detectable from the inner segments through the outer nuclear layer to the synaptic
terminals. The highest expression of Glut1, however, was not observed in the neural
retina, but in the apical and basolateral membranes of the overlying RPE. Notably,
Glut1 was also observed in linear arrays descending from the RPE about halfway down
the length of the outer segments. Importantly, these arrays were continuous with the
intensely stained RPE apical membrane and did not reach the outer/inner segment
junction. These features are not consistent with staining of the outer segment plasma
membrane and instead are characteristic of RPE microvilli that interdigitate between
neighboring photoreceptor outer segments (Dowling and Gibbons, 1962). Our
observation suggested that outer segments either contain much less Glut1 than other
photoreceptor compartments or do not contain Glut1 at all, leading us to investigate this
unexpected finding in further detail.
The mammalian retina is not an optimal model for histological delineation of
proteins between RPE microvilli and outer segments, due to the relatively short length
of the outer segments (~25 µm) and their small diameter (~1.5 µm). Therefore, we
decided to continue our investigation in Xenopus laevis, which offers both larger rod
outer segments (~80×6 µm) for easier anatomic distinction and the opportunity to
generate transgenic animals for in vivo experiments very rapidly. Because commercially
available antibodies against mammalian Glut1 do not react against the Xenopus isoform
(Fig. 5.2A), we generated an affinity-purified polyclonal antibody against the 15 C129

terminal amino acids of Xenopus Glut1, which specifically recognized a band migrating
~47 kDa in a Xenopus retinal extract (Fig. 5.2B). Immunolabeling of Glut1 in Xenopus
retinal cryosections revealed a similar localization pattern as in the rat (Fig. 5.2C). Glut1
was found in the ganglion cell layer and exhibited weak and diffuse expression in the
inner plexiform layer and inner nuclear layer. Within the prominent rod
photoreceptors, Glut1 stained brightly in the vicinity of the synapses and around the cell
bodies located in the outer nuclear layer. There was also distinct (though weaker) signal
in the rod inner segments and in their calycal processes, which are inner segment
protrusions extending partway up the base of the outer segment (marked with
arrowheads in Fig. 5.2D-F). The inner segment-specific Glut1 staining co-localized with
the Na+/K+ ATPase (Fig. 5.2E,F), which is known to localize prominently to the inner
segment plasma membrane and to be entirely absent from outer segments (Stahl and
Baskin, 1984; Spencer et al., 1988). The most intense Glut1 signal was again seen in the
RPE plasma membrane and apical microvilli, which extended roughly three-quarters of
the way down along the rod outer segments but did not reach the outer/inner segment
junction. Co-staining the cryosections with phalloidin confirmed the extensive colocalization of Glut1 and the actin-based RPE microvilli (and again the calycal processes;
Fig. 5.2G-I).
To determine whether the microvilli and calycal processes were masking the
presence of less abundant Glut1 in the plasma membrane of the outer segment, we
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isolated fragments of Xenopus rods containing intact outer segments with large portions
of inner segment still attached. As shown in Fig. 5. 2J-L, Glut1 was only found in the
inner segment membranes and calycal processes but was not detected along the outer
segment plasma membrane. This Glut1 localization pattern was indistinguishable
between dark- and light-adapted animals (data not shown).
Our immunofluorescence observations were further supported by immuno-EM
analysis. Immunogold labeling of longitudinal sections through Xenopus retina revealed
that Glut1 is present in the thin RPE microvilli located to the sides of the rod outer
segments (Fig. 5.3A). Rare gold particles found within the outer segments showed no
predilection for the plasma membrane and were observed with similar frequency in
sections incubated with control rabbit IgG (Fig. 5.3B), thus likely representing
nonspecific background labeling. Cross-sections made through retinal flat mounts
produced similar results, with clear labeling of RPE microvilli but no notable labeling of
the rod outer segments above background levels (Fig. 5.3C,D). Quantification of the
gold particle density within the samples confirmed the specificity of Glut1
immunolabeling of the microvilli but not of the outer segments (Fig. 5.3E). Taken
together, these data strongly suggest that rod outer segments contain little if any Glut1.

5.2 Active exclusion of Glut1 from the rods of transgenic
Xenopus tadpoles
As a decisive test of our interpretation that Glut1 is not present in the outer
segment, we over-expressed a GFP-Glut1 fusion protein in the rods of transgenic
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Xenopus tadpoles (Fig. 5.4A,B). GFP signal was prominent in the entire rod plasma
membrane, except for that of the outer segment. The calycal processes lining the base of
the outer segment were particularly well-visualized in this case. Notably, the signal did
not extend the entire length of the outer segment, just as expected for a protein actively
excluded from this compartment by the intracellular protein sorting machinery. This
experiment ruled out any immunostaining artifact that may have accounted for our
failure to observe endogenous Glut1 in the outer segment.
It is well established that the plasma membrane of the photoreceptor cell, while
electrically continuous, is separated into two functional domains characterized by
distinct protein compositions (reviewed in (Insinna and Besharse, 2008)). The first
domain surrounds the outer segment and the second encloses the rest of the cell, with a
protein diffusion barrier located near the connecting cilium that joins the inner and the
outer segments. Previous work in our laboratory demonstrated that the membrane-rich
outer segment is a preferred destination for membrane proteins heterologously
expressed in tadpole rods and that exclusion of these proteins from the outer segment
requires the presence of intrinsic targeting information to specify localization elsewhere
in the cell (Baker et al., 2008). Because the cytosolic C-terminal tail of Glut1 has been
implicated in the regulation of its intracellular trafficking in other cell types (Verhey et
al., 1993; Wieman et al., 2009), we generated transgenic tadpoles expressing a truncated
Glut1 construct (GFP-Glut1Δ38) lacking the entire C-terminus. Strikingly, while this
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truncation did not prevent the protein from reaching the synaptic terminal and inner
segment plasma membrane, it did allow the construct to gain entry into the rod outer
segment, including the disc membranes (Fig. 5.4C). These data not only confirm that the
full-length Glut1 protein localizes outside of the outer segment, but also demonstrate
that photoreceptors utilize a targeting signal within Glut1’s C-terminal tail to actively
restrict it from this domain.

5.3 Discussion
In summary, our observations refute the long-held idea that Glut1 exists in the
rod outer segment plasma membrane to allow direct entry of glucose into this
compartment. Such a role for Glut1 was first proposed based on experimental evidence
that glucose enters purified bovine rod outer segments in a process that can be inhibited
by cytochalasin B and phloretin, both known antagonists of transport by the GLUT
family of glucose transporters (Hsu and Molday, 1991; Lopez-Escalera et al., 1991).
Immunohistochemical evidence of Glut1 in the outer segments from a variety of species
was offered by a number of laboratories in support of this model, but in all cases the
resolution of the images did not allow outer segment plasma membranes to be
distinguished from RPE microvilli (Hsu and Molday, 1991; Mantych et al., 1993; Nihira
et al., 1995; Elliott et al., 2008). No other glucose transporters have been identified in the
outer segment region in immunohistochemical experiments (Mantych et al., 1993) or in
proteomic analyses (Liu et al., 2007; Kwok et al., 2008). Therefore, based on our data, we
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suggest that the original biochemical evidence of direct glucose entry into purified outer
segment preparations reflects the presence of Glut1 in contaminating membranes from
the RPE or inner segments. Alternatively, mechanical shearing of the outer segments
during their isolation may have destroyed the diffusion barrier at the connecting cilium,
allowing the compositions of the outer segment plasma membrane and cell body to
become mixed (e.g. (Spencer et al., 1988)).
We should emphasize that our findings do not invalidate the concept of glucose
utilization in the outer segment. Rather, they suggest that glucose supplied to the retina
by the RPE first enters photoreceptor cells through Glut1 located in the inner segment
plasma membrane. Indeed, this is an attractive idea because hexokinase (the enzyme
that mediates the first reaction in glucose metabolism by producing glucose-6phosphate) is confined to the inner segment (Wilkin and Wilson, 1977; Aslanukov et al.,
2006; Reidel et al., 2011), presumably due to association with outer mitochondrial
membranes (reviewed in (Mathupala et al., 2009)). Glucose phosphorylation by
hexokinase is required to trap glucose inside the cell because glucose-6-phosphate
cannot escape the cell through glucose transporters. Therefore, direct glucose entry into
the outer segment compartment devoid of hexokinase would be unproductive. Instead,
glucose-6-phosphate produced by hexokinase in the inner segment can undergo further
metabolism in both the inner and outer segments. To reach the outer segment it must
diffuse through the connecting cilium, which thereby serves as the sole route for
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delivering energy-rich substrates to this compartment. Once in the outer segment,
glucose-6-phosphate can either fuel glycolysis to produce ATP required for visual signal
transduction (Hsu and Molday, 1994; Okawa et al., 2008) or enter the pentose phosphate
pathway (Futterman et al., 1970; Hsu and Molday, 1994), which produces NADPH
required to initiate regeneration of visual pigment bleached by light.
Finally, our observation that Glut1 is actively excluded from the outer segment
necessitates revision of a short list of outer segment proteins believed to be restricted to
the plasma membrane and kept out of discs. This leaves only the cyclic nucleotide-gated
channel (Cook et al., 1989), the Na+/Ca2+/K+ exchanger (Reid et al., 1990), and the insulin
receptor (Rajala et al., 2007) as outer segment proteins with documented plasma
membrane-specific localization. With regard to Glut1’s targeting, our data raise an
interesting question: what targeting mechanism is responsible for its exclusion from the
outer segment? We have shown that Glut1’s 38-residue cytosolic tail is necessary for
this localization pattern. The last four amino acids (DSQV) constitute a PDZ-binding
motif necessary for an interaction with the protein GIPC (Bunn et al., 1999), which has
been shown to regulate recycling of internalized Glut1 to the plasma membrane in
hematopoietic cells (Wieman et al., 2009). Two other proteins, the SUMO-conjugating
enzyme Ubc9 (Giorgino et al., 2000) and the lipid raft protein stomatin (Zhang et al.,
1999; Zhang et al., 2001), have also been reported to associate with Glut1’s cytosolic tail.
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Whether any of these proteins are expressed in photoreceptors and play a role in
establishing Glut1’s localization pattern awaits further investigation.
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Figure 5.1: Glut1 immunolocalization in the mammalian retina. A rat retina section
was immunostained for Glut1 (green). Nuclei were counter-stained with Hoechst (blue).
To the left is a schematic of a rat rod photoreceptor with an overlying RPE cell,
illustrating the relative positions of individual subcellular compartments. Abbreviations:
RPE, retinal pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GC, ganglion cell layer. Bar: 20 µm.
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Figure 5.2: Glut1 immunolocalization in the amphibian retina. (A) Western blot
analysis of retinal extracts from mouse (lane 1) and Xenopus (lane 2), probed with antihuman Glut1 polyclonal antibody. The Xenopus isoform was not recognized. (B) The
polyclonal antibody raised against Xenopus Glut1 specifically recognized this protein in
an immunoblot of Xenopus retinal extract. (C) A section of Xenopus retina
immunostained for Glut1 (green). Nuclei were counter-stained with Hoechst (blue). To
the left is a schematic of a frog rod photoreceptor with an overlying RPE cell, illustrating
the relative positions of individual subcellular compartments. Abbreviations are the
same as in Fig. 5.1. Bar: 20 µm. (D-I) Xenopus retinal cryosections stained for Glut1
(green) and Na+/K+ ATPase (NKA, red; D-F) or phalloidin (red; G-I). Glut1 localized to
the RPE and its microvilli and to the rod photoreceptors’ plasma membrane in the
synaptic, nuclear, and inner segment layers. Labeling of the Na+/K+ ATPase (D-F) was
used as a marker for the photoreceptor inner segment plasma membrane and calycal
processes (arrowheads). Labeling of F-actin with phalloidin (G-I) was used as a marker
for the RPE microvilli, in addition to the photoreceptor calycal processes. (J-L) Staining
of two isolated rod photoreceptor fragments revealed Glut1 (green) on inner segment
membranes and calycal processes (arrowheads) but not along the plasma membrane of
outer segments marked by wheat germ agglutinin (red). Bars in panels D-L: 10 µm.
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Figure 5.3: Immunogold analysis of Glut1 in Xenopus retina sections. Longitudinal
sections (A,B) and cross-sections (C,D) through Xenopus retina were processed for
immunogold analysis. Gold particles labeling Glut1 (representatives marked by red
arrowheads) were abundant on the fingerlike RPE microvilli (A) and their cross-sections
(C). Rare, nonspecific particles (green arrowheads) were found within the rod outer
segments, with no preference for the lateral plasma membrane; they were found at the
same frequency on control sections incubated with rabbit IgG control (B,D). (E) Gold
particle labeling densities (particles per µm2 of membrane) were calculated for the outer
segments and microvilli in both Glut1-stained and control sections. The mean labeling
density for each type of structure in ten separate images is plotted with bars
representing 95% confidence intervals. Abbreviations: OS, outer segment; MV,
microvilli. Bar: 200 nm.
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Figure 5.4: GFP-tagged Glut1 is actively excluded from rod outer segments of
transgenic Xenopus tadpoles. (A,B) GFP-tagged Glut1 was expressed in transgenic
tadpole rods and localized to the plasma membrane of the synaptic terminal, nuclear
region, and inner segment, including the calycal processes (arrowheads). Transmitted
light image (B) revealed that the outer segments extend well beyond the GFP signal in
the calycal processes. (C) GFP-tagged Glut1 mutant lacking its 38-residue C-terminal tail
displayed prominent outer segment localization in tadpole rods. Abbreviations: OS,
outer segment; IS, inner segment; N, nuclear region; ST, synaptic terminal. Bar: 10 µm.
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6. Summary and future directions
This dissertation focused primarily on investigating two multifunctional
membrane proteins in rod outer segments, R9AP and rhodopsin. In Chapter 3, we
demonstrated that R9AP's role in protecting RGS9-1 from proteolysis centers solely on
its ability to recruit RGS9-1 to membranes rather than on physical masking of labile
RGS9-1 residues. This protective function of R9AP can be usurped by providing RGS9-1
with its own means of membrane attachment. However, localization of RGS9-1 to its
site of action in rod outer segments remains dependent on binding to R9AP. We
subsequently turned our attention to R9AP's role in enhancing the catalytic activity of
the transducin GTPase activating complex and tested whether a lipid-anchored variant
of R9AP could alter photoresponse recovery kinetics in transgenic rods by diffusing
along the disc membranes more rapidly than wild type R9AP. We observed that a
sizable fraction of transgenic rods recovered more quickly than wild type rods,
indicating that the lipidated GTPase activating complex was fully functional in outer
segments. However, the faster recovery times observed in these mice approached, but
did not surpass, those measured in transgenic mice overexpressing wild type R9AP,
indicating that the time constant of ~55 ms may represent the limit of the extent to which
rod photoresponse recovery can be accelerated by means of faster transducin
inactivation.
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The study in Chapter 4 explored rhodopsin's poorly defined function as a rod
outer segment building block. We found that a C-terminally truncated rhodopsin
mutant targeted artificially to the outer segment was sufficient for outer segment
morphogenesis and production of flattened outer segment discs, indicating that
rhodopsin's structural function does not depend on its VXPX targeting motif per se. We
subsequently observed that a non-opsin GPCR and a random single-pass
transmembrane domain directed to the outer segment promoted rod outer segment
morphogenesis as effectively as wild type rhodopsin, at least at the light microscopic
level. These observations suggest that rhodopsin's structural contribution to outer
segment discs is much simpler than expected, essentially consisting of providing a
critical mass of transmembrane protein material to disc membranes.
Finally, the findings in Chapter 5 dispelled the long-held notion in the field of
photoreceptor biology that the glucose transporter Glut1 resides on the rod outer
segment plasma membrane to provide a means of direct glucose entry to this
compartment. We conducted a thorough histological analysis to demonstrate that Glut1
is present on the plasma membrane of all rod compartments with the exception of the
outer segment. This surprising localization pattern is established by the cytosolic Cterminal tail of Glut1, which actively excludes it from the outer segment. Our finding
has practical implications for rod cell metabolism, indicating that the sizable energy

144

demands of phototransduction must be entirely satisfied by diffusion of high energy
substrates through the rod's connecting cilium.
The work in this dissertation is aligned with our broad goal of determining how
a relatively small subset of rod proteins is targeted to the outer segment and cooperates
to establish such a structurally and physiologically unique organelle. Moving forward,
there are a couple of new directions we could take to continue with this theme and build
on the observations described here. The first is to determine how many truly distinct
trafficking pathways to the rod outer segment exist. Achieving this goal would involve
assigning the full complement of outer segment membrane proteins to non-overlapping
groups defined by the use of specific targeting motifs and distinct vesicle species to
reach the outer segment. While rhodopsin's VXPX motif-dependent pathway is now
well characterized, very little is known about the molecular mechanisms by which other
membrane proteins target to the outer segment. There is a small body of evidence
implicating a few outer segment proteins as candidates to traffic to the outer segment
through different mechanisms than rhodopsin; evaluating these proteins first would
seem the most logical approach to defining new trafficking pathways.
The most promising candidate to represent a distinct trafficking pathway is
peripherin. Peripherin does not require the presence of rhodopsin to localize to the
outer segment region of rods (see Fig. 4.1 and (Lee et al., 2006)), and our study in
Chapter 4 successfully exploited a putative 20-residue peripherin peptide without a
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VXPX motif to specifically target a C-terminally truncated rhodopsin mutant to outer
segments. Two other immediate candidates are the guanylate cyclase proteins (GC1 and
GC2) and the β-subunit of the CNG channel (CNGβ1). These proteins depend on
interactions with RD3 and ankyrin G, respectively, to escape biosynthetic membranes
and reach the outer segment (Kizhatil et al., 2009; Azadi et al., 2010). It is tempting to
speculate that these binding proteins might help to sort GC1/2 and CNGβ1 into
appropriate post-Golgi vesicles, similar to Arf4 with rhodopsin. However, it is
important to keep in mind that escape from the endoplasmic reticulum and subsequent
targeting to the outer segment may be entirely separate events, so one cannot yet rule
out the possibility that these proteins are co-transported to the outer segment along with
rhodopsin in an Arf4-dependent manner. Definitive proof that these or other outer
segment proteins use distinct trafficking pathways from that of rhodopsin will depend
on isolating and refining the specific targeting motif for each candidate and identifying
the constellation of regulatory proteins that mediate the various steps in delivering it
from the TGN to the outer segment.
A second intriguing area to explore is the question of how the lipid composition
of the rod outer segment is established. As introduced in Chapter 1, the outer segment
disc membranes are rather unique due to a relative dearth of cholesterol (Fliesler and
Schroepfer, 1982) and an abundance of polyunsaturated fatty acids, particularly the ω-3
fatty acid docosahexanoic acid (DHA) (Stone et al., 1979). While this lipid composition
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results in high membrane fluidity and facilitates lateral diffusion of phototransduction
proteins, there is also evidence that the identities of the lipid species within the
membrane directly influence the equilibria of various conformational intermediates of
activated rhodopsin (Wiedmann et al., 1988). Indeed, advanced NMR techniques have
been used to suggest that rhodopsin has the ability to specifically interact with different
lipid species at particular sites on the protein (Soubias et al., 2006). This begs a question:
if lipid-protein interactions allow the disc membrane to influence the properties of
rhodopsin, could they not also allow rhodopsin to affect the lipid composition of the
disc membrane?
The transgenic mice introduced in Chapter 4 may provide a tool to answer this
question. Most of the lipids comprising outer segment discs are believed to originate
from post-Golgi vesicles delivering rhodopsin to the outer segment. Therefore, it would
be interesting to see if rescuing outer segment formation in the absence of rhodopsin
would alter the lipid composition of outer segments. It is possible that a highly
dissimilar protein like the single-pass transmembrane construct would interact
differently with lipid molecules in the TGN and thereby assemble post-Golgi vesicles
(and ultimately an outer segment) with a very different lipid composition than observed
in wild type rods. Thus, while the data presented in Chapter 4 suggests that rhodopsin's
role as a basic outer segment building block may be completely satisfied by a critical
mass of transmembrane protein material, it could be that by influencing the lipid

147

composition of post-Golgi vesicles, rhodopsin makes specific contributions to the
biophysical properties of outer segment discs that are not as easily replaceable.
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