
 

1 

ARRESTIN TRANSLOCATION IN ROD PHOTORECEPTORS:  
THE SIGNALING CASCADE AND THE MECHANISMS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

WILDA ORISME 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2008 



 

2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2008 Wilda Orisme 
 
 

 



 

3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my Mother and Father, 
Lucienne and Gesner Orisme 

 
 
 
 



 

4 

ACKNOWLEDGMENTS 

I would like to thank Dr. W. Clay Smith for being a wonderful mentor and advisor. I 

appreciate the long discussions and invaluable advice for my progression as a scientist. For the 

many times experiments did not work for me, it was always great to see a reassuring smile that 

there are better days ahead. I would like to thank Dr. J. Hugh McDowell for being an awesome 

scientist and teaching me to be more critical. I would like to thank Charles Shelemar (may he rest 

in peace) for the endless laughs reminding me life is better enjoyed with bliss. I would like to 

thank my committee members Dr. Sue Semple-Rowland, Dr. Barbara Battelle, and Dr. Stephen 

Sugrue for providing direction and support for my thesis research. I would like to thank my lab 

mates Donald Dugger, Dr. Susan Bolch, Dr. Jian Li, Dr. Paul Hargrave, Dr. Robert Cohen, and 

Dr. Anatol Adrendt. It was great to be part of one of the best research groups. I have learned 

beyond my field through our discussions. I would like to thank my sister and brothers, Carole 

Theophin, Smith Orisme, Charlemagne Orisme, Eben Orisme, and Lequin Orisme. I am blessed 

and grateful to be your sister. You have taught me what excellence is and how to continue to 

achieve it. Among the many things that I have learned from you, you have taught me success is 

not a measure of degree but a measure of influence.  I would like to thank my mother and father 

for the many lessons you taught me, one of which is to maximize from the minimum of any 

situation.  I dedicate this milestone in my life to my mother and father, Lucienne and Gesner 

Orisme.  



 

5 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS ...............................................................................................................4 

LIST OF TABLES...........................................................................................................................7 

LIST OF FIGURES .........................................................................................................................8 

ABSTRACT.....................................................................................................................................9 

CHAPTER 

1 INTRODUCTION AND BACKGROUND ...........................................................................11 

Introduction.............................................................................................................................11 
Phototransduction ............................................................................................................11 
Inactivating the Photoresponse........................................................................................11 
Arrestin Translocation .....................................................................................................12 
Phosphoinositides in the Photoreceptor Cell ...................................................................14 
G-Proteins in Photoreceptor Cell.....................................................................................15 

2 THE SIGNALING CASCADE ..............................................................................................19 

Materials and Methods ...........................................................................................................19 
Immunocytochemistry.....................................................................................................19 
Treatment of Tadpoles and Mouse Organ Cultures with Agonists and Antagonists ......21 
Confocal Microscopy and Quantification .......................................................................23 

Results.....................................................................................................................................24 
Arrestin Translocates in Response to Activators of PKC and PLC ................................24 
Inhibitors of PKC and PLC Modify Arrestin Localization .............................................25 
A G-protein Mediates Arrestin Translocation to OS.......................................................26 

3 THE MECHANISM OF ARRESTIN TRANSLOCATION..................................................40 

Materials and Methods ...........................................................................................................40 
Construction of Arrestin cDNA’s....................................................................................40 
Generation of Transgenic Animals..................................................................................41 
Expression in Tissue Culture...........................................................................................42 
Heterologous Expression and Purification of Arrestin....................................................42 
Rhodopsin Binding Assay. ..............................................................................................43 
Microtubule Binding Assay.............................................................................................43 
Potassium Cyanide Treatment of Tadpole Eyes..............................................................44 

Results.....................................................................................................................................45 
Arrestin Binding to Microtubules Is Independent of Charge Order in the C-terminus...46 
Arrestin Translocation in ATP-depleted Photoreceptors ................................................47 



 

6 

4 DISCUSSION.........................................................................................................................57 

G-proteins in Rod Photoreceptors ..........................................................................................57 
Role of PKC and PLC.............................................................................................................59 
Arrestin Translocation is Energy Dependent..........................................................................60 
Proposed Pathway...................................................................................................................62 

5 SUMMARY AND PERSPECTIVE.......................................................................................67 

LIST OF REFERENCES...............................................................................................................70 

BIOGRAPHICAL SKETCH .........................................................................................................77 

 
 



 

7 

LIST OF TABLES 

Table  page 
 
3-1 Synthetic oligonucleotide primers used to construct arrestin with a scrambled C-

terminus..............................................................................................................................41 



 

8 

LIST OF FIGURES 

Figure  page 
 
1-1 Rhodopsin inactivation pathway........................................................................................17 

1-2 Arrestin localization in rod photoreceptors........................................................................18 

2-1 Localization of phospholipase C and PKC in rod photoreceptors......................................29 

2-2 Arrestin translocation to the OS is induced by PKC and PLC agonists. ...........................30 

2-3 Arrestin translocation is slowed in eyes treated with PKC and PLC inhibitors. ...............32 

2-4 Localization of G-proteins in rod photoreceptors. .............................................................34 

2-5 Arrestin translocation is sensitive to pertussis toxin..........................................................35 

2-6 D2-dopamine receptor localization in rod photoreceptors. ................................................36 

2-7 Arrestin localization in response to a dopamine receptor agonist. ....................................37 

2-8 Arrestin localization in response to a D2-dopamine receptor antagonist. ..........................38 

3-1 Binding of arrestins to rhodopsin in rod disc membranes. ................................................49 

3-2 Translocation of xAr and xAr-scr in transgenic tadpoles. .................................................50 

3-3 Native arrestin and arrestin with a scrambled c-terminus bind fluorescently labeled 
microtubules.......................................................................................................................51 

3-4 Arrestin and tubulin localization in tissue culture. ............................................................52 

3-5 Arrestin localization in response to ATP depletion in transgenic tadpoles.. .....................53 

3-6 Arrestin localization in response to ATP depletion in mouse eyes. ..................................55 

4-1 Proposed phosphoinositide “gatekeeper” pathway for arrestin translocation....................65 

4-2 Model for arrestin translocation.........................................................................................66 



 

9 

 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

 
ARRESTIN TRANSLOCATION IN ROD PHOTORECEPTORS:  

THE SIGNALING CASCADE AND THE MECHANISMS 

  By 

  Wilda Orisme 
 

December 2008 
 
Chair: W. Clay Smith 
Major: Medical Sciences—Neuroscience 
 

Light adaptation of rod photoreceptors induces an accumulation of arrestin from the rod 

inner segments (IS) to the rod outer segments (OS) where arrestin binds to light-activated, 

phosphorylated rhodopsin to quench the photoresponse. The signaling molecules necessary to 

initiate arrestin translocation to the OS and the mechanisms for arrestin translocation have not 

been fully elucidated. Here, for the first time, we demonstrate that components of the G-protein 

linked phosphoinositide pathway play a role in stimulating arrestin translocation. First, we show 

that arrestin translocation can be stimulated by activators of phospholipase C (PLC) and protein 

kinase C (PKC) in the absence of light. Surprisingly, arrestin translocates to the OS within 10-15 

min after exposure to activators of PLC and PKC. Conversely, arrestin translocation to the OS is 

significantly slowed by inhibitors of PLC and PKC, reducing the amount of arrestin translocating 

to the OS. Second, we show that arrestin translocation to the OS is significantly reduced in 

photoreceptors that have been treated with pertussis toxin, which is a G-protein poison. 

Collectively, our results suggest that arrestin translocation is initiated by a G-protein coupled 

cascade through PLC and PKC signaling.  

In the second part of this study, we investigated the mechanism by which arrestin 

translocates in response to light.  Previous studies have suggested that arrestin translocation 
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between the OS and IS is a passive process, resulting from arrestin’s binding affinity for light-

activated, phosphorylated rhodopsin in the outer segments and affinity for microtubules in the 

inner segments. The central tenet of this model is that arrestin’s translocation is an energy 

independent process. We have previously shown that arrestin does not fully distribute throughout 

the OS in response to microtubule poisons nor does arrestin return back to the IS under these 

conditions, demonstrating there is a role for cytoskeleletal elements in arrestin translocation 

between the OS and IS. In this study, we address the discrepancies between these findings 

regarding the mechanism for arrestin translocation. We find that treatment with potassium 

cyanide inhibits arrestin translocation to the OS in response to light, suggesting that arrestin 

translocation does require ATP. We also found that we could engineer an arrestin with a 

scrambled C-terminal 30 amino acids that retained its binding for both activated rhodopsin and 

microtubules, but yet was unable to translocate in response to light.  The results obtained from 

both investigating the signaling cascade and the mechanisms of arrestin translocation indicate 

that arrestin translocation between the IS and OS is more complicated than previously proposed, 

and likely involves both diffusion and motor-assisted processes.  
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 

Introduction 

Phototransduction 

The phototransduction cascade is the process by which light is converted into a change in 

photoreceptor cell membrane potential.  This cascade is initiated by the light-sensitive G-protein 

coupled receptor rhodopsin. The inactive form of the chromophore in rhodopsin isomerizes from 

11- cis retinal to all-trans retinal in response to light. This isomerization and accompanying 

conformational changes of rhodopsin promotes activation of the G-protein transducin. The alpha 

subunit of GDP-bound transducin then binds to light-activated rhodopsin and exchanges GTP for 

GDP. As a result of transducin activation, phosphodiesterase cleaves cGMP, decreases the 

intracellular concentration of cGMP, and results in the closure of the cyclic nucleotide-gated 

Na+/K+/Ca2+ channels. The closure of these channels causes a change in the ionic balance of the 

photoreceptor, resulting in hyperpolarization of the cell and a neural response (Burns and Baylor 

2001). 

Inactivating the Photoresponse 

The phototransduction cascade is inactivated at several key points.  Guanylate cyclase 

synthesizes cGMP to reopen the Na+/K+/Ca2+ channels. RGS9 facilitates GTP hydrolysis of 

activated transducin restoring inactive GDP-bound transducin. Rhodopsin kinase, a G-protein 

coupled receptor kinase, phosphorylates light-activated rhodopsin. Arrestin then binds to light- 

activated, phosphorylated rhodopsin and prevents transducin from binding rhodopsin, thereby 

quenching the photoresponse (Fig. 1-1). 

Arrestin is a 48 kDa protein whose localization in the photoreceptor cell is dependent upon 

the lighting conditions. In dark-adapted eyes, arrestin localizes primarily in the rod inner 
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segments. In response to light, arrestin translocates to the rod outer segments (OS) passing 

through the connecting cilium (Fig.1-2). Since arrestin plays an important role in the inactivation 

of the photoresponse by binding to light-activated, phosphorylated rhodopsin, it would be 

intuitive for arrestin to be localized in the rod outer segments. The fact that arrestin is 

differentially partitioned and moves in response to light suggest an additional function for 

arrestin, perhaps in light adaptation (Strissel et al. 2006) or in energy conservation (McGinnis et 

al. 1992).  

Arrestin Translocation  

This current study investigates arrestin translocation to the outer segments, examining both 

the mechanism by which arrestin moves and the signaling pathway that initiates arrestin 

translocation.  Currently, there are two proposed mechanisms for arrestin translocation: (1) 

passive distribution of arrestin between the OS and IS through binding partner interactions (Peet 

et al. 2004, Nair et al. 2005, Strissel et al. 2006), and (2) the active use of cytoskeletal elements 

for arrestin translocation (McGinnis et al. 2002, Peterson et al. 2005, Reidel et al. 2008). The 

model proposing passive distribution of arrestin suggests arrestin translocation to the OS is 

dependent upon arrestin’s binding affinity for light-activated, phosphorylated rhodopsin and that 

relocalization to the IS during dark-adaptation is dependent upon arrestin’s binding affinity for 

microtubules (Nair et al. 2004, Nair et al. 2005, Hanson et al. 2007, Nair et al. 2007). In support 

of this hypothesis, Nair et al. (2005) showed that arrestin can translocate to the OS in mouse 

retinas depleted of ATP by potassium cyanide treatment. This evidence suggests arrestin can 

translocate to the OS in an energy independent manner in their mammalian system. Other studies 

have investigated potential contributions to arrestin translocation by cytoskeletal elements in a 

more active process (Williams et al. 1988, McGinnis et al. 2002, Peterson et al. 2005, Reidel et 

al. 2008).  In light-adapted rod photoreceptors treated with thiabendazole to disrupt 
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microtubules, arrestin translocated only to the base of the OS, as opposed to being fully 

distributed throughout the OS (Peterson et al. 2005, Reidel et al. 2008).  Further, disruption of 

microfilaments also caused a delay in the return of arrestin to the IS during dark adaptation in 

mouse (Peterson et al. 2005, Reidel et al. 2008). Collectively, these two studies both showed an 

effect on arrestin translocation when cytoskeletal elements are disrupted, suggesting an important 

contribution is made by the cytoskeleton for arrestin translocation.  

In photoreceptors, the principal cytoskeletal elements are localized along the axoneme and 

in the inner segments. Microtubules are the primary component of the axoneme, projecting from 

the inner segments basal bodies as nine ciliary doublets and then as singlet microtubules into the 

distal outer segments. Microfilaments are also found along the axoneme, and in the calycal 

processes which surround the outer segments (Chaitin et al. 1986, Williams et al.  1988, Lin et al.  

2004). As expected, there are motor proteins associated with these cytoskeletal elements, namely 

myosin, kinesin, and dynein. These motor proteins have been strongly implicated in transporting 

proteins synthesized in the IS to the OS, such as opsin, and are important in disc and membrane 

morphogenesis.  There is a small body of evidence suggesting participation of these motors in 

arrestin translocation.  For example, in conditional knock-outs of KIF3A, the motor domain of 

kinesin III, arrestin translocation to the OS was prevented, primarily localizing in the IS 

(Marszalak et al. 2000). However, it is not possible to conclude that arrestin uses kinesin II for 

transport from this study since there was also an accumulation of phosphorylated opsin in the IS 

in the KIF3A knockout mice.  As a result the arrestin may have localized to the IS due to its 

affinity for phosphorylated opsin.  

A role for myosin motors in arrestin translocation has also been demonstrated in 

invertebrates.  Lee and Montell (2004) demonstrated that Drosophila arrestin co-precipitated 
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with Myosin III (NINAC) in the presence of phosphoinositides.  Although Lee and Montell 

found no direct protein-protein interaction between myosin and arrestin, their findings suggested 

that arrestin may use a myosin/microfilament motor process for transportation.  In support of this 

idea, flies lacking NINAC showed significant defects in the light-driven translocation of arrestin. 

Although Myosin IIIA and arrestin co-localize in vertebrate photoreceptors, arrestin 

translocation in vertebrate organisms appears to use a mechanism different than that of 

Drosophila since vertebrate visual arrestins lack affinity for the phosphoinositides that are 

required for its association with Myosin IIIA (Smith et al.  2006). Nonetheless, the presence of 

Myosin IIIA in the distal inner segments of Xenopus laevis photoreceptors (Lin et al. 2004) and 

its co-localization with arrestin in this region are intriguing.  

Phosphoinositides in the Photoreceptor Cell 

In addition to our incomplete understanding of the mechanism by which arrestin 

translocates, there is also a gap in our knowledge of how light triggers arrestin translocation.   In 

2003, Mendez et al. showed transducin signaling is not necessary for arrestin translocation using 

a transducin knock-out mouse. They further demonstrated that arrestin could also translocate in 

rhodopsin kinase knock-out animals, adding additional evidence that translocation of arrestin 

was not dependent on arrestin binding to light-activated phosphorylated rhodopsin (Mendez et al. 

2003). However, in animals that lacked the ability to form 11-cis retinal, such as the RPE65 

knockout mouse, arrestin translocation was absent, demonstrating a requirement for rhodopsin, 

and presumably rhodopsin activation, to initiate translocation (Mendez et al. 2003). More 

recently, Strissel et al. (2006) have shown that arrestin translocation does not occur at very low 

levels of light, but rather is initiated at a threshold where approximately 3% of the total 

molecules of rhodopsin are bleached.  At this threshold, a 30-fold excess of arrestin moves into 

the outer segments compared to the number of activated rhodopsin molecules.  This excess of 
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arrestin moving at a threshold level is a hallmark of a signaling cascade activating the 

translocation of arrestin.  Since rhodopsin is required for arrestin translocation, but not 

transducin, we reasoned that the signaling for arrestin translocation likely occurs through 

rhodopsin activation of an alternative G-protein coupled cascade. Several components of such 

cascades have been identified in the photoreceptor, many of which do not have a known 

function. 

G-Proteins in Photoreceptor Cell 

To identify the possible molecules associated with arrestin translocation, we sought 

molecules that are expressed in the rod photoreceptor, but have not specifically been linked to 

any pathway. The phosphoinositide pathway is one logical choice since many studies have 

identified components of the phosphoinositide pathway in photoreceptor cells (e.g., Kaplan et al. 

1987 and Newton et al. 1993). The phosphoinositide pathway consists of a Gi or Gq guanine 

nucleotide-binding protein which activates phospholipase C (PLC). PLC cleaves 

phosphatidylinositol 4, 5 bis-phosphates (PIP2) to produce diacylglycerol (DAG) and inositol 

trisphosphate (IP3). IP3 activates calcium channels for calcium release in the cell. Free calcium 

and DAG can activate conventional PKCs to phosphorylate various target proteins in the cell 

(Newton et al. 1995). 

Heterotrimeric G-proteins, including G11 and Gi, are activated through a GDP to GTP 

exchange, activating its effector protein PLC to cleave PIP2. There are several isozymes of PLC 

that have been identified in the photoreceptor: beta1-4, gamma1-2 and theta1-2.  Both PLCβ4 and 

PLCγ1 have been identified in the OS with a possible role in the visual response (Ghalayini et al. 

1992, Ghalayini et al. 1998, Jiang et al. 1998). PLC β4 is suggested to modulate both the visual 

response in mice and cell to cell signaling (Jiang et al. 1998). The role of PLCγ1 in the 
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photoreceptor has been shown to differ depending on lighting conditions, with greater activity in 

light-adapted OS (69%) compared to dark-adapted OS (46%) (Ghalayini et al. 1992, Ghalayini et 

al. 1998).  Interestingly, PLC γ1 activity was found to be dependent on arrestin concentration and 

calcium added to the OS preparations (Ghalayini et al. 1992).  

Like the PLCs, the rod photoreceptor cell also expresses a wide range of protein kinase C 

isozymes. The protein kinase C family consists of the conventional protein kinase Cs, the novel 

protein kinase Cs, and the atypical protein kinase Cs. The conventional PKCs require both Ca2+ 

and DAG for activation, whereas novel PKCs requires only DAG. Atypical PKCs do not require 

Ca2+ or DAG. PKC isozymes that have been identified in the OS are alpha, beta, gamma, theta, 

and epsilon (Kelleher et al. 1985, Newton et al. 1993, Greene et al. 1995, Kosaka et al. 1998, 

Udovichenko et al. 1996, Udovichenko et al. 1997, Williams et al. 1997). Among the PKC 

isozymes, PKCα accounts for at least 40% of Ca2+-dependent PKC activity in the OS (Williams 

et al. 1997).  

These studies highlight the abundance of PLC and PKC isoforms in rod photoreceptors.  

Yet in most cases, but their roles are not fully known. Given the evidence provided in some of 

the studies indicating that lighting conditions modulate PLC and PKC activity, it is reasonable to 

hypothesize that PLC and PKC may be coupled to rhodopsin activation, and that this coupling 

could be part of the signal that triggers arrestin translocation.  In the first part of this study, we 

test this hypothesis, investigating the potential for phosphoinositide signaling as the initiator for 

arrestin translocation.
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Figure 1-1. Rhodopsin inactivation pathway. In response to light, the chromophore 11-cis retinal 

isomerizes to all-trans retinal therefore activating rhodopsin (R). Light-activated 
rhodopsin (R*) activates heterotrimeric G-protein, transducin (T-alpha) to initiate the 
phototransduction cascade. To quench this response, rhodopsin kinase (RK) 
phosphorylates light-activated rhodopsin creating a high affinity complex for arrestin 
binding.  Arrestin (ARR) binds to light-activated phosphorylated rhodopsin (R*P), 
creating a stearic hindrance for a transducin-rhodopsin complex. All-trans retinal is 
released from rhodopsin and reduced to all-trans retinol by retinol dehydrogenase 
(RDH).  The release of chromophore is coupled with the release of arrestin.  After the 
release of all-trans retinol, which generates phosphorylated opsin, phosphatase 2A 
(PP2A) cleaves the phosphates from phosphorylated opsin. Opsin can then be 
regenerated to rhodopsin with the addition of 11-cis retinal.  
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Figure 1-2. Arrestin localization in rod photoreceptors. Arrestin is one of the few proteins in the 

rod photoreceptors that undergo a change in localization in response to light. Xenopus 
laevis tadpoles were dark adapted for at least 12 hrs or light adapted for 60 min, and 
cryosections immunostained for arrestin (xAr 1-6, red); nuclei were stained with 
Sytox green. In dark-adapted rod photoreceptors, arrestin is predominately localized 
in the inner segments and along the axoneme (arrows). In response to light, arrestin is 
predominantly localized to the rod outer segments. 
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CHAPTER 2 
THE SIGNALING CASCADE 

In the first part of this study, we investigated the proteins that may play a role in signaling 

arrestin translocation. We used immunocytochemistry for detecting various proteins in the rod 

photoreceptors to determine their localization. We also used pharmacological agents for 

agonizing and antagonizing components of the phosphoinositide pathway.  

Materials and Methods 

Immunocytochemistry  

Wild-type Xenopus laevis tadpoles (stages 50-54, either lab reared or obtained from 

Xenopus Express) were dark adapted overnight in the dark or under dim red lights. For dark- and 

light-adaptation studies, the tadpoles were either left in the dark or were light adapted for 60 min 

under laboratory lighting (approximately 850 lux). After dark adaptation or light adaptation, the 

tadpoles were fixed in 3.7% formaldehyde and 73% methanol in deionized water overnight at 

4oC.  The tadpoles were rehydrated through serial dilutions of methanol incubating for 30 min on 

ice in 60% methanol/40% phosphate buffered saline (PBS), 40% methanol/60% PBS, 20% 

methanol/80% PBS, and 100% PBS.  After rehydration, the tadpoles were cryoprotected in 30% 

sucrose in PBS overnight at 4oC. The eyes were dissected from the tadpoles and embedded in 

Optimal Cutting Temperature media (OCT) and sectioned at 12 µm. For immunocytochemistry, 

the sections were rinsed with PBS for 30 min to remove residual OCT and processed through the 

following series of treatments to optimize antibody penetration. The sections were incubated in 

freshly prepared 0.1% NaBH4 for 30 min at room temperature, followed by 1% Trton-X100 in 

PBS for 30 min.  The sections were then denatured with 6 M guanidinium hydrochloric acid in 

50 mM Na2PO4, pH 7.0 for 20 min. The sections were rinsed with several changes of deionized 

water, and then blocked with 1% reduced gamma globulin fetal bovine serum or reduced gamma 
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globulin horse serum/ 0.2% Triton-X100 in PBS for 2 hr.  All antibodies used in this study were 

diluted in 1% reduced gamma globulin horse or fetal bovine serum with 0.2%Triton-X100 in 

PBS. The following antibodies and dilutions were used: anti-Xenopus arrestin [xAr1-6: mouse 

monoclonal (Peterson et al. 2003) 1:50], anti-arrestin [SCT-128 mouse monoclonal; gift from 

Paul Hargrave (1:50)], anti-Gi-1 G-protein (R4) [mouse monoclonal (1:100 Santa Cruz, #sc-

13522)], anti-Gi-2 G-protein (L5) [mouse monoclonal (1:100, Santa Cruz, #sc-13534)], anti-Gi-3 

G-protein (C-10) [rabbit polyclonal (1:100 Santa Cruz, #sc-262)], anti-Gi-o G-protein (A2) 

[mouse monoclonal (1:100 Santa Cruz, #sc-13532)], anti-Gα11 G-protein (D-17) [rabbit 

polyclonal (1:100 Santa Cruz, #sc-394)], anti-transducin alpha G-protein (K-20) rabbit polyclonal 

(1:100 Santa Cruz, #sc-389)], anti-phospholipase C (PLC)-γ1 (1249) [rabbit polyclonal (1:100 

Santa Cruz, #sc-81)], anti-PLCβ4 (C-18) [rabbit polyclonal (1:100 Santa Cruz, #sc-404)], anti-

protein kinase Cα(A9) [mouse monoclonal (1:100 Santa Cruz, #sc-17804), and D2DR (H-50) 

rabbit polyclonal (1:100 Santa Cruz, #sc-9113)].  The sections were incubated with the primary 

antibody for 18-24 hr at room temperature in a hydrated chamber with slow rotation. After 

incubation, the sections were washed with three changes of PBS (30 min each). The secondary 

antibody was added to the sections and incubated for 18-24 hr. In this study, we used both Texas 

Red®-X goat anti-mouse (Invitrogen, #T6390) and Texas Red®-X goat anti-rabbit (Invitrogen, 

#T6391) at 1:200 dilution. (These are shown in the images using the red channel.). We also used 

Alexa Fluor® 647 goat anti-rabbit (Invitrogen, A21245) secondary antibody, which also 

fluoresces red, but at a longer wavelength. To make the distinction between the two 

fluorophores, we show Alexa Fluor 647 fluorescence using the blue channel. Two nuclear stains 

were used in this study and were incubated with the secondary antibody: 0.2 µM SYTOX® 

Green (Invitrogen, shown in green) and 4', 6-diamidino-2-phenylindole (DAPI) (Invitrogen, 
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shown in blue). After the secondary antibody incubation, the sections were washed with PBS 

with three changes at 30 min intervals. They were then covered with Mowiol (Peterson et al. 

2003) to reduce autofluorescence and sealed with a cover slip (No. 0).   

Treatment of Tadpoles and Mouse Organ Cultures with Agonists and Antagonists 

Arrestin-GFP tadpoles (4-6 weeks) were dark adapted overnight in 0.1x TPR (Peterson et 

al. 2003). Arrestin-GFP tadpoles were produced by mating a male expressing arrestin fused with 

GFP at the C-terminus driven by the rod opsin promoter (Peterson et al. 2003). The following 

day, dark-adapted arrestin-GFP tadpoles were treated with 1 µM phorbol 12, 13-diacetate (PDA) 

(Sigma, #P9143) for 10 min in the dark. The PDA was prepared at 30 mM in 33% 

dimethylsulfoxide, and diluted in tadpole Ringers such that the final DMSO concentration was 

3.3%.  PDA is a diacylglycerol analog that has been shown to activate protein kinase C (Martin 

et al. 1999). The tadpoles were then fixed in 3.7% formaldehyde in 73% methanol immediately 

after treatment. After the tadpoles were in fixative overnight, they were rehydrated through serial 

rinses of PBS and cryprotected in 30% sucrose in PBS overnight as described above. Mouse 

organ cultures were treated with a similar phorbol ester, phorbol 12-myristate 13-acetate (PMA). 

The mouse organ cultures were prepared by treating C57/BL6J mice with 1.2 mg/ml proteinase 

K for 15 min at 37oC. The reaction of the proteinase K was quenched by adding Dulbecco’s 

Modified Eagle’s Medium (DMEM) containing 10% fetal calf serum for 5 min at 37oC.  The 

eyes were thoroughly rinsed with serum-free media before carefully removing excess muscle 

tissue, the cornea, and the sclera and the hayloid vessels (Reidel et al. 2006) around the eye fully 

exposing the retina. The retina was then cultured in DMEM supplemented with F12 and 10% 

fetal calf serum, l-glutamine, penicillin, and streptomycin at 37°C with 5% CO2. The cultures 

were dark adapted for 12 hr and then treated with 100 nM PMA for 10 min. The eyes were 
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immediately fixed with 4% paraformaledhyde in Soerensen’s phosphate buffer and prepared for 

immunocychemistry.  

Dark-adapted arrestin-GFP tadpoles and retinal organ cultures were both treated with a 

phospholipase C activator, 2,4,6-trimethyl-N- (m-3-trifluoromethylphenyl) benzenesulfonamide 

(m-3M3FBS, Calbiochem, #525185). Arrestin-GFP tadpole eyes were placed in Niu-Twitty 

buffer, (310 µM Na2HPO4, 150 µM KH2PO4, 58 mM NaCl, 670 µM KCl, 340 µM Ca(NO3)2, 

830 µM MgSO4, 2.4 mM NaHCO3, 340 µM CaCl2 ,pH7.3) and then treated with 1 µM m-

3M3FBS (3.3% DMSO final concentration) for 15 min in the dark. The eyes were transferred to 

a new tube and fixed immediately after incubation. The eyes were rehydrated and cryoprotected 

as described above. The retinal organ cultures were treated with m-3M3FBS for 20 min and 

fixed in 4% paraformaledhyde in Soerensen’s phosphate buffer. After fixation, the eyes were 

sectioned and prepared for immunohistochemistry.  

Arrestin-GFP tadpoles were also treated with a dopamine receptor agonist.  Following 

overnight dark adaptation in 0.1x tadpole ringers overnight, the tadpoles were treated with 10 

µM (-)-quinpirole hydrochloride (Sigma, #Q102), a D2-dompamine receptor agonist, for 10 and 

30 min. The control tadpoles and quinpirole-treated tadpoles were fixed immediately after each 

time point.  

Chelerythrine and U73122 (1-(6-(17β-3-methoxyestra-1, 3,5(10)-trien-17-yl) amino) 

hexyl)-1H-pyrrole-2, 5-dione) are inhibitors of PKC and PLC, respectively. Dark-adapted 

arrestin-GFP eyes and mouse retinal organ cultures were treated with 10 µM chelerythrine 

chloride (Calbiochem, #220285) and 10 µM U73122 (Calbiochem, #662035) for 4 hr in the dark. 

For arrestin-GFP eyes, the eyes were incubated with the inhibitor in Niu-Twitty buffer.  Mouse 

organ cultures were incubated in DMEM-F12 supplemented with 10% fetal calf serum. A set of 
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untreated and treated eyes remained in the dark and a set of untreated and treated eyes were light 

adapted for 60 min.  

To investigate if arrestin is utilizing a G-protein regulated pathway, we used pertussis toxin 

and sulpiride, which are G-protein and D2-dopamine receptor antagonists, respectively. Arrestin-

GFP eyes were treated with 15 µg/ml pertussis toxin (Sigma, #P7208) and 10 µM (s) -(-) 

sulpiride (Sigma, #S7771) for 4 hr in the dark and then light adapted for 60 min. A set of eyes 

remained in the dark in Niu-Twitty buffer, treated and untreated, while another set of eyes were 

light adapted for 60 min. To determine if sulpiride penetrated into the photoreceptors during this 

incubation, dark-adapted wild-type eyes were also treated with 1 µM 3H-sulpiride (-) [methoxy-

3H] (Perkin Elmer, #NET775250uC) for 4 hr. A set of control eyes and sulpiride treated eyes 

remained in the dark and a set were light adapted for 60 min. The eyes were fixed, rehydrated, 

and sectioned as described earlier. To detect the tritiated sulpiride, sections were slowly dipped 

in diluted Kodak emulsion in total darkness. The slides were placed vertically to drain excess 

emulsion for 2 hr at room temperature. Afterwards, the slides were placed in slide box wrapped 

in foil to prevent any light exposure.  In this study, the eyes were exposed to the emulsion at 4oC 

for 3 months. After 3 months, the slides were warmed to room temperature and then placed in 

Kodak D19 developer (Kodak, #1464593) for 2.5 min. Immediately afterwards, the slides were 

rinsed in water for 30 sec and then fixed for 3 min in Kodak fixer (Kodak, #1971746). The slides 

were rinsed under gentle running water for 15 min and then dried in a dust free area. The slides 

were then visualized with an Olympus BH-2 Epifluorescent microscope. This procedure was 

adapted from Pardue (1985).   

Confocal Microscopy and Quantification 

The slides that were prepared for this study were visualized by confocal microscopy using 

three different microscopes (1024ES, BioRad; Zeiss LSM Multiphoton Laser Scanning Confocal 
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Microscopy; Olympus Spinning Disc Confocal Microscope) through filters optimized for FITC, 

Texas Red and Cy 5 fluorescence. The slides were collected through a series of z-sections at 0.5 

µm intervals and projected to a 2D image. The images were then visualized through the image 

software Photoshop 6.0. To quantify the fluorescence of GFP in the images, the images were 

gray scaled and inverted. The inverted images were then imported to Scion Image version 4.0.2. 

The fluorescence in the OS and IS were measured by multiplying the encircled area and the 

density of that same area. The relative fluorescence in the rod outer segment and the rod inner 

segment of each photoreceptor were then graphed using Microsoft Office Excel 2003. In all 

cases, the calculated fluorescence in the OS was measured from a minimum of least two images 

collected from each eye from at least three animals (n 12).  Average values were statistically 

compared using Student’s two-tailed t-test for unpaired values.  In some experiments, arrestin 

fluorescence was quantified along the length of a photoreceptor.  For this measurement, a line 

was drawn through the center of the photoreceptor cell and the fluorescence intensity along the 

line measured.  This measurement was performed on 10-15 photoreceptors per image collected 

from each eye of at least three animals.  (n 6). 

Results 

Arrestin Translocates in Response to Activators of PKC and PLC 

Since phospholipase C (PLC) and protein kinase C (PKC) biochemical activity have been 

previously demonstrated in rod outer segments (OS) (e.g. Kaplan et al. 1987 and Newton et al. 

1993), we hypothesized that perhaps these enzymes may also function to signal arrestin 

translocation. If so, then PLC and PKC should be localized to rods and in a location that could 

report information to initiate arrestin translocation. Antibodies against PLC and PKC are 

localized in the ellipsoid region of the IS (Fig.2-1), but are not expressed uniformly throughout 

the IS like arrestin (Fig. 1-2).  This localization at the interface between the inner segment and 
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outer segment is a reasonable location for regulating movement of arrestin between the two 

compartments of the rod. 

Since the components of the phosphoinositide pathway are expressed in the rod 

photoreceptors, we wanted to determine if activating PLC and PKC could initiate arrestin 

translocation to the outer segments.  Arrestin-GFP tadpoles were treated with phorbol 12, 13-

diacetate (PDA), an activator of PKC, under dim red lights. Arrestin translocated to the OS in 

response to the activator of PKC within 10 min of exposure (Fig.2-2B). Arrestin returned back to 

the IS after 30 min or longer exposure (data not shown). To our knowledge, this is the first time 

arrestin translocation has been stimulated in the absence of light. Similarly, we were able to 

stimulate arrestin translocation using an activator of PLC, m-3M3FBS, applied for 15 min 

(Fig.2-2C). Again, arrestin did not remain in the OS during longer exposure to m-3M3FBS (data 

not shown).   

To ensure this phenomenon was not specific to Xenopus laevis photoreceptors, dark-

adapted mouse retinal organ cultures were treated with a similar activator of PKC, phorbol 12-

myristate 13-acetate (PMA). Like Xenopus, a significant amount of arrestin translocated to the 

OS in response to PMA treatment in the absence of light (Fig.2-2E). Arrestin also translocated to 

the OS in response to m-3M3FBS in mouse retinas within 20 min. (Fig.2-2F). The confluence of 

these results from both Xenopus and mouse photoreceptors suggests PKC and PLC may play a 

role in signaling arrestin translocation to the OS. 

Inhibitors of PKC and PLC Modify Arrestin Localization 

Arrestin translocation to the OS in response to PKC and PLC activation strongly supports 

our hypothesis that arrestin translocation is associated with the phosphoinositide pathway. If this 

is an essential pathway to initiate arrestin translocation, then inhibition of PKC and PLC should 

affect arrestin translocation during light adaptation. Arr-GFP eyes and mouse retinal organ 
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cultures were treated with chelerythrine or U73122, which are PKC and PLC inhibitors, 

respectively. In the presence of these inhibitors, the light-induced translocation of arrestin was 

significantly slowed (Fig.2-3). In Xenopus, the principal effect is that arrestin localized to the 

base of the OS (Fig.2-3B and C) as opposed to being fully distributed throughout the OS.  This 

effect was most pronounced for the PLC inhibitor (Fig.2-3C and G). In mouse eyes, arrestin was 

localized to both the IS and OS in mouse retinas treated with the inhibitors, unlike the untreated 

eye where most of the arrestin was in the OS (Fig.2-3D-F).  Thus, arrestin translocation in both 

Xenopus and mouse photoreceptors was significantly slowed by these inhibitors of PKC and 

PLC, although the effect on Xenopus was relatively minor compared to mouse. Perhaps the 

difference may be attributed to different degrees of drug penetration or to the differences in cell 

biology of the two species.   

A G-protein Mediates Arrestin Translocation to OS 

Since the above data indicate that the signaling cascade for arrestin translocation to the OS 

appears to use both PKC and PLC, we wanted to further investigate if this pathway utilizes a G-

protein to couple to PLC and PKC. The logical first consideration might be transducin, a G-

protein that is abundant in the rod photoreceptors (Fig.2-4F).  However, translocation of arrestin 

appears to be independent of this G-protein, since mice with a knockout of the transducin alpha 

subunit have relatively normal patterns of arrestin translocation (Mendez et al. 2003).  Another 

possibility is a Gi-like G-protein, for which activity has been demonstrated in rod photoreceptors  

 (Zhang et al. 2003, Koulen et al. 2005, Gotow et al. 2007). To assess the possible involvement 

of Gi-like proteins in arrestin translocation, we immunostained for several G-proteins in rod 

photoreceptors and found them to localize differentially in the IS. Gαi-1 and Gαi-2 are primarily 

localized in the IS (Fig.2-4A and B) whereas Gαi-3 is mostly localized in the ellipsoidal region of 

the IS and along the axoneme of the OS (Fig.2-4C).  Like G αi-1 and G αi-2, Gαo and Gα11 are 
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distributed throughout the IS and also along the proximal region of the axoneme (Fig.2-4D and 

E).  

Thus, there are several G-proteins in the rod photoreceptors that could potentially activate 

PLC. To distinguish between some of these G-proteins as candidates for signaling arrestin 

translocation, we treated eyes from transgenic Arr-GFP tadpoles with pertussis toxin. Pertussis 

toxin targets inhibitory G-proteins: Go, Gi, Gt, and Ggust (Wong et al. 1999). In transgenic tadpole 

eyes pretreated with pertussis toxin (15 µg/ml), the localization of arrestin in response to light 

adaptation was significantly different than in untreated eyes (Fig.2-5). In these eyes, pertussis 

toxin treatment significantly reduced arrestin translocation to the OS in light-adapted 

photoreceptors. These results provide evidence that arrestin translocation to the OS may utilize a 

G-protein, and that this G-protein is pertussis-toxin sensitive.  

To further investigate if arrestin translocation to the OS is G-protein regulated, we 

attempted to activate the G-protein by co-opting a G-protein-coupled receptor other than 

rhodopsin that is expressed in the retina. The dopamine receptor has been extensively studied 

and has been shown to play a role in light adaptation (Dearry et al. 1990, Shulman et al. 1996, 

Witkovsky et al. 1988, Muresan and Besharse 1993). Because its expression has been detected in 

photoreceptor cells, along with amacrine cells and Mueller cells (Muresan and Besharse 1993), 

the D2 dopamine receptor is a good target for activating arrestin translocation. Our own 

immunolocalization studies with a D2 receptor-specific antibody shows localization of this 

dopamine receptor in the IS in Xenopus¸ similar to previously published studies (Fig.2-6). To 

activate this receptor, we treated dark-adapted Arr-GFP tadpoles with 10 µM quinpirole, a D2-

dopamine receptor agonist, and then assessed arrestin localization in the absence of light (Fig.2-

7).  In these treated animals, arrestin-GFP translocated rapidly to the OS in response to the 
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dopamine agonist and its localization in the OS was sustained for at least 30 min. Our ability to 

stimulate a non-rhodopsin G-protein-coupled receptor to initiate arrestin translocation fits our 

hypothesis, but it also raises the possibility that dopamine receptors could be involved in arrestin 

translocation. To determine if arrestin actually uses the dopamine receptor to initiate 

translocation to the OS in response to light, we treated Arr-GFP tadpole eyes with sulpiride, a 

D2-dopamine antagonist, and then assayed for any effect on light-driven arrestin translocation 

(Fig.2-8). Arrestin translocation in light-adapted photoreceptors was indistinguishable between 

sulpiride-treated and untreated eyes.  Because of these negative results, we assessed penetration 

of the sulpiride reagent using tritiated sulpiride (Fig.2-8C and D). The clear presence of the 3H-

labeled sulpiride throughout the retina demonstrates that arrestin translocation does not rely on 

the D2-dopamine receptor to initiate translocation, but rather that we were able to co-opt the D2-

dopamine receptor with quinpirole treatment to initiate arrestin translocation. 
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Figure 2-1. Localization of phospholipase C and PKC in rod photoreceptors. Phospholipase C 

and PKC are localized in the ellipsoid region of Xenopus photoreceptors.  
Cryosections were immunostained for (A) Phospholipase C gamma (1:100) (B) 
Phospholipase C beta (1:100) and (C) Protein Kinase C (1:100). The nuclei were 
stained with nuclear stain sytox green. The retinal sections were visualized by 
confocal microscopy. 
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Figure 2-2. Arrestin translocation to the OS is induced by PKC and PLC agonists. Dark-adapted 
arrestin-GFP transgenic tadpoles were treated with 1 µM PDA (phorbol 12, 13-
diacetate) for 10 min in the dark (B) or explanted eyes from Arr-GFP transgenic 
tadpoles were treated with 1µM m-3M3FBS for 15 min in the dark (C).  After PDA 
and m-3M3FBS exposure, the eyes were fixed, cryosectioned, and GFP visualized by 
confocal microscopy. Mouse eye organ cultures were treated with 100 nM PMA 
(phorbol 12-myristate 13-acetate) (E) or 100 nM m-3M3FBS (F) in organ culture 
media under dim red lights. The eyes were fixed, cryosectioned, and immunostained 
for arrestin (red), and nuclei stained with DAPI (blue).  The sections were visualized 
by fluorescent microscopy. Control eyes were treated with only the DMSO carrier (A, 
D). The average fluorescence in the IS and OS was quantified from a minimum a two 
images from each eye of three different tadpoles (n≥12), and the fraction of 
fluorescence in the outer segments plotted (G). The differences between untreated 
tadpoles eyes and agonist-treated eyes are statistically significant (p<0.01). 
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Figure 2-3. Arrestin translocation is slowed in eyes treated with PKC and PLC inhibitors. Dark-
adapted Arrestin-GFP transgenic tadpoles (A-C) and mouse organ cultures (D-F) 
were treated with 10 µM Chelerythrine (B, E) or 10 µM U73122 (C, F) for 4 hrs and 
then light adapted for 1 hr. The eyes were fixed as described in the Methods and 
prepared for confocal microscopy. Arrestin-GFP was visualized by confocal 
microscopy using the endogenous fluorescence of the GFP. Mouse sections were 
immunostained for arrestin (red channel) and the nuclei stained with DAPI (blue 
channel). For the Xenopus photoreceptors, the fraction of fluorescence along the 
length of the photoreceptor was measured (G). 
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Figure 2-4. Localization of G-proteins in rod photoreceptors. Dark-adapted wild-type tadpole 

eyes were immunostained for various G-proteins to determine their localization in the 
rod photoreceptors.  Cryosections were immunoprobed for (A) G-protein Gi-1 (B) G-
protein Gi-2, (C) G-protein Gi-3, and (D) G-protein Gi-o (red channel), or (E) G-protein 
G11-alpha, and (F) G-protein GT-alpha  (blue channel). The nuclei were stained with 
Sytox green. The sections were visualized using confocal microscopy.  
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Figure 2-5. Arrestin translocation is sensitive to pertussis toxin. Dark-adapted Arrestin-GFP 
transgenic tadpole eyes were treated with 15 µg/ml of pertussis toxin for 4 hrs in Niu-
Twitty buffer in the dark. Both treated eyes (B, D) and untreated eyes (A, C) were 
retained in the dark (A, B), or were light adapted for 60 min (C, D).  All eyes were 
fixed, cryosectioned, and GFP visualized by confocal fluorescence microscopy.  
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Figure 2-6. D2-dopamine receptor localization in rod photoreceptors. Dark-adapted (DA) and 
light-adapted (LA) wild-type tadpole eyes were fixed and prepared for 
immunocytochemistry. Cryosections were immunostained with D2-Dopamine 
Receptor antibody (red channel), and nuclei were stained with Sytox-green (green 
channel). 
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Figure 2-7. Arrestin localization in response to a dopamine receptor agonist.  Dark-adapted 
arrestin-GFP tadpoles were treated with 10 µM quinpirole, a D2-dopamine receptor 
agonist, for 10-30 min under dim red lights (B, C). The tadpoles were fixed and 
cryosections were visualized by fluorescent and confocal microscopy. The control 
eyes received no quinpirole (A). The fraction of fluorescence in the outer segments of 
the photoreceptors was measured (D), and averaged across at least 9 images from at 
least 3 animals (n=9).  The difference between untreated tadpoles and quinpirole 
treated eyes are statistically significant. (p<0.05). 
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Figure 2-8. Arrestin localization in response to a D2-dopamine receptor antagonist.  Dark-
adapted arrestin-GFP transgenic tadpole eyes were treated with 10 µM sulpiride, a 
D2-dopamine receptor antagonist, for 4 hrs and then light adapted for 1 hr (B). The 
eyes were fixed after treatment and GFP distribution was visualized by confocal 
microscopy. To assess penetration of sulpiride into the eyes, wild-type tadpole eyes 
were incubated with 1µM 3H-sulpiride for 4 hrs and light adapted for 1 hr (D). The 
eyes were fixed and cryosectioned, and dipped in photoemulsion to detect the 
radiolabel (see Methods).  Developed slides were visualized through an epifluorescent 
microscope.  Control eyes were untreated (A, C).The relative fluorescence Arr-GFP in 
the outer segments of photoreceptors from light-adapted eyes was quantified (E); 
statistical comparison shows there is no significant difference between treated and 
untreated samples (p>0.05). 
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CHAPTER 3 
THE MECHANISM OF ARRESTIN TRANSLOCATION 

The signaling pathway we are proposing for arrestin translocation to the OS requires ATP. 

However, Nair et al. (2005) proposed arrestin translocation between the OS and IS is an ATP 

independent process. According to their hypothesis, arrestin remains in the IS based on its 

affinity for microtubules (Nair et al. 2005) and it translocates to the OS based on its high affinity 

for light-activated, phosphorylated rhodopsin (Nair et al. 2005) . Because of our findings 

indicating the involvement of a G-protein signaling cascade that included PKC activation, we 

reinvestigated whether arrestin translocation is ATP independent in our animal model. To 

determine if arrestin translocation uses an ATP dependent pathway, we treated Arr-GFP eyes 

with potassium cyanide (KCN) to deplete the ATP. A second tenet of the Nair et al. (2005) 

proposed model is that arrestin translocation is dependent upon its affinity for light-activated, 

phosphorylated rhodopsin in the OS and its affinity for microtubules in the IS.  Because the C-

terminus of arrestin is essential for translocation, but not for binding to rhodopsin (Peterson et al. 

2005), we tested the Nair et al. (2005) hypothesis by creating an arrestin mutant that has a 

scrambled C-terminus (Arr-scr) to generate an arrestin that was still able to bind to both 

microtubules and light-activated, phosphorylated rhodopsin and assessed its effect on 

translocation.  

Materials and Methods 

Construction of Arrestin cDNAs.   

 Xenopus visual arrestin with the C-terminal 33 amino acids scrambled was prepared 

using overlapping synthetic oligonucleotides (Table 1) as follows.  Sense Primer 1 (200 pmol) 

was annealed to anti-sense Primer 2 (200 pmol) and filled using Pfu polymerase (Stratagene).  

The resultant 85 bp product was cleaned (Qiagen Nucleotide Removal kit), denatured by heating 

(94oC), annealed to anti-sense Primer 3 containing an NheI site, and subsequently filled using 
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Pfu polymerase to complete the cDNA for the scrambled C-terminus.  This DNA was then mixed 

with arrestin cDNA coding for the remainder of the protein (generated by PCR using Primers 4 

and 5), and overlapping PCR performed with Pfu polymerase to anneal and fill the complete 

arrestin cDNA with a scrambled C-terminus.  This product was then cut with XhoI and NheI and 

used to replace the wild-type arrestin cDNA in the arrestin-green fluorescent protein (GFP) 

transgenic vector previously described (Peterson et al. 2003). 

 For heterologous expression of Xenopus arrestin with the native C-terminus and with a 

scrambled C-terminus in yeast, the arrestin was amplified with Primer 6 paired with Primer 7 

(for wild-type arrestin) or paired with Primer 8 (for the scrambled C-terminus), incorporating 

flanking EcoRI sites along with a 5’ His(6) tag.  This cDNA was then cloned into the EcoRI site 

of pPIC-Za (Invitrogen).  The proper construction of all cDNAs was confirmed by DNA 

sequencing. 

Table 3-1.  Synthetic oligonucleotide primers used to construct arrestin with a scrambled C-
terminus. 

Primer 1 5’-GGAGCCAAAGAAAGTGAAGCCGAAATGGAATTTGAAGGTGACGAACGTCC-3’ 

Primer 2 5’-CCTCCTTTTCTGCAAATTCTTGCTTATCGAGTTCTGGACGTTCGTCACCT-3’ 

Primer 3 5’-GCGCTAGCCTCGTCCAGCTCCTTCTTCTCCACTTGATCCTCCTTTTCTGCAA-3’ 

Primer 4 5’-GCCTCGAGATGAGTGGTGAAAAGAAATCCAGA-3’ 

Primer 5 5’-TTCCATTTCGGCTTCACTTTCTTTGGCTCC-3’ 

Primer 6 5’GCCTCGAGGAATTCACCATGCATCATCATCATCATCACAGTGG-3’ 

Primer 7 5’-GCGAATTCTTATTTCTCATCATCCTCCTCTTC-3’ 

Primer 8 5’-GAGAATTCTCACTCGTCCAGCTCCTTCTTCTCCAC-3’ 

 
Generation of Transgenic Animals.  

 Transgenic Xenopus tadpoles were prepared using the method of Kroll and Amaya 

(Kroll and Amaya 1996) as previously described (Peterson et al. 2003).  Resultant tadpoles were 



 

42 

screened for green fluorescence at one week, and subsequently reared an additional 2-3 weeks 

prior to experimentation.  For microscopic studies, tadpoles were dark adapted overnight and 

then exposed to laboratory lights (approximately 850 lux) for 45 min.  Tadpoles were fixed and 

processed for confocal microscopy as previously described (Peterson et al. 2003), imaging the 

endogenous fluorescence from the GFP fusion proteins. 

Expression in Tissue Culture.   

For expression in HEK293 cells, arrestin-GFP and scrambled arrestin-GFP were excised 

with XhoI and NotI, and cloned into the XhoI/NotI sites of pDsRed2-N1 (Clontech) to place the 

fusion protein under the control of the cytomegalovirus promoter. Plasmid DNA for xAr-GFP 

and xArScr-GFP was introduced into HEK cells growing on slide chambers using Effectine 

transfection reagent (Qiagen). Two days post-transfection, the cells were fixed with 4% 

paraformaldehyde in PBS for 20 min at RT. The slides were washed with 50 mM glycine in PBS 

for 5 min and then incubated for 5 min in 1% Triton-X100 in PBS for 5 min. After washing with 

50 mM glycine in PBS, the slides were incubated in a 1:500 dilution of anti-α tubulin (Serotec, 

#MCA77G) for 3-4 hrs. The cells were then washed with 50 mM glycine in PBS, and secondary 

goat anti-rat antibody conjugated to Texas Red-X® (Invitrogen, T6392) added for 30 min. After 

the slides were washed and sealed, they were visualized by confocal microscopy, imaging  

tubulin (red channel) and the endogenous fluorescence of the GFP (green channel). Lebercilin (a 

kind gift from Dr. R. Roepman) has been shown to have a significant binding affinity for tubulin 

(den Hollander et al. 2007) and was used as a positive control for microtubule co-localization.  

Heterologous Expression and Purification of Arrestin.   

The cDNA for native arrestin and arrestin with a scrambled C-terminal arrestin were 

electroporated into Pichia pastoris for expression as previously described (McDowell et al. 

1999).  Arrestins were purified by sequential affinity chromatography, first pressing the yeast 
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pellet in 50 mM sodium phosphate (pH 8.0) with 300 mM NaCl, 10 mM imidazole, and 1 mM 

benzamidine and then applying the soluble extract to a GraviTrap His column (GE Life 

Sciences).   The arrestin was then eluted from the washed column with 50 mM sodium phosphate 

(pH 8.0), 300 mM NaCl, 500 mM imidazole, diluted with two volumes of 10 mM HEPES (pH 

7.0), 15 mM NaCl, and then applied to a HiTrap heparin column (GE).  After washing the 

column with 10 mM HEPES containing 250 mM NaCl, the protein samples were eluted with a 

salt step of 750 mM NaCl, and subsequently dialyzed against 10 mM HEPES with 100 mM 

NaCl (pH 7.0) prior to storage at -80oC. 

Rhodopsin Binding Assay.    

Arrestin binding to rhodopsin was measured using a pull-down assay with membrane 

fragments from rod outer segments as described (Sommer et al. 2007).  Membranes containing 

unphosphorylated and phosphorylated rhodopsin were prepared from rod outer segments isolated 

from bull frogs (Rana catesbeiana) retinas, using the methods described for bovine retinas 

(McDowell, 1993).   

Microtubule Binding Assay.   

Binding to microtubules was assayed using taxol-stabilized microtubules prepared from 

rhodamine-labeled tubulin (Cytoskeleton, Inc).  Microtubules were polymerized and stabilized 

with taxol according the manufacturer’s recommendation, and centrifuged (100,000 x g, 30 min) 

through a 50% glycerol cushion to separate the microtubules from unpolymerized tubulin.   His-

tagged arrestin and scrambled arrestin (20 µg/ea) were immobilized on a 200 µL slurry of Ni-

NTA agarose (Invitrogen) in 10 mM HEPES (pH 7.0) with 100 mM NaCl.  A control slurry was 

prepared using 20 µg of bovine serum albumin (Fraction V, Sigma).  After rinsing the resin to 

remove unbound arrestin, polymerized rhodamine microtubules (5 µg) were added to each 

slurry, and incubated for 30 min at room temperature.  Subsequently, the slurry was applied to a 
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microcolumn, retaining the sample flow-through, and then the column was washed with HEPES 

buffer (1 mL) to remove unbound microtubules.  The columns were then eluted with 10 mM 

HEPES (pH 7.0) with 100 mM NaCl and 500 mM imidazole.  Samples of the flow through and 

eluate were then submitted to fluorescence spectroscopy (PTI 810/814 fluorimeter) to measure 

the amount of rhodamine present in the sample, using 540 nm excitation (0.37 nm bandpass) and 

collecting emission spectra 560-660 nm (0.5 sec integration per 1 nm step, 0.25 nm bandpass). 

Potassium Cyanide Treatment of Tadpole Eyes.   

Arrestin-GFP (Arr-GFP) tadpoles were dark adapted for at least 12 hrs and then treated 

with 0.05% benzocaine until euthanized, at which point the eyes were removed with a scalpel. 

Their eyes were then placed in MOPS-Twitty buffer (50 mM MOPS, 58 mM NaCl, 670 µM 

KCl, 340 µM Ca(NO3)2, 830 µM MgSO4, 2.4 mM NaHCO3, 340 µM CaCl2), pH7.5 with or 

without 5 mM KCN under dim red lights. The eyes were incubated in 5 mM KCN for 1 hr in the 

dark and then light adapted for 1 hr under laboratory lighting. In eyes where the cyanide was 

removed, after treatment with 5 mM KCN for 1 hr in the dark, the eyes were washed three times 

with MOPS-Twitty buffer, and then incubated in either MOPS-Twitty or MOPS-Twitty 

containing 5 mM ATP for 2 hr in the dark. Eyes either remained in the dark or were light adapted 

for 1 hr under laboratory lighting. Both dark-adapted eyes and light-adapted eyes were then fixed 

in methanolic formaldehyde and processed for confocal microscopy as described above.  A set of 

unfixed eyes were also collected for measurement of ATP levels using the Cell TiterGloMax 

(Promega, #G7570) system. For this measurement, eyes were processed in the same way as 

above for microscopy except that instead of fixing in formaldehyde, the eyes were sonicated in 

100 µL MOPS-Twitty buffer, allowed to sit for 30 min (25oC)  to allow the luciferase activity to 

stabilize and then luminescence measured, following the manufacturer’s protocol to determine 

ATP levels.  
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ATP Depletion of C57BL/6 Mouse Eyes.   

Wild-type C57BL/6 mice were dark adapted for at least 4 hr and then placed in isoflurane 

for euthanizing. The eyes were promptly removed after sacrificing them by cervical dislocation. 

All animal procedures followed the rules and regulations set forth by the Institutional Animal 

Care and Use Committee at the University of Florida. The eyes were either placed in high 

glucose DMEM supplemented with 10% fetal calf serum or glucose free DMEM supplemented 

with 2 mM deoxyglucose. They were maintained at 37oC with 5% CO2 for 60-90 min and then 

light adapted for 60 min. Both dark- and light-adapted eyes were fixed in 4% paraformaldehyde 

and 0.25% gluteraldehyde in 1x PBS for 2 hr at room temperature. Afterwards, the eyes were 

transferred to 4% paraformaledhyde in PBS and fixed overnight at 4oC. After fixation, the eyes 

were cryoprotected in 30% sucrose in PBS for at least 4 hr and embedded in OCT. Sections of 

the eyes were immunostained for arrestin (SCT-128, 1:50) and visualized by confocal 

microscopy. 

Results 

Previous investigations have shown that the C-terminus of arrestin plays a significant role 

in arrestin translocation.  For example, arrestins that lack the C-terminal approximately 30-35 

amino acids can be found partially localized to the rod outer segments in dark-adapted tissues 

(Smith et al. 1994, Peterson et al. 2003, Nair et al. 2005).  Further, these same truncated arrestins 

show a significant reduction in their movement to the outer segments during light adaptation, 

primarily localizing to the base of the outer segments in both mouse (Nair et al. 2005) and 

Xenopus photoreceptors (Peterson et al. 2005).  Noting that the C-terminus of the visual arrestins 

are significantly acidic (mouse rod arrestin has twelve aspartate or glutamate residues, and 

Xenopus rod arrestin has seventeen aspartate or glutamate residues in the C-terminal 35 amino 

acids), we investigated whether the net charge of the C-terminus was significant in promoting 
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translocation of arrestin since the positioning of the aspartate and glutamate residues are not 

strongly conserved in arrestin from various species, even within mammals. 

Arrestin Binding to Microtubules Is Independent of Charge Order in the C-terminus 

For this study, a Xenopus arrestin cDNA was constructed in which the C-terminal 33 

amino acids were randomized and then added back to the arrestin cDNA lacking the codons for 

these 33 residues (see Methods).  Following expression and purification of the native and 

scrambled arrestins, a pull-down assay was performed using rhodopsin in disc membranes 

isolated from bullfrogs to assess binding of the arrestin to rhodopsin.  This assay showed that 

both arrestin (xAr) and arrestin with a scramble C-terminus (xAr-Scr) retained good binding for 

light-activated, phosphorylated rhodopsin (p-Rho*) compared to rhodopsin (Rho) (Fig.3-1).   

 Because this arrestin with a scrambled C-terminus retained its selectivity for pRho*, we 

were curious as to how this arrestin would translocate in rod photoreceptors, predicting that its 

translocation would be indistinguishable from native arrestin.  Consequently, transgenic tadpoles 

were generated that expressed a fusion of GFP with xAr-Scr (see Methods).  Figure 3-2 shows 

that the xAr-Scr-GFP localizes primarily to the OS in dark-adapted tadpoles (Fig.3-2C), with no 

evidence of change in localization in response to 60 minutes of light adaptation (Fig.3-2D).  In 

contrast, in tadpoles expressing a fusion of GFP to native arrestin (xAr-GFP), the arrestin 

localized primarily to the rod inner segments in dark-adapted eyes (Fig.3-2A), with more than 

80% translocating to the outer segments in response to light adaptation (Fig.3-2B). 

 This surprising result led us to investigate whether scrambling the C-terminus of arrestin 

had affected the binding of arrestin to microtubules.  For this assessment, we measured the 

association of xAr and xAr-scr to rhodamine-labeled microtubules (Fig.3-3).  This assay showed 

that both xAr and xAr-scr bound indistinguishable amounts of microtubules.  In contrast, the 

bovine serum albumin used as a control sample retained only background levels of microtubules. 
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Considering this apparent similarity in microtubule binding for xAr and xAr-scr, we also 

wanted to investigate the in vivo binding of these arrestins to microtubules.  For this analysis, 

HEK-293 cells were transiently transfected with xAr-GFP and xAr-Scr-GFP driven by a 

cytomegalovirus promoter and co-localization with microtubules assessed by staining of tubulin 

with Texas red (Fig.3-4).  Both xAr-GFP and xAr-Scr-GFP showed a relatively diffuse 

distribution of GFP fluorescence (green channel) compared to the filamentous pattern shown by 

tubulin staining (red channel). Nonetheless, there was significant co-localization of the two 

fluorescent signals shown by the yellow signal (combined red and green channels), indicating 

some association with microtubules. In contrast, lebercilin, a microtubule binding protein with 

higher affinity for microtubules than arrestin (den Hollander et al. 1996), showed essentially 

complete overlap between the lebercilin-GFP fluorescence and the microtubule fluorescence 

(Fig.3-4G-I).  These results provide additional evidence that scrambling the C-terminus does not 

appear to alter the association of arrestin with microtubules since the microtubule binding pattern 

is indistinguishable between xAr and xAr-Scr. 

Arrestin Translocation in ATP-depleted Photoreceptors 

The above observations showing disruption of light-dependent translocation in an arrestin 

that retains binding for both rhodopsin and microtubules argues that the machinery driving 

translocation might be more complex than the two-partner binding hypothesis (Nair et al. 2005).  

To help provide clarity, we recapitulated their ATP depletion study using explanted Xenopus 

eyes expressing arrestin-GFP.  Analysis of the ATP levels in eyes treated for 60 min with 5 mM 

KCN, revealed that ATP levels were depleted by three orders of magnitude compared to the 

untreated controls (data not shown).  In these dark-adapted ATP-depleted eyes, arrestin partitions 

to the inner segments (Fig.3-5C).  However, upon light exposure, arrestin does not move to the 
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outer segments in cyanide-treated eyes (Fig.3-5D), in contrast to the untreated controls where the 

arrestin localizes to the outer segments (Fig.3-5B). 

One possible explanation for this observation is that the photoreceptor cells have been 

damaged in some non-specific manner by the cyanide treatment that would make them 

permanently refractory to light stimulation.  To test this idea, the eyes were washed with several 

changes of buffer without cyanide, and then supplemented with 5 mM ATP.  In these animals, 

light adaptation led to translocation of arrestin to the outer segments to an extent that was 

statistically indistinguishable from untreated controls (Fig.3-5F and G).   

Our ATP-depletion results indicate that arrestin translocation does require ATP, which is 

in striking contrast to Nair et al. (2005) where they found arrestin translocation was not affected 

by ATP depletion. In order to determine whether this was due to a species difference, we decided 

to reinvestigate the ATP dependence of arrestin translocation in mouse photoreceptors. Mouse 

eyes were placed either in high glucose media supplemented with 10% fetal calf serum or 

glucose-free media supplemented with 2 mM deoxyglucose for 60-90 min. There was no 

difference in arrestin localization between the dark-adapted photoreceptors of high glucose or 

glucose-depleted eyes (Fig.3-6C and D). However, arrestin translocation to the OS in response to 

light adaptation was significantly reduced in eyes that were incubated in glucose-free media 

compared to the controls in which a significant amount of arrestin was localized to the OS 

(Fig.3-6E).  These results suggest that in both frog and mouse rod photoreceptors, an ATP-

dependent process plays an important role in the proper translocation of arrestin in response to 

light. 
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Figure 3-1.  Binding of arrestins to rhodopsin in rod disc membranes.  Arrestin with a scrambled 
C-terminus (xAr-scr), EAEMEFEGDERPELDKQEFAEKEDQVEKKELDE, and 
native arrestin (xAr), EQEDDMVFEEFARDPLKGELQAEEKEEEEDDEK, were 
pulled down in a centrifugation assay using bullfrog rhodopsin (Rho) in rod disc 
membranes that was kept in the dark (R),  light activated (R*), phosphorylated (pR), 
and both phosphorylated and light activated (pR*).  The bar graph shows the binding 
of arrestin relative to the binding of wild-type arrestin to pR*; bars show the average 
of three replicates with SEM.  Inset shows a representative gel used for the 
calculations. 

xAr 

Rho 
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Figure 3-2. Translocation of xAr and xAr-scr in transgenic tadpoles. Native arrestin-GFP 
transgenic tadpoles (xAr, A, B) and transgenic tadpoles expressing arrestin with a 
scrambled c-terminus fused to GFP (xAr-scr, C, D) were dark adapted overnight 
(DA) or  light adapted for 45 min (LA).  GFP fluorescence in cryosections of fixed 
tissue was imaged by confocal microscopy.  The bar graph shows the fraction of 
fluorescence in the OS for the dark samples (black bars) and the light samples (gray 
bars); averages were obtained from 6 images collected from three separate animals (± 
SEM).   
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Figure 3-3. Native arrestin and arrestin with a scrambled C-terminus bind fluorescently labeled 
microtubules. Native Xenopus arrestin with an N-terminal His(6) tag (xAr, 2 µM) and 
arrestin with a scrambled C-terminus xAr-scr, 2 µM) immobilized on nickel-agarose 
were mixed with microtubules formed from polymerized rhodamine-labeled tubulin 
(see Methods).  Rhodamine fluorescence was measured for flow-through (dark gray 
bars) and eluted fractions (light gray bars).  Bovine serum albumin (BSA, 2 µM) was 
included as a control for non-specific binding.  Bars represent the mean for three 
replicates ±SEM.  Inset shows a western blot performed on the flow through and 
eluted samples, probing with an antitubulin antibody. 
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Figure 3-4. Arrestin and tubulin localization in tissue culture. HEK-293 cells were transiently 
transfected with native arrestin-GFP (xAR, A-C), arrestin with a scrambled C-
terminus-GFP (xAR-scr, D-F), or lebercilin-GFP (G-I.). Fixed cells were 
immunostained for tubulin.  GFP fluorescence (green channel), and tubulin 
fluorescence (red channel) were imaged by confocal microscopy.  Merged images of 
the two channels for each sample are shown on the right (C, F, I). 
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Figure 3-5. Arrestin localization in response to ATP depletion in transgenic tadpoles.  Dark-

adapted Arrestin-GFP transgenic tadpole eyes were treated with 5 mM KCN in 
MOPS-Twitty for 1hr (white bars)and kept in the dark for 1 hr (C) or were light 
adapted for 1 hr (D). To remove KCN, the eyes were washed and then supplemented 
with 5 mM ATP for 2 hrs (light gray bars) (E) and were then light adapted for 1 hr 
(F). Untreated control eyes (dark gray bars) were dark and light adapted (A, B). GFP 
in cryosections of fixed tissue was visualized using confocal microscopy. The relative 
amount of fluorescence in the OS was quantified; bars represent the mean from at 
least  eight eyes ± SEM (G). There is a statistically significant difference between 
light-adapted KCN-treated eyes and light-adapted control eyes (p<0.05), but not a 
statistically significant difference between control eyes and eyes in which the KCN 
was washed out and supplemented with exogenous ATP (p>0.05).  
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Figure 3-5. Continued 
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Figure 3-6. Arrestin localization in response to ATP depletion in mouse eyes. Wild-type mice 
were dark-adapted for at least 4 hrs. Their eyes were then removed and placed in 
either high glucose DMEM supplemented with 10% fetal bovine serum (A, B) or 
placed in glucose-free DMEM supplemented with 2 mM deoxyglucose (C,D). Light-
adapted (LA) eyes were incubated at 37oC at 5% CO2 for 60-90 min and then exposed 
to light for 1 hr. Cryosections of fixed eyes were immunostained for arrestin (SCT-
128) and visualized by confocal microscopy.  The relative amount of fluorescence in 
the OS was quantified; bars represent the mean from at least 2 images collected from 
at least two separate eyes ± SEM (E). 
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Figure 3-6. Continued 
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CHAPTER 4 
DISCUSSION 

In this study, we investigated which molecules may play a role in the signaling cascade to 

initiate light-dependent arrestin translocation and the mechanism by which arrestin translocates.  

To briefly summarize, our results show that arrestin translocation appears to utilize a G-protein 

regulated pathway initiated by rhodopsin activation.  Further, our results show that at least a 

portion of the light-driven translocation is an energy dependent process.  

G-proteins in Rod Photoreceptors 

Our studies show that the initial step in signaling arrestin translocation appears to utilize a 

G-protein regulated pathway. The evidence supporting this conclusion is several fold.  First, we 

demonstrated that arrestin translocation is sensitive to pertussis toxin, showing a highly 

significant reduction in light-driven arrestin translocation after treatment with pertussis toxin 

(Fig.2-5).  Pertussis toxin is known to affect only certain classes of G-proteins (Gi, Go, and Gt), 

suggesting that the G-protein that might be part of the translocation cascade could be a member 

of one of these groups.  Obviously, Gt is abundantly present in photoreceptors, but the 

dependence of arrestin translocation on this G-protein, transducin, can be excluded based on the 

experimental observation that arrestin translocates normally in mice in which Tα expression is 

knocked out (Mendez et al. 2003).  Although pertussis toxin is relatively selective for ADP-

ribosylation of select G-proteins, it is known to bind to other carbohydrate moieties (Wong and 

Rosoff 1999, Alfano et al. 2001, Garcia et al. 2001).  Consequently, our demonstration of 

pertussis sensitivity for arrestin translocation is not definitive, but it does lend support for our 

hypothetical model.   

Additional support for the G-protein mediated cascade is provided by our studies showing 

the localization of several candidate G-proteins in rod photoreceptors. Our immunohistochemical 
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investigations show that several types of G-proteins, particularly in the Gi class, are found in 

photoreceptors (Fig.2-4).  For all of the Gi proteins, the localization is strongest in the inner 

segments and along the axoneme.  Interestingly, the localization of Gi3 is stronger in the ellipsoid 

region of the IS, similar to the distribution observed for PLCβ, PLCγ, and PKC (Fig.2-1).  The 

localization of these G-proteins along the axoneme is intriguing since this localization would 

make the G-proteins accessible to rhodopsin in the OS. Although G11 is also expressed in the IS 

and axoneme, we do not consider it likely to be involved in the signaling pathway for arrestin 

translocation since Gα11 is not pertussis toxin sensitive.  The presence of multiple G-proteins in 

this region of the rod photoreceptor highlights the complexity of the processes that are occurring 

at this location in this highly specialized cell.  Our results demonstrating the presence of multiple 

G-proteins in rods confirm previous observations of Gi-like activity in the retina (Zhang et al. 

2003, Koulen et al. 2005, Gotow et al. 2007,). 

Because Gi G-proteins are able to couple to dopamine receptors (Fan et al. 2004, Lane et 

al. 2008), which are also expressed along the membranes of the IS (Fig.2-6), we reasoned that 

another way to demonstrate that arrestin translocation is initiated through a G-protein 

transduction cascade would be to activate dopamine receptors to stimulate Gi activation.  Using 

quinpirole, a D2-dopamine receptor agonist, arrestin translocation was initiated in the absence of 

light, moving to the OS rapidly and remaining in the OS with prolonged exposure to quinpirole 

(Fig.2-7). In contrast to the PLC and PKC agonists which caused only transient translocation of 

arrestin to the base of the outer segments, arrestin’s localization to the OS in response to 

quinpirole was sustained for at least 30 minutes and was fully distributed within the outer 

segments.  Although we are not sure of the reason behind these differences, arrestin’s persistence 

in the outer segments may be attributed to the stability of the quinpirole compared to the PKC 

and PLC agonists, as well as to the position of the dopamine receptor as an initiator in the 
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cascade. Since the dopamine receptor is at the top of the cascade, it may take longer for the 

cascade to desensitize, therefore reducing the rate of arrestin returning to the IS.  It should be 

emphasized that we are not proposing that normal light-driven arrestin translocation is initiated 

by dopamine receptor activation.  Instead, our studies only demonstrate that we are able to co-opt 

the D2-receptors with a high dose of receptor agonist to initiate arrestin translocation.  The lack 

of effect on arrestin translocation by sulpiride (Fig. 2-8), a dopamine receptor antagonist, 

supports this view that dopamine receptors do not normally initiate arrestin translocation. 

However, we will also not exclude the possibility of a role for the dopamine receptor 

modulating the photoresponse, perhaps altering the sensitivity of translocation signaling.  The 

co-localization of the dopamine receptor with the multiple Gi G-proteins (Fig. 2-6 and Fig. 2-4) 

in the inner segments and its capability to couple to Gi G-proteins (Weber and Schlicker 2001) 

suggest there is role for the receptor in the rods (Fan et al. 2004, Lane et al. 2008). D2-like 

dopamine receptors can couple to the G protein Gαi, (Weber and Schlicker 2001) which 

subsequently increases cAMP phosphodiesterase activity. The role of the dopamine receptor can 

be to restore the ionic balance back to the dark-adapted state in rod photoreceptors (Akopian et 

al. 1996) by  reducing Na+,K+-ATPase  activity (Shulman et al. 1996).  

Role of PKC and PLC    

In support of our hypothesis that arrestin translocation is signaled through a G-protein 

regulated pathway, we also provide evidence implicating PKC and PLC in initiating arrestin 

translocation. Fig. 2-2 demonstrates that activators of both PKC and PLC can initiate arrestin 

translocation to the OS in the absence of light.  Apparently, the function of PKC and PLC in 

initiating this translocation is essential since antagonists of both PKC and PLC slow the light-

activated movement of arrestin to the OS (Fig. 2-3).  Although the results are consistent with a 

possible role for PKC in this pathway, it is important to note that the activators used in this study 
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are not completely specific, and that they can also potentially activate chimaerins and 

diacylglycerol kinases (Kazanietz 2005, Yang and Kazanietz 2007). Chimaerins have a 

diacylglycerol binding site which can be activated by PLC and subsequently stimulate Rho-

GTPase activity (Kazanietz 2005, Yang and Kazanietz 2007). The activity of Rho-GTPs are 

typically associated with modulating the dynamics of actin reorganization in tumorogenesis and 

development. Although no role for actin in arrestin translocation was demonstrated in Xenopus 

(Peterson et al. 2003), a dependence on microfilaments for the translocation of arrestin to the IS 

during DA was demonstrated in mouse (Reidel et al. 2008).  

Our immunohistochemical analysis also supports our hypothesis showing PKC and PLC 

co-localization in the IS (Fig. 2-1) and reported activity in the OS. Although, we did not detect a 

significant difference in PKC and PLC localization between light- and dark- adapted 

photoreceptors (data not shown), PLC activity has been shown to increase by 23% in light 

adapted photoreceptors (Ghalayini et al. 1992, Ghalayini et al. 1998) suggesting a role for PLC 

during light adaptation. It is interesting that rhodopsin has been identified as the major substrate 

in the photoreceptor cell for PKC, contributing to at least 50% of rhodopsin phosphorylation at 

lower levels of illumination (Newton et al. 1993, Williams et al. 1997). Whether this is relevant 

to arrestin translocation, or whether PKC activity couples to arrestin translocation through 

another substrate is not revealed by our studies. 

Arrestin Translocation is Energy Dependent 

The first part of this study shows that arrestin translocation involves a G-protein regulated 

pathway that would require both GTP and ATP. However, arrestin’s translocation to the OS has 

been proposed as an energy independent mechanism, requiring only protein-protein interactions 

(Nair et al. 2005). Contrary to Nair et al. (2005), we demonstrate in the second part of this study 

that arrestin translocation is an energy-dependent process that does not solely depend on protein-
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protein interaction. The evidence is as follows.  First, our results show arrestin does not 

translocate to the OS in ATP-depleted tadpole eyes or mouse eyes (Fig. 3-5 and Fig. 3-6) 

Arrestin is predominately localized in the IS in light-adapted photoreceptors under ATP-depleted 

conditions.  Importantly, translocation of arrestin can be recovered by the addition ATP, 

demonstrating the viability of the ATP-depleted explanted eyes (Fig. 3-5). Our results are 

strikingly different from Nair et al. (2005), where they showed arrestin is still able to translocate 

in ATP-depleted eyes.  We are unsure as to the source of the discrepancy, although the 

differences in results may be attributed to more effective penetration of KCN since we were able 

to deplete ATP levels by three orders of magnitude and whereas the previous study only 

achieved 100-fold reduction of ATP.  Regardless of the source of the difference, it is clear that in 

both frog and mouse photoreceptors that arrestin translocation is dependent on ATP. This ATP 

dependence further supports our hypothesis that arrestin translocation uses a G-protein regulated 

pathway for the initial distribution to the OS. 

In the second part of this study, we investigated the other major tenet of the Nair et al. 

(2005) hypothesis, namely that arrestin localization was solely dependent on binding to 

rhodopsin in the outer segment and binding to microtubules in the inner segments.  For this 

investigation, we created an arrestin that had the C-terminal 33 amino acids scrambled, based on 

the previous demonstration from several laboratories that the absence of the C-terminal 30-35 

amino acids affected the translocation of arrestin (Smith et al. 1994, Peterson et al. 2005, Nair et 

al. 2005).  When heterologously expressed and characterized for binding to rhodopsin and 

microtubules, this scrambled arrestin showed excellent selectivity for pRho* (Fig. 3-1) and 

retained its binding for microtubules (Fig. 3-3). This lack of effect on microtubule binding is not 

surprising since Nair et al. (2005) have shown that microtubule binding is not a function of the 

C-terminus, but rather appears to involve much of the same surface on arrestin that is utilized for 
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binding to pRho*. When we introduced the scrambled arrestin and native arrestin into HEK cells, 

the result showed there was only a modest degree of co-localization of arrestin and tubulin, 

consistent with arrestin’s low affinity for microtubules, unlike lebercilin which showed nearly 

perfect colocalization with tubulin (Fig. 3-4).  However, when we introduced this scrambled 

arrestin into Xenopus rod photoreceptors, our results showed that the scrambled arrestin 

mislocalized to the OS in dark-adapted photoreceptors and remained in the OS in response to 

light (Fig. 3-2). These results contradict the Nair et al. (2005) model since if arrestin’s 

localization to the IS during dark adaptation was based solely on its binding affinity for 

microtubules, then arrestin should have remained in the IS in the transgenic tadpoles expressing 

the scrambled arrestin. Furthermore, if arrestin’s translocation to the OS was based on its affinity 

for light-activated, phosphorylated rhodopsin, then the portion of arrestin that was present in the 

IS should have translocated to the OS, yet there was no change in arrestin distribution during 

light adaptation.  Thus, this scrambled arrestin offers incontrovertible evidence that the two 

partner binding hypothesis is insufficient to fully account for the light-dependent translocation of 

arrestin.  

Proposed Pathway 

Our ability to stimulate arrestin translocation to the OS in the absence of light 

demonstrates the complexity associated with arrestin translocation. In light of our findings, we 

are proposing that arrestin translocation to the OS requires two major steps. In our model, the 

initial distribution of arrestin in response to light is signaled by the phosphoinositide pathway 

with the final step in the phosphoinositide pathway serving as a “gatekeeper” to release arrestin 

to the OS (Fig. 4-1). It appears that arrestin can then rapidly disperse throughout the basal one-

third of the outer segment, probably by diffusion.  However, to rapidly and fully distribute 

throughout the length of the OS, arrestin then requires cytoskeletal elements, since we have 
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previously shown that arrestin does not fully distribute throughout the OS when frog 

photoreceptors are treated with thiabendazole, a microtubule poison,. Under these conditions, 

arrestin strongly localizes to the base of the OS. A similar effect was also found in mouse retinas 

treated with thiabendazole (Reidel et al. 2008).  In keeping with the Nair et al. (2005) model, it 

appears that binding to light-activated rhodopsin is important for retaining arrestin in the outer 

segment, since in our studies with the PLC and PKC agonists, arrestin moved to the outer 

segments but did not remain as occurs with light-activated translocation.   

This observation then leads to the obvious question about what is unique about the basal 

one-third of the OS compared to the distal two-thirds. Structurally, there is no obvious 

difference, except that there is a larger cytosolic space associated with the axoneme at the base of 

the OS (Besharse 1986,  Besharse et al. 1990, Insanna et al. 2008), perhaps creating fewer 

barriers for diffusion of arrestin.  It is intriguing that a recent investigation of the kinesin motor 

proteins in rods revealed that a second kinesin, Kif17, is present along the singlet microtubules in 

the apical two-thirds of the OS, whereas Kinesin II is present in the connecting cilium and along 

the doublet microtubules in the proximal one-third of the axoneme (Insanna and Besharse 2008, 

Insanna et al. 2008). 

We also propose that arrestin translocation back to the IS during dark adaptation is also 

partially dependent on active transport (Fig. 4-2).  This claim is based on previous 

demonstrations that arrestin translocation to the IS is perturbed when cytoskeletal elements are 

disturbed by thiabendazole treatment in frogs (Peterson et al. 2005) and in mouse (Reidel et al. 

2008).  Our demonstration that the scrambled arrestin does not specifically localize in the inner 

segments, even though it retains binding to microtubules, argues that depolymerization of the 

microtubules by thiabendazole to remove the binding partner is an insufficient explanation for 

the mislocalization of arrestin.   
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Our model that signaling of the phosphoinositide pathway initiates arrestin translocation is 

supported by several lines of evidence.  In our study, we show co-localization of the G-proteins, 

PLC, and PKC, suggesting these molecules may be working together to stimulate arrestin. 

Furthermore, the sensitivity of arrestin localization to pertussis toxin and quinpirole treatment 

underscores the G-protein mediation in signaling arrestin translocation. Finally, our ability to 

initiate translocation with PKC and PLC agonists, or to slow translocation with PKC and PLC 

antagonists, offer final evidence for involvement of PLC and PKC in arrestin translocation.  Our 

model is also supported by other studies, particularly the work of Strissel et al. (2006) who 

reported that a critical threshold of light is necessary to release a suprastoichiometric amount of 

arrestin into the OS, an amount that exceeds the available activated rhodopsin by thirty fold.   

In summary, our current studies and the findings in previous studies show that arrestin 

translocation is most likely a combination of both passive and active transport that requires an 

energy dependent process (Fig. 4-2). The combination of our ATP depletion studies and 

engineered arrestin studies strongly suggests that arrestin translocation between the OS and IS is 

more complicated then simple diffusion. Arrestin translocation does require ATP to move to the 

outer segments in response to light, and binding to microtubules is insufficient to explain the 

return of arrestin to the inner segment during dark adaptation. 
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Figure 4-1. Proposed phosphoinositide “gatekeeper” pathway for arrestin translocation. We are 
proposing arrestin translocation to the outer segments may involve the 
phosphoinositide pathway. We hypothesize that light-activated rhodopsin can initiate 
the cascade by activating a Gi G-protein. The G-protein can then activate 
phospholipase C (PLC) to cleave phosphatidylinositol 4, 5-bisphosphate (PIP2) to 
produce diacylglycerol (DAG) and inositol trisphosphate (IP3). IP3 can then activate 
Ca2+ release in the cell to initiate protein kinase C phosphorylation (PKC). Activated 
PKC can then phosphorylate some undetermined target protein(s) to subsequently 
“release” arrestin to translocate to the OS.  
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Figure 4-2. Model for arrestin translocation. A) We propose arrestin translocation to the OS may 
require both passive and active mechanisms. In response to light, arrestin passively 
translocates to the base of the OS, only requiring signaling from the phosphoinositide 
molecules identified in this study to “open” the gate.  Arrestin distribution throughout 
the length of the OS is then a combination of passive diffusion and microtubule-
associated motor proteins such as kinesin that then actively transport arrestin from the 
base of the OS to the distal OS.  B). Arrestin translocation back to RIS appears to rely 
on a microtubule-associated motor proteins, such as dynein. 
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CHAPTER 5 
SUMMARY AND PERSPECTIVE 

The purpose of this study is to better understand the molecular requirements for arrestin 

translocation and the molecules associated with signaling arrestin translocation. Collectively, our 

results show arrestin translocation to the OS is an energy dependent process that is G-protein 

regulated. We investigated the notion that arrestin translocation is only based on its binding 

affinity for microtubules in the IS and rhodopsin in the OS and found this model to be an 

oversimplification of the translocation process.  

In the first part of this study, we show that the signaling cascade initiating arrestin 

translocation appears to use a G-protein to activate the phosphoinositide pathway. Although it is 

clear that PLC and PKC activation can initiate arrestin translocation, several important features 

remain obscure.  For example, it is unclear which specific isozymes of PKC and PLC are 

participating in the pathway or which G-protein is mediating PLC activation.  Determining these 

specific components would permit targeted disruption of the translocation process to better 

understand the functioning of arrestin translocation in photoreceptors.  Another important point 

to address is to determine how PLC and PKC activation couples to arrestin to signal arrestin 

mobilization to the outer segments. 

We can determine the role of these proteins through process of elimination. First, PKCα 

is the major isozyme of PKC in the rod photoreceptors. To determine if arrestin is using PKCα in 

its pathway, we can knock-out PKCα in mouse and observe arrestin translocation to the OS. If 

arrestin does use PKCα, then we should expect a reduction or lack of arrestin translocation. The 

pitfall associated with this approach is the photoreceptor cell’s ability to compensate for the lost 

enzyme. The same approach can be used for the other PKC isozymes in the photoreceptor cell to 

determine if there are associated with arrestin translocation.  
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There are a couple isozymes of PLC that has been shown to play a role in visual 

response: PLCβ and PLCγ. PLCβ has been shown to be involved in cell to cell signaling, 

whereas PLCγ has been shown to differential activity in dark and light conditions. To determine 

if arrestin translocation is utilizing PLC, tadpole eyes can be treated with specific inhibitors 

against PLC gamma. If arrestin is using PLC, we should expect a change in arrestin translocation 

to the OS. We could also try specific inhibitors against other isozymes of PLC. Single 

experiments with only one inhibitor can skew the results since the cell has the ability to 

compensate for loss of function. It would be interesting to observe arrestin translocation in the 

presence of all the PLC inhibitors.  

We have also shown arrestin translocation is a G-protein regulated pathway and we have 

identified several G-proteins in the rod photoreceptors. We can specifically target these G-

proteins with activators and inhibitors to determine their role in signaling arrestin translocation. 

For example, melittin is an activator of Gi and G11 but inhibits protein kinase C activity. These 

experimental results will elucidate if Gi G-proteins and PKC play a role in signaling arrestin.   

Just as there were undetermined factors in the first part of the study, the second part of 

this study also showed some discrepancies. Our results showed arrestin translocation does not 

entirely depend on binding to microtubules and rhodopsin.  The mislocalization of modified 

arrestins that retain both binding to activated rhodopsin and to microtubules is a clear indication 

that more than these two binding partners are needed for proper translocation of arrestin.  Our 

evidence further shows that arrestin translocation requires ATP to fully distribute to the OS in 

response to light, which is different from Nair et al. (2005) previous investigations.  

It is clear that our model does not provide a complete description of the translocation 

process.  For example, the mechanism by which arrestin is retained in the inner segment in the 

dark needs to be elucidated.  Such a determination might well be approached by in vivo chemical 
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cross-linking coupled with tandem mass spectrometric analyses.  These results will not only 

reveal what arrestin binds in the dark, but may also suggest a possible role for arrestin in dark-

adapted photoreceptors. We should be mindful of the possible binding partners for arrestin when 

we are conducting these experiments, There has been speculation in possible binding partners for 

visual arrestin including calmodulin, JNK, and Mdm2 (Song et al. 2006, Wu et al. 2006, Hanson 

et al. 2007). The suggested role of arrestin binding to these proteins is to facilitate trafficking of 

these proteins throughout the cell.  

In this study, we also showed that arrestin translocation to the OS requires ATP.  Where 

ATP factors into the translocation process is not fully defined, although our study suggests that 

ATP could potentially function both in post-translational modifications for signaling through 

PKC and as an energy source for microtubule-assisted distribution of arrestin to the distal outer 

segments.  Investigations that titrate the minimum levels of ATP required for arrestin translocate 

may help separate these two points of ATP requirement, and help us understand the expenditure 

of ATP in the translocation process.  

Ultimately, the goal of our research is to understand the function of arrestin translocation 

in the photobiology of photoreceptors.  These results presented here provide significant advances 

towards delineating the mechanism for translocation, and have identified key points that should 

permit us to generate a system in which arrestin retains its function of quenching rhodopsin but is 

deficient in translocation.  Analysis of the photoresponse and photoreceptor cell biology in such 

a system in future studies should reveal the function of arrestin translocation. 
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