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Tyro 3, Axl, and Mer (TAM), a unique family of receptor protein-tyrosine 

kinases (PTK) originally identified in this laboratory, are critical regulators of the 

immune, reproductive, and nervous systems.  Many additional functions in other 

systems are yet to be fully revealed.  It was the goal of this dissertation to elucidate the 

role of the TAM family in the retina.  That a member of this family, Mer, plays an 

essential role in retinal function is indicated by the fact that inactivation of the gene 

leads to a dramatic degenerative phenotype in the retina.  This phenotype provides an 

excellent mouse model for a debilitating disease called retinitis pigmentosa which 
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causes blindness in humans.  Understanding the biology of the TAM family in the 

retinal system will provide insight into the consequences of Mer mutations in humans. 

We undertook a series of histological, biochemical, functional, and genetic 

studies to reveal why the loss of Mer results in the death of photoreceptors, and how 

Mer might be acting in the retina.  Our results define the retinal pigment epithelial 

(RPE) cell as the primary site of Mer action, and demonstrate that the ability of these 

cells to perform a critical phagocytic function in the retina is severely affected in the 

absence of Mer.  They also reveal that Gas6, thought to be the sole ligand for Mer in 

the retina, is not essential for this specialized RPE phagocytosis.  The action of Protein 

S, the likely functional ligand for Mer activation in the RPE, is described.  

Furthermore, expression of a second member of the TAM family, Tyro 3, at the same 

site as that of Mer in the RPE, highlights the fact that the TAM family signaling 

system underlying phagocytosis is more complex than initially suspected.   

These studies extend our knowledge of the role of TAM family function in 

retinal homeostasis.  Not only do they describe specific expression patterns and 

interactions in the RPE, but they provide principles which may be applied more 

generally to other systems in which receptors of the TAM family subserve phagocytic 

function.  

xii 



CHAPTER 1 

INTRODUCTION 
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1.1 The Retinal Pigment Epithelium 

The retinal pigment epithelium (RPE) is a unique hexagonal-patterned tissue 

that lines the back of the retina (Figure 1.1).  It is comprised of a monolayer of highly 

polarized pigmented cells that are intimately associated with photoreceptor cells.  

While RPE cells have no photoreceptive functions, they have many roles that ensure 

the survival of photoreceptors.  RPE structure, function, and disease are the subject of 

intense study, and basic science continues to elucidate the remarkable features of RPE 

cells that enable them to perform critical functions in the eye. 

The RPE is of neuroectodermal origin and is one of the few tissues other than 

those derived from the neural crest that produce melanin, the pigment for which they 

are named.  Following the evagination of the optic vesicles from the neural tube, these 

outpockets invaginate to form the optic cup.  The RPE is derived from the posterior 

wall of the optic cup, and the cells of the anterior wall differentiate into photoreceptor 

cells and the other neuronal and glial cells that comprise the neural retina.  The 

neuroepithelial precursors to the RPE terminally differentiate into a cuboidal secretory 

epithelium that directly apposes the photoreceptors, leaving only a thin layer of 

original lumen that develops into the interphotoreceptor matrix (IPM).  The ontogeny 

of RPE cells is tightly coordinated with that of photoreceptor cells.  The dependence 

of the retina on the RPE is elegantly illustrated in studies eliminating the RPE at 

different times during development, resulting in phenotypes as severe as 

anophthalmia, the absence of an eye (Raymond and Jackson, 1995).  A reciprocal 

dependence of RPE differentiation on retinal-derived factors has also been described 

(Nguyen-Legros and Hicks, 2000).  In the final stages of development, photoreceptors 

extend their outer segments and the RPE cells respond by extending their microvilli to  
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Figure 1.1: RPE cell in the eye.  Schematic of the eye (left).  H&E-stained 10µm-
thick light micrograph of the outer retina (right), box enlargement not to scale: retinal 
pigment epithelial (RPE) cell, outer nuclear layer (ONL) containing the nuclei of the 
photoreceptors, the inner segments (is) and outer segments (os) of the photoreceptors.  
White arrows mark the nuclei of the RPE cells.  Bar represents 10µm. 
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ensheath the outer segments.  The mature appearance of the RPE-outer segment (OS) 

interface is characterized by an interdigitation of RPE microvilli and photoreceptor 

OS, where many fringes reach deep into the OS layer (Figure 1.2).  This adhesion is 

vital to the interactions of the RPE and retina, and coordinated action between the IPM 

and RPE ensures its preservation throughout adult life. 

The specialized functions of the RPE cell depend on a highly polarized 

organization of organelles and a molecular asymmetry of the membrane, the 

establishment and maintenance of which is dependent on the cytoskeleton (Mays et 

al., 1994).  The RPE cell is divided into discrete apical and basal domains, which are 

segregated by tight junctions, and several molecules specifically localize to one or the 

other of these domains.  The Na+K+-ATPase pump, which is critical to the 

maintenance of the proper ionic environment for phototransduction, for example, is 

apically polarized in the RPE, unlike in most other epithelia, where it is basolateral 

(Gundersen et al., 1991).  The neural cell adhesion molecule (N-CAM), also not 

typically apical, has an apical distribution in the RPE in a probable homophilic 

binding role to the N-CAM found in the outer segments (Gundersen et al., 1993).  The 

asymmetrical distribution of actin and many actin-binding proteins highlights the 

important structural and motile roles of actin filaments in the RPE cell: actin is 

enriched in the basal infoldings, cell-cell adherens junctions, and the apical microvilli; 

ankyrin, a protein that serves to anchor the Na+K+-ATPase to the cytoskeleton, 

localizes to the apical membrane; and ezrin, a cross-linker between plasma proteins 

and the cytoskeleton, localizes to the apical microvilli of the RPE (Arikawa and 

Williams, 1991; Bonilha et al., 1999; Rizzolo and Zhou, 1995).  Retinal adhesion is 

essential to the integrity of this organization, as detachment results in the loss of 

polarity of these proteins (Gundersen et al., 1993; Zhao et al., 1997). 
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Figure 1.2: RPE microvilli-outer segment interface.  (A) 10µm-thick H&E light 
micrograph of the outer retina.  Retinal pigment epithelial (RPE) cell, outer nuclear 
layer (ONL), inner segments (is), outer segments (os) of photoreceptors.  Box marks 
an example of the area pictured in B.  (B) Electron micrograph of the RPE cell and the 
outer segments of the photoreceptor.  (a) and (b) mark the apical and basal poles of the 
RPE cell, respectively.  Components of the RPE: nucleus (n), pigment granule (p), 
basal infoldings (f).  Arrows mark the apical microvilli of the RPE (µv).  Outer 
segments of the photoreceptors (os).  (C) Electron micrograph of the outer (os) and 
inner segments (is) of the photoreceptors.  Box delineates magnification to the right to 
show detail.  Arrows mark apical microvilli (µv) in between outer segment 
membranes (os).  Bar in A represents 10µm, Bars in B and C represent 1µm.  
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The maintenance of retinal adhesion is only one of many critical functions 

performed by the RPE.  The RPE also has vital roles such as the transport of nutrients 

from the choroid, the clearance of wastes from the subretinal space, the regeneration 

and transport of the chromophore present in rhodopsin 11-cis-retinal, and the 

establishment of the choroidal side of the blood-retina barrier (Bernstein et al., 1987; 

Marmor and Wolfensberger, 1998; Marmorstein et al., 1998).  Another fundamental 

role of the RPE, and central to the present discussion, is the phagocytosis of 

photoreceptor outer segments.  Outer segment membranes contain densely-packed 

discs of rhodopsin, the protein containing the chromophore whose isomerization is the 

first step in the visual cascade.  The enormous number of photons absorbed by these 

discs demand constant regeneration (Young, 1967), and although newly-synthesized 

membranes appear at the basal surface of the rod OS (ROS), ROS maintain a fixed 

length throughout adulthood (LaVail, 1973).  This balance is made possible by the 

RPE cell which engulfs the outer tips of the ROS to be subsequently digested in its 

cytoplasm (Young and Bok, 1969).   

The mechanism by which RPE phagocytosis occurs has been a major focus of 

study.  It is generally thought that disc detachment and uptake are distinct events but 

this view is incompatible with at least two observations.  One, distinct phagosomes are 

rarely found in the interphotoreceptor space, and two, disc detachment does not occur 

in regions separated from the RPE while neighboring, intact RPE-OS units undergo 

normal phagocytosis (Marmor and Wolfensberger, 1998; Williams and Fisher, 1987) .  

These data suggest that OS uptake is an active process which involves an interaction 

between the RPE and the distal membranes of the outer segments.  Central 

components of this interaction are the RPE microvilli that project into the OS layer.  

These apical projections are enriched in actin filaments found in regular parallel 
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arrays, an arrangement unique to the nonmotile RPE cell (Burnside, 1976).  In 

professional phagocytes such as macrophages and dendritic cells, it is thought that the 

local reorganization of actin beneath the phagosome is the driving force for further 

extension around the phagosome (May and Machesky, 2001; Niedergang and 

Chavrier, 2004).  In the retina, where RPE apical processes extend down into the outer 

segment layer, the role of actin filaments, the majority of which in teleosts are 

oriented with their plus ends apically, in subsequent phagosome transport toward the 

cell body is less clear (Gibbs et al., 2003; unpublished results in Burnside, 1976).  

Better understood is their role in melanosome transport in teleost RPE where they are 

required for bi-directional movement along apical processes (King-Smith et al., 1997).  

Closer to the cell body, the actin-based motor myosin VIIa has been suggested to play 

a role in phagosome movement through the actin meshwork at the base of the cell 

(Gibbs et al., 2003).  Microtubules, enriched in the cell body, also play an important 

role in the phagocytic process, and the full series of events includes recognition, 

attachment, ingestion, lysosomal fusion, and digestion of OS particles (Futter et al., 

2004; Suzuki et al., 1987). 

The tremendous phagocytic burden on the RPE cell is clear: in rats, each RPE 

cell is associated with approximately 300 ROS leading to a daily ingestion of 30,000 

discs (Marmor and Wolfensberger, 1998).  Failure of the RPE cell to accomplish this 

clearance task has the devastating consequence of rapid photoreceptor degeneration 

(Edwards and Szamier, 1977).  This feat is particularly remarkable since the RPE cell, 

under in vivo physiological conditions, does not renew itself, and must carry out its 

functions throughout the lifetime of the animal.  While OS phagocytosis is a major 

preoccupation of the RPE, its many other functions, when compromised, also lead 

invariably to the death of photoreceptors (Pacione et al., 2003).  The failure of RPE 
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microvilli to attach to the OS in mice carrying a mutation in the transcription factor 

microphthalmia, for example, leads to the loss of photoreceptors (Nir et al., 1995; 

Smith, 1992).  Mutations in essential genes of the retinoid regeneration cycle such as 

RPE65 (the isomerohydrolase) and LRAT (the lecithin retinol acyltransferase) also 

result in photoreceptor degeneration (Moiseyev et al., 2005; Redmond et al., 1998; 

Ruiz et al., 1999; Thompson et al., 2001).  These examples point to the critical nature 

of the interaction of the RPE and the retina, and the importance of elucidating their 

relationship. 

The progressive loss of photoreceptors observed in animals provides an 

excellent model to study retinitis pigmentosa (RP), a group of inherited retinal 

degenerative diseases that has a worldwide prevalence of 1:3000 and is the leading 

cause of inherited blindness in the developed world (Delyfer et al., 2004).  Nearly half 

of all RP cases are sporadic, and the remainder are classified as autosomal dominant, 

autosomal recessive, or x-linked, many of which can be modeled (Kalloniatis and 

Fletcher, 2004).  Clinical manifestations include the onset of night blindness and 

severe defects in peripheral vision as rods degenerate, followed by central vision loss 

due to secondary cone degeneration (Delyfer et al., 2004).  Although these diseases 

have several characteristics in common, the tremendous heterogeneity in their etiology 

underscores the importance of an appropriate animal model.  To date, genes at 36 

human RP loci have been identified in the RPE and/or photoreceptors 

(http://www.sph.uth.tmc.edu/RetNet/), and a number of natural and genetically-

engineered animal models are available for studying their pathobiology (Chader, 

2002).  The use of these models is of particular importance to preclinical testing and 

therapeutic intervention via gene therapy, implantation, and the introduction of stem 

cells (Delyfer et al., 2004; Farrar et al., 2002).  We have chosen to study the roles of 

 

http://www.sph.uth.tmc.edu/RetNet/
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specific genes in the RPE, namely the TAM family of receptor tyrosine kinases, 

mutations in which can cause RP (Kumar, 2001).  In doing so, we hope that progress 

in our understanding of RPE function will bring us one step closer to implementing 

therapies and will perhaps provide new strategies in the treatment of RP. 
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1.2 TAM Family of Receptor Tyrosine Kinases 

Receptor protein tyrosine kinases (PTKs) comprise a diverse set of cell surface 

molecules that transmit signals for a multitude of cellular functions including growth 

control, differentiation, motility, and death.  There are 58 receptor PTKs in the human 

and mouse genomes and their critical nature with respect to the function of mature 

cells is underscored by studies showing that aberrant signaling by receptor PTKs often 

leads to many disease states, most notably cancer (Robinson et al., 2000).  Indeed, 

activated forms of receptor tyrosine kinases were among the first oncogenes identified 

(Bargmann et al., 1986; Downward et al., 1984). 

Receptor PTKs are characterized by an extracellular binding domain that 

recognizes ligands, one or more transmembrane domains, and a cytosplamic domain 

endowed with intrinsic protein-tyrosine kinase activity (Schlessinger, 2000).  Most 

known receptor PTKs exist as monomers in the cell membrane and binding of ligand 

leads to their dimerization and subsequent trans-autophosphorylation of tyrosine 

residues in their kinase domain (Hubbard et al., 1998).  These phosphotyrosine 

residues can serve as docking sites for modular domains such as src homology 2 

(SH2) or phosphotyrosine-binding (PTB) domains, which are present in a variety of 

adaptor molecules that ultimately propagate signals downstream into the cytoplasm 

and nucleus of the responding cell (Hubbard and Till, 2000).    

Of the 20 receptor PTK families in the genome, one in particular, the TAM 

family, stands out because of its potentially exclusive role in postnatal functions.  It is 

comprised of three members, Tyro 3, Axl, and Mer, which were first identified in 

sciatic nerves using a PCR-based screen for novel receptor PTKs, and grouped 

together based on the similarity of their kinase domains (Lai and Lemke, 1991).  The 

isolation of full-length cDNAs of Tyro 3 (Lai et al., 1994; Ohashi et al., 1994), Axl 
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(Janssen et al., 1991; O'Bryan et al., 1991; Rescigno et al., 1991), and Mer (Graham et 

al., 1994; Jia and Hanafusa, 1994) revealed that they do indeed make up a unique 

family of receptor tyrosine kinases.  These receptors share a distinct structure with an 

extracellular domain containing two immunoglobulin (Ig)-related domains, followed 

by two fibronectin type III (FNIII)-related repeats, a single-pass transmembrane 

domain, and a cytoplasmic domain containing a tyrosine kinase moiety (Figure 1.3A).  

Although many receptor PTKs contain Ig and FNIII domains, this particular 

arrangement is unique to the receptors of the TAM family (Robinson et al., 2000).   As 

discussed earlier, they belong to a class of receptors for which ligand-binding and 

receptor association are key events to initiate kinase activity (Schlessinger, 2000), but 

little is known about their dimerization patterns.  One recent study shows a 

homophilic interaction between the first Ig domains of Tyro 3, but its functional 

implications are yet to be revealed (Heiring et al., 2004), as are any other potential 

combinatorial associations of the receptors. 

All three receptors were originally cloned as orphans, and two related proteins, 

Gas6 and Protein S, were subsequently identified as ligands capable of preferentially 

activating the kinase region of Axl and Tyro 3, respectively (Stitt et al., 1995).  Gas6, 

for growth-arrest-specific 6, is so named for its original identification as a gene 

specifically induced upon growth arrest of cultured NIH 3T3 mouse fibroblasts 

(Schneider et al., 1988).  It is a member of the vitamin K-dependent proteins and is 

closely related structurally to Protein S (Manfioletti et al., 1993).  Protein S belongs to 

the Protein C anticoagulation cascade, in which it acts as a cofactor in the degradation 

of blood coagulation factors Va and VIIIa (Dahlback, 1991).  Gas6 and Protein S are 

secreted  proteins   with  44%  amino   acid   identity,   and   are   the   only  two  in the  
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Figure 1.3:  Domain structure of TAM receptors and ligands.  See text for details. 
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genome that share their complex multi-domain domain structure.  This consists of an 

amino-terminal γ-carboxyglutamic acid (Gla) domain, followed by a loop region 

which contains thrombin-cleavage sites in Protein S but not in Gas6, four epidermal 

growth factor (EGF)-like repeats, and a carboxy-terminal region containing two 

tandem globular (G) domains which show a similarity to the sex hormone-binding 

protein (SHBP) (Figure 1.3B) (Lundwall et al., 1986; Manfioletti et al., 1993).  In the 

biosynthesis of these proteins, vitamin K is an essential cofactor in the conversion of 

glutamic acid to γ-carboxyglutamic acid (Furie et al., 1999).  The Gla domain, rich in 

these residues, is required for their calcium-dependent phospholipid binding (Sugo et 

al., 1986), an interaction suggesting an association with cellular membranes.  The G 

domains of the C-terminal are sufficient for receptor binding and activation (Mark et 

al., 1996). 

Gas6, originally identified as a ligand for Axl (Stitt et al., 1995), was 

subsequently identified as a ligand for all three receptors in the TAM family (Chen et 

al., 1997; Godowski et al., 1995; Nagata et al., 1996).  In these studies, however, the 

relative affinities of Gas6 for the receptors demonstrated significant variability.  All 

studies demonstrated a high affinity interaction between Gas6 and Axl, whereas Tyro 

3 and particularly Mer were found to exhibit significantly lower affinities for Gas6.  

Various assays have yielded anywhere from a 6-fold to a 73-fold difference in 

equilibrium dissociation constants between Mer and Axl (Chen et al., 1997; Nagata et 

al., 1996), bringing into question its biological significance.  Nevertheless, Gas6 has 

been the primary focus of study with respect to all three receptors of the TAM family.  

It is important to emphasize that all studies of receptor-ligand interaction to date have 

been carried out with single ligands binding to single, presumably homodimeric 

receptors. 
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Although Gas6 receptor activation has been studied extensively since its 

identification, the extent to which Protein S is a bona fide ligand for the receptors of 

the TAM family has been questioned and consequently largely ignored, until recently, 

in the literature (Godowski et al., 1995).  The question stems from a species-specific 

negative result obtained in response to the study originally identifying the ligands.  In 

the original study, bovine Gas6 and bovine Protein S were identified as ligands for 

mouse Axl and mouse Tyro 3, respectively, and also showed that human Protein S 

could phosphorylate mouse Tyro 3 (1995).  Subsequent attempts were not only able to 

confirm the interaction between human Protein S and mouse Tyro 3, but were also 

able to show an interaction with bovine Protein S and human Tyro 3 (Godowski et al., 

1995; Nyberg et al., 1997).  A problem arose, however, when these studies and others 

were unable to show human Protein S interacting with human Tyro 3 (Chen et al., 

1997; Nagata et al., 1996).  These results might indicate an important species 

difference, but recent functional data suggest that to rule out Protein S as a ligand 

would be an incomplete representation of the TAM receptor system.  These data and 

the role of Protein S as a ligand for the receptors of the TAM family are further 

discussed in chapter 3. 
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1.3 Role of TAM Family in Phagocytosis 

The receptors of the TAM family represent a unique set of receptor PTKs.  

Their initial description in developing systems notwithstanding (Crosier et al., 1996; 

Graham et al., 1995; Lai et al., 1994; Prieto et al., 2000), they are expressed 

predominantly in postnatal, mature cells – in several organ systems, including the 

vascular, renal, skeletal, reproductive, immune, and nervous systems (Lai et al., 1994; 

Lu et al., 1999; Lu and Lemke, 2001; Melaragno et al., 1998; Nakamura et al., 1998; 

Nandrot et al., 2000; Yanagita et al., 2001).  Accordingly, unlike essentially all other 

receptor PTK families, genetic studies have revealed no essential role for the receptors 

of the TAM family in embryonic development (Lu et al., 1999; Lu and Lemke, 2001).  

Instead, these studies and others indicate that the receptors of the TAM family are 

critical homeostatic regulators in mature mammalian tissues and organs.  As new roles 

for the receptors continue to be uncovered, a common theme emerges across systems.  

Deletion analysis and other functional assays point to a prominent, but not exclusive, 

role for the receptor PTKs of the TAM family in mediating phagocytosis.   

Phagocytosis is a mechanism used by many systems throughout the body to 

rapidly and efficiently clear interstitial space of apoptotic and other cellular debris.  A 

failure to maintain this cellular homeostasis can lead to severe states of cellular 

degeneration and death.  In the TAM receptor mutants, there are abundant examples of 

this very phenomenon, suggestive of a role for the receptors in phagocytosis.  In TAM 

triple mutants, despite the normal development of all relevant reproductive cell types, 

fewer spermatocytes are observed in young adult males, eventually leading to an 

almost complete depletion of germ cells in older animals (Lu et al., 1999).  This is a 

cell non-autonomous event, however, as the cells that are the most dramatically 

affected do not express any of the receptors.  Instead, Tyro 3, Axl, and Mer are shown 
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to be expressed by the neighboring Sertoli cells of the seminiferous tubules of the 

testes.  A major function of the Sertoli cells is the phagocytic clearance of apoptotic 

cells and extruded cytoplasm during spermatogenic differentiation (Miething, 1992).  

It has been suggested that this clearance process is required for sperm production as 

failure to eliminate apoptotic germ cells, as well as the cytoplasm and organelles that 

are expelled from developing spermatids, leads to marked dysfunction and inhibition 

of normal spermatogenesis (Maeda et al., 2002).  This specialized phagocytosis by 

Sertoli cells takes place at a defined stage during spermatogenesis (Grandjean et al., 

1997; Morales et al., 1986), and it is likely to respond to specific signals that might 

cycle in a similar manner.  In this context, it is interesting to note that Sertoli cell 

expression of Gas6 and Protein S mRNAs, which encode ligands for the TAM family, 

cycles as a function of tubule stage (Lu et al., 1999) and in a manner that directly 

parallels the phagocytic function.  That is, Gas6 and Protein S mRNA levels are 

lowest at a stage when phagocytosis by Sertoli cells is slowest; and are highest when 

phagocytosis is most rapid (Lu et al., 1999).  These data are a good indication that the 

TAM family receptors and their ligands play a role in the regulation of Sertoli cell 

phagocytosis during spermatogenesis.   

Another example of a disruption in homeostasis displayed by the TAM mutants 

can be found in the regulatory mechanism that critically relies on phagocytosis to clear 

apoptotic cells that are generated throughout the body to control tissue growth and 

inflammation.  Mutations in these receptors may lead to several immunoregulatory 

phenotypes (Lu and Lemke, 2001), and mice with a mutation in a single TAM 

receptor, Mer, have been shown to exhibit defective clearance of thymic apoptotic 

cells (Scott et al., 2001).  This deficiency is attributed to macrophages as measured via 

chimeric reconstitution and in vitro phagocytosis experiments.  Macrophages, among 
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their various roles in initiating the innate immune response, are professional 

phagocytes that function to rapidly clear apoptotic cells.  They express all three 

receptors while the cells marked for engulfment do not (Graham et al., 1995; Graham 

et al., 1994; Lu and Lemke, 2001).  The observed accumulation of apoptotic 

thymocytes in Mer mutants is therefore another instance of a cell-nonautonomous 

effect.  In addition, the deficiency in phagocytosis is specific to apoptotic cells and not 

a general defect in macrophage phagocytosis, since they engulf bacteria and opsonized 

particles with the same efficiency as WT macrophages (Scott et al., 2001).  Apoptotic 

cells are a major source of autoantigens and it has been suggested that an impairment 

in their clearance may lead to the development of autoimmunity (Taylor et al., 2000).  

These autoantigens can act as a stimulus for autoantibodies, the presence of which is 

used as a marker for autoimmune disease.  In accordance with this idea, both Mer 

single and TAM triple mutants exhibit an elevated level of circulating autoantibodies 

with a markedly increasing trend as measured in single-, double-, and triple-receptor 

mutants, and all eventually develop autoimmunity (Lu and Lemke, 2001; Scott et al., 

2001).  The ligands for these receptors, Gas6 and Protein S, have also been suggested 

to play a role in the promotion of macrophage phagocytosis.  Uptake of apoptotic cells 

by cultured macrophages is enhanced in the presence of Gas6 (Ishimoto et al., 2000).  

Similarly, Protein S was identified as the serum factor responsible for the in vitro 

stimulation of macrophage phagocytosis of apoptotic cells and binds exclusively to 

phosphatidylserine-positive cells (Anderson et al., 2003).  As cells undergo apoptosis, 

the negatively-charged phospholipid phosphatidylserine is exposed on the outer leaflet 

of their plasma membranes.  The binding of phosphatidylserine is mediated by the Gla 

domains of Gas6 and Protein S (Nakano et al., 1997; Sugo et al., 1986), and ligand 

activation has been shown to lead to Mer phosphorylation and the recruitment of 
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multiple signaling molecules including phospholipase Cγ2, focal adhesion kinase, 

αvβ5 integrin, and the cytoskeleton-associated GTPase Rac1 in macrophages and 

other cultured cells capable of phagocytosis (Todt et al., 2004; Wu et al., 2005).  

These studies demonstrate a clear role for the receptor PTKs of the TAM family in the 

homeostatic regulation of macrophage phagocytosis of apoptotic cells. 

Bone maintenance is another example where phagocytosis plays an essential 

role.  Osteoclasts, large multinucleated cells which share a hematopoietic origin with 

macrophages, are specialized phagocytes that are responsible for the resorption of 

mineralized bone during homeostatic bone remodeling.  A proper balance of bone 

formation and resorption is essential to avoid bone pathology (Blair and Athanasou, 

2004).  A failure of proper osteoclast function can lead to osteopetrosis, a condition 

characterized by a decrease in the rate of bone resorption, and other severe defects 

(Soriano et al., 1991).  For example, mice lacking genes coding for cathepsin K, an 

enzyme that degrades organic bone matrix, and β3 integrin, a receptor subunit also 

shown to be important in mediating subsets of macrophage phagocytosis, have 

osteoclasts that form abnormal foldings critical for bone resorption, leading to 

osteopetrosis (McHugh et al., 2000; Saftig et al., 1998).  Additionally, deficiencies in 

important regulators of the acidification of the bone resorption surface such as the 

enzyme carbonic anhydrase II and the proton pump subunit TCIRG1 lead to 

osteopetrosis in humans (Frattini et al., 2000; Sly et al., 1983).  In a screen for receptor 

tyrosine kinases involved in osteoclast bone resorption, Tyro 3 was identified as a 

possible candidate (Nakamura et al., 1998).  It was further shown that both Gas6 and 

Protein S are able to enhance bone resorption activity by osteoclasts and induce 

tyrosine phosphorylation of Tyro 3 (Katagiri et al., 2001; Nakamura et al., 1998).  

Whether or not a deficiency of osteoclast function is observed in the TAM mutants 
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remains to be seen, but expression patterns and culture experiments are suggestive of a 

role for the TAM family and their ligands in the regulation of osteoclast bone 

resorption. 

One key example of a system in which the TAM family plays an integral role 

in phagocytosis is the renewal of photoreceptor OS in the retina.  To maintain a 

constant outer segment length, the addition of new outer segment membrane is 

counterbalanced by a specialized phagocyte of neuroectodermal origin lining the back 

of the retina, the RPE cell, that engulfs the outer tips of the ROS (Young and Bok, 

1969).  The scale at which this occurs is massive and any disturbance in the 

maintenance of this homeostasis has drastic consequences: failure of the RPE to 

phagocytose ROS leads to retinitis pigmentosa (RP) (Edwards and Szamier, 1977), a 

disease marked by a progressive degeneration of photoreceptors.  The role of the RPE 

and its intimate association with the photoreceptor OS has been amenable to extensive 

study, due in large part to the availability of a rat strain displaying an RP phenotype 

called the Royal College of Surgeons (RCS) rat (Dowling and Sidman, 1962).  The 

RPE cells in these rats carry a hereditary defect in ROS phagocytosis (Edwards and 

Szamier, 1977).  While studying the function of the TAM family of receptors in 

mouse, our laboratory found that inactivating the genes of Tyro 3, Axl, and Mer, leads 

to a progressive degeneration of photoreceptors, much like the RP phenotype observed 

in the RCS rat (Lu et al., 1999).  It was further noted that inactivation of a single gene, 

that of Mer, could recapitulate the retinal phenotype seen in the triple mutant (Figure 

1.4).  Accordingly, after having been studied for nearly 40 years, the spontaneous 

mutation in the RCS rat was recently identified as a mutation in Mer via positional 

cloning and biocomputational analysis (D'Cruz et al., 2000; Nandrot et al., 2000).  

Furthermore, chimeric RCS/wt embryos were generated to show that while mutant 
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photoreceptors were phagocytosed normally by WT RPE cells, WT photoreceptors 

degenerated under patches of mutant RPE cells, localizing the mutation to the RPE 

cell (Mullen and LaVail, 1976).  As such, photoreceptor degeneration in these rats is 

another instance where a mutation in one of the receptors of the TAM family produces 

a cell nonautonomous phenotype.  The identification of possible ligand interactions 

with Mer in the RPE has also been pursued.  These studies have focused on Gas6, 

which has been shown to stimulate ROS phagocytosis in cultured RPE cells, and ruled 

out Protein S as a possible ligand (Hall et al., 2001).  It is not until recently that the 

focus has begun to shift towards Protein S, in light of several lines of evidence 

suggesting a greater role for Protein S in the RPE and will be discussed in more detail 

in Chapter 3.  What is clear is that the Mer receptor is essential for the proper 

phagocytic function of the RPE, and provides another example of the significant 

phagocytic role played by the receptor PTKs of the TAM family in the homeostatic 

regulation in multiple tissues and organs. 
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Figure 1.4:  Comparison of photoreceptor degeneration in WT, Mer-/-, TAM-/- (Tyro 3, 
Mer, and Axl triple mutant) retinas.  Cell counts in photoreceptor layer at each age 
were made in 400µM segments adjacent to the optic nerve. 
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2.1 Introduction 

Most known receptor PTKs exist as monomers in the cell membrane and 

dimerization of these receptors occurs only upon binding of ligand, which leads to 

their autophosphorylation and the activation of signaling cascades (Schlessinger, 

2000).  The receptor PTKs of the TAM family are no exception.  They contain a 

characteristic cytoplasmic protein-tyrosine kinase domain capable of 

autophosphorylation of tyrosine residues that then can act as platforms for the binding 

and activation of a wide range of adaptor and signaling molecules (Ling et al., 1996).  

The multiplicity of functions performed by this family suggests that they exploit many 

different signaling molecules to accomplish their tasks.  

Although the picture is far from complete, recent studies have begun to shed 

light on some of these players.  Focal adhesion kinase (FAK), for example, which is 

essential for integrin signaling in cytoskeletal changes (Sieg et al., 1999), is 

phosphorylated upon Mer activation in 293T cells (Wu et al., 2005).  In RPE-J and 

mouse RPE cells, however, FAK appears to be upstream of Mer (Finnemann, 2003; 

Nandrot et al., 2004), indicating that the precise hierarchy of signaling molecules may 

vary between cells.  In addition to FAK, other src homology 2 (SH2) domain-

containing proteins can interact with Mer.  The guanine nucleotide exchange factor 

Vav1 is associated with a chimeric Mer in 293T cells before activation, and released 

upon receptor activation (Mahajan and Earp, 2003).  Phospholipase Cγ2 is 

phosphorylated and associates with Mer in peritoneal macrophages upon Mer 

crosslinking (Todt et al., 2004).  The TAM family of receptors has also been shown to 

recruit the PI-3 kinase and MAP kinase signaling pathways in a variety of cell types 

including cancer cells (Wu et al., 2004), transfected cell lines (Lan et al., 2000), 

osteoclasts (Katagiri et al., 2001), and phagocytosing RPE cells (Hall et al., 2003).  
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In addition, at the other end of the signaling cascade, activation of these 

receptors can lead to the phosphorylation of NF-kappa B, a transcription factor that is 

known to control the expression of many genes (Georgescu et al., 1999; Hasanbasic et 

al., 2004).  Of particular importance to phagocytosis, are molecules involved in the 

reorganization of the cytoskeleton.  Mer-mediated engulfment of apoptotic cells leads 

to the formation of the GTPase complex CrkII/Dock180/Elmo, a conserved set of 

adaptor proteins which associate with Rac1 GTPases to control changes in the actin 

cytoskeleton during uptake (Wu et al., 2005).  These reports indicate that, while the 

TAM receptors in different cell types may overlap in their recruitment of certain 

molecules, each cell utilizes unique signaling cascades to carry out its functions.  

Although it is clear that Mer is critical for the function of RPE cells, its 

downstream signaling components have not been elucidated.  As we found ourselves 

in a context with a countless number of possible players, we attempted to narrow our 

search by undertaking a gene expression analysis using microarray technology.  This 

level of analysis, where transcript abundance is measured, has several features that 

render it a valuable resource for further study.  First, there is a close connection 

between the function of a gene and its expression.  There are many examples of genes 

which function only under certain conditions and their expression is restricted to those 

specific conditions.  Second, one way in which cells respond to their environment and 

internal state is by changing levels of transcription of specific genes.  This would 

allow us, for instance, to monitor changes a cell might undergo when it lacks a 

particular gene.  With the Mer knockout mouse as an accessible tool, we reasoned that 

studying the gene expression changes associated with the loss of Mer in mouse RPE 

cells relative to WT would be a reasonable method to approach our question.  The 

microarray approach would enable us to simultaneously screen thousands of 
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candidates and identify genes that might provide insight into cellular pathways 

initiated by Mer in RPE cells. 
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2.2 Results 

Gene expression changes in Mer-/- RPE.  Microarray analyses were performed on 

mRNA samples isolated from WT and Mer-/- RPE cells at two different time points: 

postnatal days 12 and 24 (P12 and P24).  The earlier time point was chosen because of 

the relative ease of RPE cell dissection at that age.  Although the mature state of the 

RPE-OS interface does not appear until P15, apical fringes of RPE cells are formed as 

early as P8 in mice and phagosomes can be observed at P12 in rats, before complete 

maturation (Nguyen-Legros and Hicks, 2000).  At the age of P12, Mer is abundantly 

expressed by the RPE cell (Figure 2.1).  The second selected time point, P24, is early 

relative to the onset of the photoreceptor degeneration phenotype, and thus avoids 

confounding the results with changes in the RPE associated with RP (Milam et al., 

1998).  At this age,  the phenotype in the Mer-/- animal does manifest itself as the outer 

segments are elongated compared to WT (see chapter 3), but no photoreceptor 

degeneration is observed. 

To determine which genes were differentially expressed between WT and Mer 

mutant RPE cells at these two time points, we applied selection criteria that ensured a 

low false positive rate.  Not only were a large number of eyes used to obtain RNA for 

each replicate, but independently-obtained replicate samples were analyzed to yield 

few differences (Lockhart and Barlow, 2001).  The level of reproducibility in the 

analyses is also indicated by the highly correlated expression intensities for the nearly 

50% of genes called (by the Affymetrix software) as present in each sample.  Figure 

2.2 represents one such data comparison between the expression intensities of a P12 

WT sample and those of a P12 Mer-/- sample, with a correlation coefficient of 0.979.  

All samples analyzed displayed equally high correlation values.  This indicates that 

out of approximately 6000 genes and ests (assuming a rate of 50% present calls), a 
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relatively small number of genes can be scored as differentially expressed: this 

number decreases even more as more samples are included.  To identify the most 

significant gene expression changes in Mer-/- RPE cells, we applied the criteria of a 

fold change of 1.5 or greater and a qualitative call of increased or decreased.  These 

parameters yielded 55 genes at P12, and 78 genes at P24, and 16 genes common to 

both ages (Figure 2.3).  We annotated and classified these genes according to function 

to identify molecules upon which to focus (Tables 2.1 and 2.2). 

 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Mer protein expression in P12 retina.  10µm-thick cryosection of WT P12 
eyecup labeled with Mer antibody.  Retinal pigment epithelial (RPE) cell, outer 
nuclear layer (ONL) of photoreceptors.  Mer signal is shown in green.  Nuclei stained 
with DAPI in blue.  Arrows mark the nuclei of the RPE monolayer.  Bar represents 
10µm. 
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Figure 2.2: Comparative gene expression intensities of WT and Mer-/- P12 RPE.  Red 
dots represent genes with present calls in both samples.  Blue dots represent genes 
with marginally present calls in at least one sample.  Green bars delineate fold-change 
such that points above the top bar represent genes with more than a 3-fold increase in 
Mer-/- RPE cells, and points below represent a 3-fold decrease.  r2 is the correlation 
coefficient. 
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Figure 2.3: Gene expression changes in Mer-/- RPE cells relative to WT.  Columns 
represent number of differentially regulated genes at P12 and P24 (black = up-
regulated in Mer-/-, white = down-regulated in Mer-/-).  Third column represents the 
number of differentially regulated genes common to both ages (gray = changed in 
opposite directions).  Results represent four comparisons of two independent WT and 
Mer-/- samples for each age. 
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Table 2.1: Fold change data and gene annotation for microarray analysis at P12.  Fold 
change values represent two independent replicates and the average of four 
comparisons of WT versus Mer-/- RPE, calculated using Affymetrix MAS version 5.0 
and Bullfrog software.  Positive fold change values denote higher expression in 
mutant and negative fold change values denote lower expression in mutant.  Genes 
represented in blue/red are decreased/increased, respectively. 
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Table 2.1: Continued. 
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Table 2.2: Fold change data and gene annotation for microarray analysis at P24.  Fold 
change values represent two independent replicates and the average of four 
comparisons of WT versus Mer-/- RPE, calculated using Affymetrix MAS version 5.0 
and Bullfrog software.  Positive fold change values denote higher expression in 
mutant and negative fold change values denote lower expression in mutant.  Genes 
represented in blue/red are decreased/increased, respectively. 
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Table 2.2: Continued 
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Candidate Genes.  Signaling molecules were of particular interest to us as we were 

attempting to identify components that might be involved downstream of Mer in the 

RPE cell.  Among the genes in this category, a gene called CAP1, common to both 

ages, stood out based on its properties.  Its expression was significantly decreased at 

both ages: 5.4 fold at P12 and 8 fold at P24 (Figure 2.4A).  CAP1 is one of two 

proteins identified in mouse that belongs to a family of adenylyl cyclase-associated 

proteins called CAPs.  CAPs are characterized by multiple structural domains 

including an amino-terminal domain that interacts with adenylyl cyclase, a carboxy-

terminal domain that binds monomeric actin, and a proline-rich domain capable of 

interacting with the src homology 3 (SH3) domains of many proteins (Hubberstey and 

Mottillo, 2002).  Cap1 and its homologs have been implicated in promoting the 

assembly of the actin cytoskeleton (Freeman and Field, 2000), and have been shown 

to serve functions such as the regulation of cell shape and polarity (Baum et al., 2000; 

Benlali et al., 2000), and of migration and endocytosis (Bertling et al., 2004).  The 

functional domains of Cap1 and its putative roles in cytoskeletal rearrangements make 

it a good candidate to serve as a link between signaling pathways and the 

cytoskeleton.  

To confirm the result that Cap1 mRNA is decreased in Mer-/- RPE cells, we 

performed quantitative RT-PCR experiments on independent WT and Mer-/- RPE 

samples.  Whereas a nearly 10-fold drop is observed in Cap1 mRNA of Mer-/- P24 

RPE cells using the chip analysis, no significant difference is seen using the qPCR 

method (Figure 2.4B).  Parallel qPCR experiments on these samples were performed 

for other differentially-expressed genes to establish the validity of the microarray 

method.  Spi-2, for example, which is a member of the serine protease inhibitors, 
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shows a marked increase in Mer-/- RPE cells on the chip, and shows a similar increase 

when its expression is measured via qPCR (Figure 2.4C).  

In a further search for candidate genes involved in Mer signaling in the RPE, 

we took advantage of the fact that the RPE cell shares many properties with the 

macrophage.  A critical function of both cells is the efficient clearance of cell debris.  

Both cells express Mer and its absence leads to defective phagocytosis of apoptotic 

cells by macrophages (Cohen et al., 2002), and the failure of RPE cells to phagocytose 

rod outer segments (D'Cruz et al., 2000).  These two cells also employ many of the 

same molecules that are involved in phagocytosis, including the scavenger receptor 

CD36 and associated integrin receptors (Fadok et al., 1998; Finnemann and 

Rodriguez-Boulan, 1999; Ryeom et al., 1996).  We therefore performed parallel 

microarray analyses in mobilized peritoneal macrophages of WT and triple-mutant 

(TAM-/-) animals.  We compared these arrays with the RPE arrays and asked what 

differentially-expressed genes in the mutants were common to both cells.  Out of 24 

genes identified, two genes were of particular interest for this study.  The mRNA 

expression of CAP1 was also found to be misregulated in TAM-/- macrophages.  The 

misregulation was inconsistent, however, as it exhibited an increased expression in 

two samples and a decreased expression in two samples.  

A literature search pointed to a second gene called pituitary tumor 

transforming gene (Pttg), whose expression is highly increased in both Mer-/- RPE and 

TAM-/- macrophages, as an interesting candidate for further study (Figure 2.5A).  Pttg, 

with its initial identification in rat pituitary tumor cells, is considered to be a proto-

oncogene, as high levels of Pttg expression are seen not only in pituitary tumors but 

also in several others including those of lymphoid, thyroid, ovarian, and testicular 

origin (Heaney et al., 2001; Pei and Melmed, 1997; Puri et al., 2001; Saez et al., 
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2002).  The Pttg gene encodes a small 23kDa protein containing distinct functional 

domains that underlie its diverse roles: an SH3-binding domain, a DNA-binding 

region, and a transactivation region.  Found either in the cytoplasm or the nucleus 

(Chien and Pei, 2000), Pttg has been shown to prevent premature sister chromatid 

separation (Zou et al., 1999), though some studies show it might be essential to 

promote separation (Jallepalli et al., 2001).  Other functions include modulating the 

expression of FGF-2 during neurogenesis (Boelaert et al., 2003), activating the 

expression of p53, VEGF, and IL-2 during tumorigenesis (Hamid and Kakar, 2004; 

Hamid et al., 2005), and associating with Ku, the regulatory subunit of the DNA-

binding protein kinase, in a potential role in the DNA-damage response pathway 

(Romero et al., 2001).  Pttg binds both MAP kinase and PI-3 kinase (Chamaon et al., 

2005) and has been shown to be downstream of the β-catenin/WNT signaling pathway 

(Zhou et al., 2005).  

A salient feature of Pttg that caught our attention as a potential candidate for 

Mer signaling are the particular systems that are affected upon its mutation.  Knock- 

out mice lacking Pttg manifest phenotypes in cells from the testis, spleen, thymus, and 

others of the hematopoietic system.  The TAM family of receptors and their ligands 

function in these same systems, and their absence leads to similar defects.  Both the 

loss of Pttg and the loss of the TAM receptors lead to a dramatic reduction in testis 

size (Lu et al., 1999; Wang et al., 2001).  The spleen is reduced in size in the Pttg-/- 

animals and enlarged in the TAM-/- animals.  Pttg-/- mice also exhibit thymic 

hyperplasia and TAM-/- mice exhibit a hyperproliferation of B and T lymphocytes.  In 

addition, Pttg-/- animals display thrombocytopenia which is a decrease in platelets.  

Similarly, Gas6-/- animals, which lack a ligand for the TAM receptors, display 

impaired platelet aggregation (Angelillo-Scherrer et al., 2001).  This convergence of 
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affected systems served as the basis for further experiments to determine a role for 

Pttg in Mer signaling in the retina.  
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Figure 2.4:  Cap1 mRNA expression in WT and Mer-/- RPE by array and qPCR.  Data 
is represented relative to WT expression which is normalized to 1 (white). (A) 
Differential expression of Cap1 mRNA in WT and Mer-/- retinal pigment epithelial 
(RPE) cells at P12 and P24 using chip analysis. (B) Comparative Cap1 expression in 
WT and Mer-/- RPE cells at P24 for microarray (black) versus qPCR (gray).  (C) 
Comparative Spi-2 expression in WT and Mer-/- RPE cells at P24 for microarray 
(black) versus qPCR (gray).  Values represent two independent replicates for both 
array and qPCR experiments.  Error bars represent standard deviations. 
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Validation and genetic test.  We performed quantitative PCR experiments on 

independent samples in order to validate our array results showing an increased 

expression of Pttg mRNA in Mer-/- RPE and TAM-/- macrophages.  With this method, a 

significant increase of Pttg mRNA expression is seen in both P24 Mer-/- RPE and 

TAM-/- macrophages.  The fold change increase in both cells is similar to what is 

observed in the array, with P24 Mer-/- RPE showing a 25-fold and 28-fold increase in 

the array and qPCR respectively, and TAM-/- macrophages showing a 15-fold and 13-

fold increase in Pttg expression (Figure 2.5B).  

This confirmation led us to ask whether the increase of Pttg gene expression in 

mutants of the TAM family indicates a connection between this gene and those of the 

receptors, particularly in the retina.  One simple and direct test is to analyze Pttg-/-

retinas.  Genes involved in a particular function or pathway often exhibit similar 

phenotypes when eliminated.  Members of the Ced 2/5/10/12 pathway, for example, 

which are key players in apoptotic cell engulfment in C. elegans, were all identified in 

a screen for mutants in which phagocytosis was defective (Ellis et al., 1991).  

Similarly, we examined Pttg-/- retinas for a possible role in the Mer pathway.  These 

retinas, however, exhibit no observable histological phenotype at 6 months of age, 

whereas Mer-/- retinas have almost completely lost their photoreceptor layer by the age 

of two months.  

Analyzing Pttg-/- retinas tests the result of the absence of the Pttg gene.  What 

we observe in Mer-/- RPE cells is a substantial increase in its expression.  We 

generated compound Pttg/Mer mutants to address the increase more specifically.  This 

allows us to test whether preventing the increase in Pttg gene expression observed in 

Mer-/- retinas has any effect on the progression of photoreceptor degeneration.  A 

similar   rationale   was   set   forth   in   a  study  that  crossed  Pttg-/-  mice  with  mice 
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Figure 2.5:  Pttg mRNA expression in RPE and macrophages by array and qPCR.  
Data is represented relative to WT expression which is normalized to 1 (white). (A) 
Differential expression of Pttg mRNA in WT and Mer-/- retinal pigment epithelial 
(RPE) cells at P12 and P24, and in WT and TAM-/- macrophages, using chip analysis. 
(B) Comparative Pttg expression in RPE and macrophages for microarray (black) 
versus qPCR (gray).  Values represent two independent replicates for both array and 
qPCR experiments.  Error bars represent standard deviations. 
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heterozygous for the retinoblastoma gene, which have a high incidence of pituitary 

tumors (Chesnokova et al., 2005).  In this compound mutant, the absence of Pttg 

becomes protective for tumorigenesis and results in a decrease in tumor incidence.  

We evaluated 10-week-old retinas to identify an effect of eliminating Pttg in 

Mer-/- retinas.  At this age, Mer-/- retinas exhibit less than a full layer of 

photoreceptors, and the nuclei that do remain are pyknotic (Figure 2.6B).  Mer-/- Pttg-/- 

animals at 10 weeks look identical to Mer-/- retinas - their retinas have very few nuclei 

left in the photoreceptor layer (Figure 2.6C).  In examining the remaining 

combinations of the Mer/Pttg compound mutation, one in particular is of note.  The 

central portion of the retina of a Mer-/- Pttg+/- animal was observed to retain an average 

of 4 layers of photoreceptors (Figure 2.6D), in sections taken throughout the dorso-

ventral axis.  The peripheral retina in these sections was indistinguishable from Mer-/- 

retinas.  Only one out of two more Mer-/-Pttg+/- animals, however, displayed a similar 

phenotype as the first.  The remaining two animals were similar to Mer-/- and Mer-/- 

Pttg-/-  animals, with 0-1 layers of photoreceptors both centrally and peripherally, 

throughout the dorso-ventral axis.  

 There are two distinguishing features of the Mer-/-Pttg+/- retinas that do retain 

some layers of photoreceptors.  First, the surviving photoreceptors show very little 

observable signs of apoptosis and are similar in shape and size to those of WT retina 

(Figure 2.6A and D).  The remaining few cells observed in Mer-/- and Mer-/-Pttg-/- 

retinas, on the other hand, all resemble small, shrunken pyknotic bodies (Figure 2.6B 

and C, arrowheads).  Second, the preservation of photoreceptors in both retinas 

examined exhibits a regional difference.  Throughout the dorso-ventral axis, surviving 

photoreceptors in the Mer-/-Pttg+/- are restricted to the central portion of the retina that 

abruptly changes to one or zero layers in the periphery (Figure 2.7). 
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Figure 2.6:  Retinal histology of Mer-/- and MerPttg compound mutants.  10µm-thick 
H&E light micrographs of retinas.  Retinal pigment epithelium (RPE), outer nuclear 
layer (ONL), inner segments (is), outer segments (os) of photoreceptors, inner nuclear 
layer (INL), and ganglion cell layer (GCL).  Arrows mark pyknotic nuclei in 
photoreceptor layer.  (A) WT (B)  Mer-/- (C) Mer-/-Pttg-/- and (D) Mer-/-Pttg+/- retinas 
at 10 weeks.  Bar represents 20µm. 
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Figure 2.7:  Regional differences in Mer-/-Pttg+/- photoreceptor degeneration.  10µm-
thick H&E light micrographs of Mer-/-Pttg+/- retina at 10 weeks.  Retinal pigment 
epithelium (RPE), outer nuclear layer (ONL), inner segments (is), outer segments (os) 
of photoreceptors, inner nuclear layer (INL), and ganglion cell layer (GCL).  2 regions 
are selected and magnified: left is central and right is peripheral. Optic nerve (ON).  
Bar in bottom panel represents 100µm. Bars in top panels represent 10µm. 
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2.3 Discussion 

Gene expression profiling of WT and Mer-/- RPE cells at P12 and P24 were 

used to identify candidate genes that might be involved in signaling pathways 

downstream of the Mer receptor PTK.  Literature review of our candidate list of 

genes, along with parallel macrophage microarray analyses, led us to focus on a gene 

called Pttg.  Pttg mRNA was highly increased in both mutant cell types, Mer-/- RPE 

cells and TAM-/- macrophages, an increase observed both by chip analysis and qPCR.  

Pttg-/- retinas exhibit no histological abnormalities observed in Mer-/- retinas.  We 

generated compound mutants of Mer and Pttg to ascertain whether these two genes 

might be linked in a common pathway in the RPE cell.  The observation that Mer-/-

Pttg-/- double mutant retinas have an almost complete loss of photoreceptors at 10 

weeks indicates that preventing an abnormal rise in Pttg expression has no effect on 

the final outcome of the Mer mutation.  

The phenotype of the Mer-/-Pttg-/- retina provided no new leads, but a 

preliminary observation in the compound mutant Mer-/-Pttg+/- might merit further 

evaluation.  Throughout the dorso-ventral axis of two mutants, the central portion of 

the retina retains an average of 4 layers of surviving photoreceptor nuclei.  While this 

is an interesting observation, the results are inconclusive as they were observed in 

only two out of four animals.  Analysis of a much larger number of animals and a 

systematic quantification of photoreceptor nuclei along the two axes will be required 

to rule out sectioning artifacts and to confirm if there is a significant regional 

difference in photoreceptor survival.   

At this very preliminary stage in the analysis, we cannot conclude that there is 

an influence of Pttg on progression of degeneration.  The following discussion, 

therefore, is speculative and makes assumptions that need to be confirmed.  If the 
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surviving layers in Mer-/-Pttg+/- mutants is a consistent phenotype, at least two of its 

features should be considered.  First, the surviving cells do not seem to show any 

histological signs of apoptosis.  At this same age, the few cells that remain in the 

retinas of their Mer-/- counterparts invariably do.  This observation would suggest that 

these cells are not dying, though they are perhaps only delayed in their degeneration.  

Second, there might be a relationship between the location across the retina and the 

amount of degeneration observed: cells centrally located are preserved while cells in 

the periphery, in an abrupt transition, are not spared, and those that do remain appear 

apoptotic.  This is in contrast to Mer-/- mice, where there is little if any nonuniform 

photoreceptor death observed across the retina (Duncan et al., 2003).  The RCS rat, on 

the other hand, has been shown to exhibit a central-peripheral gradient of cell death, 

although this gradient is reversed: cells in the periphery show a delay in death (LaVail 

and Battelle, 1975).   

Many other animal models have been shown to have topological differences in 

photoreceptor degeneration including central-peripheral gradients (Jimenez et al., 

1996; Nir et al., 1995), preferentially peripheral patterns early on (Chang et al., 1994), 

patched patterns (Ma et al., 1998), and abrupt transitions between viable and dying 

cells (Mehalow et al., 2003).  Specific molecular mechanisms by which these regional 

differences arise, however, are not known.  It is likely that the variation occurs either 

because the mutant gene itself is preferentially expressed, or the gene interacts with 

other genes that exist in gradients.  The expression pattern of Pttg in the retina is 

unknown, making it difficult to speculate how it might preferentially wield its 

influence in the Mer-/-Pttg+/- compound mutant.  Although current studies are 

addressing the possibility of regional differences, no such regional expression has 

been  linked  to  specific patterns of photoreceptor degeneration (Pacione et al., 2003).  
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Once revealed, it might be possible to elucidate mechanisms underlying regional 

predisposition to cell death and explain some of these patterns.  

Another important consideration for further analysis on the Mer-/-Pttg+/- 

compound mutant is the age at which comparisons are made.  Progressive 

photoreceptor degeneration in the Mer-/- occurs at a rapid pace relative to other 

mutants (Clarke et al., 2001).  A quantitative analysis at several timepoints during the 

first two months would be necessary to confirm a delay in degeneration and/or 

different rates of degeneration across the retina.  Analysis of additional animals would 

also indicate if the Pttg mutation exhibits only a partial penetrance in phenotype.  The 

variability across animals could also result from differences in sensitivity to 

environmental modifiers, epistatic genes, or suppressors and their influence on the 

balance of two alleles.  

If Pttg is exerting an effect in the compound mutant, an observed delay in 

photoreceptor death would not distinguish between an effect on phagocytosis and an 

effect on cell death.  The microarray analyses profiled retinas before any visible 

indication of cell death, but this cannot rule out genes that may affect survival.  The 

partial decrease in Pttg expression, then, might influence the RPE cell in any number 

of ways: by preventing a mechanism that inhibits phagocytosis, by mediating 

cytoskeletal changes, or by releasing factors that influence photoreceptor survival, to 

name a few.  The role of Pttg in other systems as an important signaling molecule is 

obvious, but any potential interaction with the Mer signaling system will require an 

extensive analysis.  

Microarray expression profiling is a powerful high-throughput technique that 

has the potential to provide insight into many cellular processes.  As in any technique, 

it has its limitations and caveats.  A change in protein function, for example, does not 
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necessarily lead to a change in gene expression.  In addition, a list of genes, even one 

obtained with great experimental care and stringent criteria, will consist of genes both 

relevant and irrelevant to the study at hand.  Sifting through this list is a daunting task 

if there is no point of departure.  One can either choose to pursue specific genes or 

look for general trends that might reveal something novel about a mechanism.  An 

example of the latter is a microarray analysis of the RPE cells of the RCS rat at P14, in 

which the authors discuss a wide range of altered processes (Dufour et al., 2003).  

Contrary to expectation, there is very little overlap among the genes identified as 

altered in the RCS rat and the genes altered in the Mer-/- animal in the present study.  

This limitation in the technique might be explained by the small number of genes 

obtained in both studies: Dufour et al. identified 125 genes out of 8000 and we 

identified 115 genes out of 12000.  Microarray data do also have advantages, as they 

can serve as useful references to initiate or supplement additional studies.  In this 

study, for example, other possible candidates for Mer signaling include Grb2, Stat1, 

and Adam7 which were all identified as differentially expressed in Mer-/- RPE cells.  

Grb2, an important link between tyrosine kinases and signaling pathways, has 

previously been shown to associate with Mer (Georgescu et al., 1999).  Stat1 is a 

transcription factor found in macrophages that is responsive to numerous cytokines 

(Ramana et al., 2002), and ADAM7 belongs to a disintegrin and metalloproteinase 

family along with ADAM10, which can generate a soluble form of Axl (Budagian et 

al., 2005).  As such, array data are a valuable asset with which other lines of evidence 

can be used to identify new paths of study. 
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2.4 Materials and Methods 

Mice.  Gene inactivations in Mer-/- and TAM-/- mice all result in an effective null and 

are described in (Lu et al., 1999).   An in-frame deletion removes residues essential to 

the tyrosine kinase activity in Mer-/- mice.  Removal of exon 9 containing a portion of 

the FNIII domain results in the absence of Tyro 3 and Axl protein in Tyro 3-/- mice and 

Axl-/- mice, respectively.  Pttg-/- mice were obtained from the Melmed laboratory at the 

Cedars-Sinai Research Institute, UCLA School of Medicine.  They carry a deletion 

through the middle of intron 3 which includes the start codon, and produce no Pttg 

RNA (Wang et al., 2001).  Age-matched wild-type mice were used (129/BL6 with 

Mer-/- and TAM-/-, and C57BL6 with Pttg-/-). 

 

Microdissection of RPE cells.  Enucleated eyes from P12 and P24 WT and Mer-/-

animals were placed in phosphate-buffered saline (PBS), and the cornea, iris 

epithelium, and lens were removed.  Eyecups were incubated in 1% dispase/PBS at 

37°C for 20 minutes, washed with PBS, and RPE cells were gently separated from the 

back of the eye with the aid of a dissecting microscope and fine forceps.  Cells were 

collected, spun, and residual liquid was removed before the addition of RNA isolation 

reagent. 

 

Isolation of peritoneal macrophages.  1mL of 2.95% thioglycollate/PBS was 

injected into the peritoneal cavity of WT and TAM-/- mice.  Mice were sacrificed on 

the fourth day following the injection.  9mL of 5% serum/DMEM growth media (GM) 

was injected into the peritoneal cavity and fluid was slowly withdrawn after a few 

seconds.  Cells were spun down for 5 minutes at 800RPM, resuspended in 8mL of 
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GM, and plated.  They were washed with PBS following a 1.5 hour incubation at 37°C 

and used for RNA isolation.  

 

Array hybridization.  Total RNA was isolated from RPE cells of 60 eyes for each 

hybridization sample using TRIzol (Life Technologies) and purified using the RNeasy 

kit (QIAGEN).  Total RNA from macrophages of 5 animals was isolated for each 

sample.  10 micrograms of total RNA for each sample was converted to labeled cRNA 

using the SuperScript First-Strand Synthesis System kit (Invitrogen) and the Enzo 

BioArray HighYield RNA Transcript Labeling Kit (Affymetrix), and hybridized to 

MG-U74Av2 chips as specified by the manufacturer (Affymetrix).  All isolations, 

labelings, and hybridizations were done in duplicate. 

 

Data Analysis.  Microarray data were analyzed using the Affymetrix Microarray 

Suite 5.0.  Affymetrix GeneChip algorithms performed a per chip normalization by 

scaling to an average intensity of 200 and made a call for each gene as present or not 

present.  Differentially expressed genes in mutant samples were then selected from 

four comparisons of two independent WT and mutant samples for each age, using the 

Bullfrog software (Zapala et al., 2002) with the criteria of a 1.5-fold change or greater, 

and a qualitative call of increased or decreased.  Gene annotation and classification of 

biological function was determined using the SOURCE database (http://genome-

www5.stanford.edu/cgi-bin/source/sourceSearch) and  literature searches.   

 

Quantitative (real-time) PCR.  RNA was isolated from P24 WT and Mer-/- RPE 

cells, and WT and TAM-/- macrophages, independent of the array experiments.  250ng 

of total RNA was use to prepare cDNA using the SuperScript First-strand Synthesis 

 

http://genome-www5.stanford.edu/cgi-bin/source/sourceSearch
http://genome-www5.stanford.edu/cgi-bin/source/sourceSearch
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System (Invitrogen).  Oligonucleotides that span introns were selected to amplify 

sequences that contain adjacent exons in order to avoid amplification of contaminating 

genomic DNA.  SYBR green chemistry was used with the ABI PRISM 7700 

Sequence Detection System (Applied Biosystems) to detect cDNA and quantify the 

relative expression of selected genes as described in 

http://docs.appliedbiosystems.com/pebiodocs/04304965.pdf.  Analyses of dissociation 

curves were performed with SDS software (Applied Biosystems) to ensure the 

absence of nonspecific amplification due to primer-dimers.  Each reaction was 

standardized to reflect equal amounts of cDNA by measuring the amount of cathepsin 

D and ubiquitin for RPE and GAPDH for macrophages which showed no variation in 

expression.  

 

Eye Histology.  Sacrificed animals were perfused with phosphate-buffered saline 

(PBS) followed by fixation with 4% paraformaldehyde/PBS.  The eye was marked 

nasally and removed, a small incision was made with a razor blade and immersion-

fixed for 20 minutes.  The cornea and lens were removed and the eye was then fixed at 

4°C until further processing.  The eye was then infiltrated with 30% sucrose/PBS for 2 

hours at  4°C.  Following cryoprotection, tissue was embedded in OCT medium 

(Miles).  For light microscopy, 10µm sections were cut on a cryostat along the 

dorsoventral axis, mounted on slides, and stained with Mayer’s Hematoxylin and 

Eosin Y.  Sections were mounted using Permount (Fisher). 

 

http://docs.appliedbiosystems.com/pebiodocs/04304965.pdf
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CHAPTER 3 

ROLE OF TAM FAMILY  

IN RPE PHAGOCYTOSIS  
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3.1 Introduction 

Retinal pigment epithelial (RPE) cells play a fundamental role in the turnover 

of photoreceptor outer segments (Young and Bok, 1969).  Their phagocytosis of the 

tips of photoreceptor membranes is a critical function without which photoreceptors 

rapidly degenerate (Mullen and LaVail, 1976).  The significance of the interaction 

between the RPE and photoreceptors is underscored not only by the fact that RPE 

impairment leads to the death of photoreceptors, but also by the many molecules 

which have been shown to regulate the phagocytic process in the retina.  This complex 

process is far from fully understood and new components of the mechanism continue 

to be identified.  A recent cell culture study evaluating clusters of molecules at the site 

of outer segment ingestion, for example, has implicated toll-like receptor 4 (TLR4), a 

member of a group of proteins whose function in innate immunity is well established, 

in a possible novel role in RPE phagocytosis (Kindzelskii et al., 2004).  Other more 

extensively studied proteins in the RPE, also found in cells of the hematopoietic 

lineage, have been shown to regulate outer segment phagocytosis.  One example is 

CD36, a scavenger receptor involved in the uptake of apoptotic neutrofils by 

macrophages (Fadok et al., 1998; Savill et al., 1992), which is also expressed by RPE 

cells and participates in the internalization phase of outer segment engulfment in 

culture (Ryeom et al., 1996).  Another receptor, belonging to a major group of cell-

cell adhesion molecules, the αvβ5 integrin, has been shown to act during the binding 

phase of phagocytosis (Finnemann et al., 1997).  RPE cells from mice lacking β5 

exhibit a deficiency in phagocytosis and downstream phagocytic signaling (Nandrot et 

al., 2004).  

It is clear that all these components contribute to the normal phagocytic 

function of the RPE cell and their coordinated action at different phases of ingestion is 
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likely to involve various levels of crosstalk.  Before this complex mechanism can be 

fully unraveled, however, it is important to more completely understand the properties 

of individual molecules and how they might act to regulate phagocytosis.  In order to 

address this more specifically, our studies focused on the TAM family of receptor 

PTKs and their role in regulating RPE phagocytosis.  

A role for the TAM family of receptor PTKs in the retina initially became 

evident following the observation of a postnatal degeneration of photoreceptors in 

Tyro 3, Axl, and Mer triple mutant (TAM-/-) animals (Lu et al., 1999).  It was 

subsequently noted in the laboratory that this phenotype is evident in the Mer-/- single 

mutant retinas (see Chapter 1, Figure 1.4).  As the disruption of many different 

functions can lead to photoreceptor degeneration, we sought to discover what specific 

function is affected by the loss of Mer to cause the death of photoreceptors.  Results 

described below, along with data from experiments with the RCS mutant strain, 

pointed to an essential role for Mer in RPE phagocytosis.  

While the phagocytic role for Mer became well established, the ligands to 

which it binds in the retina remained unclear.  This uncertainty was due in part to the 

controversy in the literature over Protein S as a ligand, and in part to studies 

inadequately approaching the question.  As detailed in chapter one, Protein S was 

largely ignored because of an inability to show an interaction between human Protein 

S and human Tyro 3, and consequently was questioned as a bona fide ligand for the 

TAM family.  Additionally, some studies focusing on Gas6 as the relevant ligand, 

failed to account for the fact that Protein S is a major component of serum.  This is of 

particular importance in the retina.  RPE phagocytosis in the retina is commonly 

studied by culturing RPE cells (Feeney and Mixon, 1976), and it is well known that 

serum significantly enhances phagocytosis in culture (Edwards and Flaherty, 1986). 
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The ligands for the TAM family, Gas6 and Protein S, are both present in serum at 

concentrations of 0.28nM and 300nM, respectively (Balogh et al., 2005; Rezende et 

al., 2004).  In a culture study of rat RPE cells, it is argued that Gas6 is required for 

outer segment ingestion and that the stimulatory effect by Gas6 is mediated by Mer, 

since RPE from RCS rats, which have a mutation in Mer, do not respond to human 

Gas6 (Hall et al., 2001).  The authors were not able to show any phagocytic 

stimulation in rat RPE cells using purified human Protein S, and therefore concluded 

that Gas6 is the serum component required for outer segment ingestion (Hall et al., 

2001).  A major confounding factor in this study, however, is that nearly all of the 

experiments were conducted in the presence of serum, which contains high amounts of 

Protein S.  Although the authors do show a similar effect of Gas6 on ingestion using 

serum-free media in one experiment, and of conditioned serum-free media from Gas6-

producing cells in an additional study (Hall et al., 2002), any experiment conducted in 

the presence of serum should be questioned. Whereas some role for Gas6 in RPE 

phagocytosis cannot be ruled out, these studies are not sufficient to eliminate a 

possible role for Protein S in this system.  To address this, we sought to determine the 

contributions of Gas6 and Protein S in the retina.  Genetic evidence presented below 

indicates that Gas6 is not a major player in RPE phagocytosis in the mouse, and 

suggests that TAM family signaling in the RPE is activated by other ligands.  

Could the relevant ligand-receptor pairing in the retina include Protein S?  In 

addition to the original identification of Protein S as a ligand for Tyro 3 (Stitt et al., 

1995), several lines of evidence point to Protein S as a ligand for the TAM receptors, 

and, more specifically, suggest a role for Protein S in a parallel phagocytic system in 

macrophages.  First, Protein S is able to stimulate bone resorption by osteoclasts 

which express Tyro 3 (Nakamura et al., 1998).  Interestingly, humans with Protein S 
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deficiency also exhibit osteopenia, or low bone density, suggesting a role for Protein S 

in bone turnover (Pan et al., 1990).  Second, the lipid-binding domain of Protein S has 

been shown to bind to the exposed phosphatidylserine on the surface of apoptotic cells 

which are phagocytosed by macrophages (Webb et al., 2002).  Third, Protein S is as 

efficient as serum in stimulating macrophage phagocytosis (Anderson et al., 2003).  In 

addition, both the depletion of Protein S from serum and the addition of C4b-binding 

protein which binds Protein S are able to abrogate its ability to stimulate phagocytosis 

of apoptotic cells by macrophages (Anderson et al., 2003; Kask et al., 2004).  These 

studies with Protein S in other phagocytic systems point to Protein S as a candidate 

regulator of RPE phagocytosis.  We undertook a series of studies to ask whether 

Protein S is able to act in the retina.  Our results described below indicate that Protein 

S is expressed in a location where it might exert influence on phagocytosis and that it 

is capable of activating Mer in the retina.  

Parallel to the question of ligands for the TAM family is the question of 

receptor expression in the retina.  The TAM family of receptor PTKs is expressed in a 

variety of tissues and it is not uncommon to find multiple receptors, often along with 

one or both ligands, coexpressed in a single cell.  Monocytes and macrophages, for 

example, express Tyro 3, Axl, and Mer (Graham et al., 1994; Lu and Lemke, 2001; 

Neubauer et al., 1994).  Sertoli cells express mRNAs of all three receptors and both 

ligands (Lu et al., 1999).  These expression patterns lend themselves to the possibility 

of homo- and heterodimer combinations that can subserve differential signaling 

events, a frequent observation among receptor tyrosine kinase families.  It is possible 

that this kind of signaling diversity is exploited by the TAM family but very little is 

known about the combinatorial properties of the receptors.  One indication that 

multiple receptors of the TAM family might contribute to the same system is the 
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observation that progression through the allelic series of TAM receptor mutants 

reveals increasingly severe phenotypes (Lu and Lemke, 2001).  Thus far, however, the 

only evidence of receptor dimerization is a study demonstrating the ability of both 

Gas6 and Protein S to induce a homophilic interaction between the first Ig domains of 

Tyro 3 (Heiring et al., 2004).  These interactions were determined in vitro, however, 

and cell-specific in vivo receptor interactions need to be defined.  The TAM family 

receptor coexpression observed in many systems led us to ask whether any additional 

members of the TAM family are also expressed in the retina, and if they may play a 

role in the phagocytic system.  Our results reveal that not only is Tyro 3 also 

expressed in a prime location to regulate RPE phagocytosis, but that its expression is 

dependent on that of Mer.  That the loss of Mer results in a concomitant knockdown of 

Tyro 3 is an indication that the Mer single knockout is essentially a double receptor 

knockout.  Taken together, these data suggest that the TAM receptor family in the 

retina cannot be represented by a simple one-ligand one-receptor system.  

In summary, in an attempt to fill in gaps in our understanding of the TAM 

family, we undertook a series of studies to answer basic questions about TAM family 

receptor function in the retina.  First, what is the role of Mer in the retina?  Second, 

what are the relevant ligands for the TAM receptors in the retina?  Third, are there 

roles for multiple receptors in the system?  We reasoned that by addressing these 

questions in a model system such as the retina, we would not only be able to elucidate 

the role of the TAM receptors in the complex mechanism of RPE phagocytosis, but 

also provide some general principals that might be applied to their role in 

phagocytosis in other organ systems. 
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3.2 Results 

Massive disorder of photoreceptor outer segments in Mer-/- mice.  Following 

normal development of retinal layers (Figure 3.1A), Mer-/- mice exhibit a rapid 

postnatal photoreceptor degeneration with an almost complete loss of photoreceptors 

by two months (Figure 3.1B).  To determine the cause of degeneration, we examined 

electron micrographs of WT and Mer-/- retinas at P17, P21, and P35.  At P17, the outer 

segments of photoreceptors in mice are fully developed and phagocytosis by WT RPE 

cells is underway.  Mer-/- retinas at this age exhibit no detectable signs of 

photoreceptor death.  Whereas microvilli are easily detected in WT retina at 17 days, 

Mer-/- outer segment tips reach the apical surface of the RPE cell and mask the apical 

microvilli (Figure 3.2A).  Mer-/- retinas examined at P21 exhibit a similar buildup 

against the base of the RPE cell (Figure 3.2B) due to a 33% increase in outer segment 

length (Figure 3.3).  At P35, in addition to appearing packed in as in earlier ages, the 

outer segment layer in the Mer-/- retina is also extremely distorted and disordered.  The 

outer segments, having reached the border of the RPE cells, bend over in a haphazard 

manner, invade RPE space, and are no longer distinguishable as separate units (Figure 

3.2C).  The microvilli of the RPE cells (arrows in WT) that surround the outer 

segments are difficult to discern, being masked by the excess photoreceptor 

membrane.  It is of note that in many sections, intact outer segments can be followed 

across to their tips (Figure 3.2C) or penetrating deep into the RPE cell space (Figure 

3.2C, right panel, arrow).  The timeline of photoreceptor cell death in Mer-/- retinas is 

very similar to that of the RCS rat strain: by 2 months, few layers of surviving cells 

are seen in either mammal (see Chapter 1, Figure 1.4) (LaVail and Battelle, 1975).  In 

RCS rat retinas, the accumulation of` outer segment debris is attributed to a defect in 

RPE   phagocytosis   (Bok and Hall, 1971; Edwards and Szamier, 1977).   In  addition,  
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Figure 3.1:  Histology of WT and Mer-/- P12 and 2 month retinas.  10µm-thick H&E 
light micrographs.  Retinal pigment epithelium (RPE), outer nuclear layer (ONL), 
inner segments (is), outer segments (os) of photoreceptors, inner nuclear layer (INL), 
and ganglion cell layer (GCL).  WT (left panels) and Mer-/- (right panels) retinas at 
(A) P12 and (B) 2 months (2mo).  Arrow points to the ONL of the Mer-/- retina.  Bars 
in A and B represent 10µm.  
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Figure 3.2:  RPE and photoreceptor outer segment histology in WT and Mer-/-.  
Electron micrographs of the retinal pigment epithelial (RPE) cell and photoreceptor 
outer segments.  (a) and (b) mark the apical and basal poles of the RPE cell, 
respectively.  Components of the RPE: nucleus (n), pigment granule (p), basal 
infoldings (f).  Arrows mark the apical microvilli of the RPE.  Outer segments of the 
photoreceptors (os).  WT (left panels) and Mer-/- (right panels) at  (A) P17  (B) P21 
and (C) P35.  White line follows an outer segment across the section.  White arrow 
marks an os growing into the RPE cell layer.  Bar represents 1µm. 
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Figure 3.3:  Photoreceptor outer segment length in WT and Mer-/- retinas at P21.  
Toluidine-stained 1µm-thick light micrographs of the outer retina in WT (left panel) 
and Mer-/- (right panel).  Retinal pigment epithelial (RPE) cell, outer nuclear layer 
(ONL), inner segments (is), outer segments (os) of photoreceptors.  Span of os is 
marked.  Bar represents 10µm. 
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two independent groups localized the mutation in the RCS rat to Mer (D'Cruz et al., 

2000; Nandrot et al., 2000).  This discovery, along with the well-known phagocytic 

defect in the RCS rat, led us to infer that the abnormal elongation and outer segment 

disarray in Mer-/- retinas were due to a failure of RPE cells to phagocytose the excess 

outer segments.  

 

Mer is specifically localized to the apical microvilli of RPE cells.  With a mutation 

in Mer leading to both the death of photoreceptors and a defect in RPE phagocytosis, 

we sought to determine where the Mer receptor was expressed.  In the RCS rat, 

chimeric experiments showing that photoreceptors degenerate only under mutant RPE 

cells were able localize the rat mutation to the RPE cell (Mullen and LaVail, 1976).  

To localize the mouse Mer protein, we generated rabbit polyclonal antibodies using 

three peptides containing the first two FNIII-like domains, the tyrosine kinase domain, 

or the C terminal of Mer just adjacent to the kinase domain, all fused to GST as 

antigens (Figure 3.4A).  Sera from three rabbits were tested on thymus lysates and one 

recognized an approximately 170 kDa band in WT samples and not in Mer-/- samples 

(Figure 3.4B).  This band disappears when the serum is adsorbed with the original 

antigen (Figure 3.4B).  The serum, raised against the C terminal of Mer, was affinity-

purified against the antigen and is the Mer antibody (αMer) used in the experiments 

described below.  Figure 3.4C shows an example of  affinity-purified αMer detecting 

an approximately 170 kDa in spleen WT lysates that is not seen in Mer-/- lysates 

(Figure 3.4C).  In eye lysates, it recognizes two discrete bands, one at 170 kDa and the 

other at 150 kDa, which can be separated by dissociating the back of the eye and the 

retina (Figure 3.4D).  This difference in size is likely due to differentially glycosylated 

forms  (Feng et al., 2002).   In the eye,  we  identified  the  RPE  as  a  major  source of 
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Figure 3.4:  Mer antibody production and specificity.  (A) Coomassie-stained gel 
showing the purification of GST-fusion proteins spanning different regions of Mer:  1 
- FNIII domains; 2 - tyrosine kinase domain; and 3 - C-terminal region.  Purified 
fractions: pellet, supernatant after binding to beads (SAB), wash, elutions used for 
injection.  (B) Western blot of WT and Mer-/- thymic lysates probed with antibody 
produced with C-terminal antigen in rightmost lane in panel A.  Antibody is incubated 
alone in untreated condition or with 50µg of antigen in adsorbed condition.  (C) 
Western blot of WT and Mer-/- spleen lysates probed with Mer antibody (αMer).  (D) 
Western blot of eyecup lysate from which the retina is removed (EC) and retinal lysate 
(ret) probed with αMer.  (E) Western blot of isolated RPE cell lysate probed with 
αMer, stripped, and probed with αTyro 3.  (F) Western blot of isolated RPE cell lysate 
and dendritic cell (DC) lysate probed with αMer, stripped, and probed with αAxl. 
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Mer, as isolated RPE cells also express an approximately 170 kDa protein that can be 

detected with αMer (Figure 3.4E).  The specificity was verified, as it shows no cross-

reactivity with the two other members of the TAM family, Tyro 3 and Axl (Figure 

3.4E and F).  We next localized Mer protein in the retina.  Mer was detected by 

immunofluorescence in cryosections of WT and Mer-/- eyes collected at P21, an age 

where the photoreceptor layer is intact in Mer-/- retinas.  As shown in Figure 3.5, Mer 

is highly expressed in an area that contains both RPE microvilli and photoreceptor 

outer segments in WT retinas, and is not detected in Mer-/- retinas.  To distinguish 

between the possibility of Mer protein being expressed in RPE cell microvilli and the 

photoreceptor cell, we prepared cryosections of eyes from which the neural retina was 

removed before fixation.  Prominent Mer expression is detected in the apical region of 

RPE cells of WT sections and not in sections prepared from Mer-/- mice (Figure 3.6).  

This indicates that the Mer protein visualized by immunofluorescence is expressed by 

the RPE cells and not by the photoreceptors.  The subcellular localization of Mer was 

determined by staining retinal sections with both αMer and αezrin.  Ezrin, a member 

of the ezrin/radixin/moesin family that localizes to areas rich in actin filaments, is 

often used as a marker for the apical microvilli of RPE cells (Bonilha et al., 1999; 

Nawrot et al., 2004).  Figure 3.7 demonstrates that Mer colocalizes with ezrin in the 

apical extensions of the RPE at the RPE-OS interface in WT retinal sections.  The 

localization of Mer to the apical fringes of RPE cells indicates that Mer expression is 

highest at the site of phagocytosis. 
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Figure 3.5:  Mer protein expression in P21 retinas.  10µm-thick cryosections of WT 
(left panel) and Mer-/- (right panel) P21 eyecups labeled with αMer.  Retinal pigment 
epithelial (RPE) cell,  outer nuclear layer (ONL) of photoreceptors.  (a) and (b) mark 
the apical and basal poles of the RPE cell, respectively. Arrows mark the nuclei of the 
RPE monolayer.  Mer signal in green.  Nuclei stained with DAPI in blue. Bar 
represents 10µm. 
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Figure 3.6:  Mer protein expression in eyecups with neural retina removed.  10µm-
thick cryosections from which retinas were removed prior to fixation.  5-week WT 
(left panel) and 4-week Mer-/- (right panel) eyecups labeled with αMer.  Retinal 
pigment epithelial (RPE) cell, (a) and (b) mark the apical and basal poles of the RPE 
cell, respectively. Arrows mark the nuclei of the RPE monolayer.  Nuclei stained with 
DAPI in blue.  Mer signal in green.  Bar represents 10µm. 
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Figure 3.7:  Mer colocalization with ezrin in retina.  10µm-thick cryosection of 3-
month WT retina double-labeled with αMer and αezrin.  Retinal pigment epithelial 
(RPE) cell and photoreceptor outer segments (os).  (a) and (b) mark the apical and 
basal poles of the RPE cell, respectively. Arrowheads mark the nuclei of the RPE 
monolayer.  Horizontal arrows delineate region occupied by RPE cell and its 
microvilli, and the extent to which OS extends towards the RPE cell.  Angled arrows 
mark the apical extensions of the RPE labeled with both Mer and ezrin.  Mer is 
visualized in green, ezrin in red, and the merge in yellow.  Nuclei stained with DAPI 
in blue.  Bar represents 10µm. 
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Gas6-/- mice do not exhibit photoreceptor degeneration.  We next asked what 

ligand(s) signal with the Mer receptor PTK in the retina during RPE phagocytosis.  It 

has been suggested that Gas6, one of the identified ligands for the receptors of the 

TAM family, is required for outer segment phagocytosis by the RPE (Hall et al., 

2001).  If Gas6 is required as a ligand for Mer in RPE cells, we hypothesized that the 

absence of the gene would lead to a similar degenerative phenotype as seen in Mer-/- 

retinas.  We obtained Gas6-/- mice from the Garcia de Frutos laboratory in Spain 

(Angelillo-Scherrer et al., 2001).  These mice, in addition to carrying a null mutation 

in the Gas6 gene, were created in a strain also homozygous for the rd1 mutation 

(Angelillo-Scherrer et al., 2001).  The rd1 mutation is a mutation in the gene encoding 

the phosphodiesterase β-subunit Pde6b, and leads to a complete loss of photoreceptors 

by 3 weeks, a phenotype that would confound our results (Pittler and Baehr, 1991).  

The Gas6-/- mice were therefore crossed into a C57BL6 WT line and the Pde6b 

mutation was segregated from the Gas6 mutation.  

Do Gas6-/- retinas parallel the rapid progressive loss of photoreceptors in Mer-/- 

retinas?  We counted photoreceptor nuclei at similar locations of WT and Gas6-/- 

retinas at 2 months, 5 months, and 10 months.  No difference in photoreceptor number 

was found between WT and Gas6-/- at any of the ages examined (Figure 3.8A).  This 

indicates that not only is there no cell loss along the timeline of Mer-/- retinas, but 

there is an intact photoreceptor layer as far as 10 months in Gas6-/- mice.  In addition, 

we do not observe any difference in the ratio between inner and outer segments as 

reported by one study (Figure 3.8B) (Hall et al., 2005).  A more subtle phenotype 

might be missed by looking only for a loss of photoreceptors.  We examined electron 

micrographs of WT and Gas6-/- retinas at 4 months to look for signs of disruption.  At 

this  age,  close  to 3 months  after  a  massive  disorganization  of  photoreceptor outer 
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Figure 3.8:  Comparison of WT and Gas6-/- retinas with cell counts and histology.  
(A) Cell number of WT and Gas6-/- in photoreceptor layer at different ages.  Counts 
were made in nonoverlapping 60X60µm boxes between 200µm and 800µm from the 
optic nerve head.  (B) Toluidine-stained 1µm-thick light micrographs of 4 month 
(4mo) WT (left panel) and Gas6-/- (right panel) retinas.  Retinal pigment epithelium 
(RPE), outer nuclear layer (ONL), inner segments (is), outer segments (os) of 
photoreceptors.  Bar represents 10µm. 
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Figure 3.9:  RPE and outer segment histology of 4 month WT and Gas6-/-.  Electron 
micrographs of the WT (left panel) and Gas6-/- (right panel) retinal pigment epithelial 
(RPE) cell and photoreceptor outer segments (os).  (a) and (b) mark the apical and 
basal poles of the RPE cell, respectively.  Components of the RPE cell: nucleus (n), 
pigment granule (p), basal infoldings (f).  Arrows mark the apical microvilli of the 
RPE.  Bar represents 1µm. 
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segments is observed in Mer-/- mice, Gas6-/- retinas display none of the abnormalities 

seen in Mer-/- retinas (Figure 3.9).  Indeed, they are indistinguishable from WT at the 

EM level.  These genetic data indicate that Gas6 is not essential for RPE phagocytosis.  

 

Protein S is expressed by RPE cells.  If Gas6 is not the only ligand signaling through 

Mer in the retina, this raises the possibility that there are additional proteins that 

function as ligands for this receptor.  We asked if Protein S, a protein also identified as 

a ligand for the TAM family which shares its complex domain structure with Gas6, is 

expressed in a location where it could signal during RPE phagocytosis.  Although one 

study shows immunoprecipitations of Gas6 and Protein S from the retina, these data 

do not distinguish between the many different cell types that exist in the retina, 

leading to the question of physiological relevance to RPE phagocytosis (Hall et al., 

2005).  To distinguish between these possibilities, we attempted to localize Gas6 and 

Protein S in the retina via immunofluorescence.  As we are unable to detect any 

expression in retinal sections, even at the peak of phagocytosis, we prepared protein 

lysates of RPE cells.  Using an enzymatic digestion, we are able to freshly isolate 

adult RPE cells from the retina and the posterior eye.  Protein S is detectable in protein 

lysates of these freshly-isolated RPE cells and cultured RPE (Figure 3.10).  

 

Purified recombinant Protein S does not stimulate phagocytosis.  As Protein S is 

expressed in a location in the eye where it might be able to influence RPE 

phagocytosis, is it capable of stimulating this process?  We used a cell culture system 

developed and optimized for mouse primary RPE cells (Gibbs and Williams, 2003; 

Nandrot et al., 2004) to functionally assess this possibility.  In this assay, RPE cells 

from P10-P12 mice are isolated and cultured.  Purified and labeled rod outer segments  
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Figure 3.10:  Protein S expression in RPE cells.  From left to right, western blot of 
lysates of freshly-isolated retinal pigment epithelial (RPE) cells (fresh RPE), cultured 
RPE cells (cult RPE) and mouse serum (serum) probed with αProtein S. 
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(ROS) can then be fed to the RPE cells and are phagocytosed.  This phagocytosis of 

ROS can be stimulated by the addition of serum.  An example of this is shown in 

figure (Figure 3.11).  The green fluorescence represents only ingested ROS, since any 

signal from externally-bound ROS is quenched with trypan blue, a compound that 

does not cross the cell membrane (Finnemann, 2003).  The nuclei of the RPE cells 

stained with DAPI are in blue.  Mer is not only expressed abundantly by cultured 

primary RPE cells (Figure 3.12 inset), but also colocalizes with ingested ROS during 

the phagocytic assay (Figure 3.12).  This demonstrates the relevance of this assay to 

our study of the role of Mer in RPE phagocytosis.  

The ability of Protein S, abundant in serum (Figure 3.10), to produce an 

enhancement in RPE uptake of ROS in this assay was tested using recombinant His-

tagged mouse Protein S purified over a nickel-NTA column from stably-transfected 

293T cells.  We also generated recombinant Gas6, as it has previously been shown to 

enhance uptake (Hall et al., 2003; Hall et al., 2001).  Figure 3.13A is an example of a 

gel stained with coomassie blue showing different elutions of purified Gas6 and 

Protein S.  Figure 3.13B, which represents a western blot probing elutions for both 

Gas6 and Protein S, indicates that we are able to purify these proteins.  In the 

phagocytosis assay, we added the purified ligands along with ROS to RPE cells that 

had been serum-starved for at least 3 hours.  Following 1 hour of incubation, RPE 

cells were washed and fixed for microscopy.  

To quantify ingested ROS, we imaged at least 5 frames of each well.  Because 

ROS uptake was not always uniform across the well, we imaged sections containing 

the highest fluorescence for each condition.  The amount of ingested ROS was 

quantified by counting the number of pixels in each frame of the  captured fluorescent 

images   of  the  cells,  which  are  then  normalized  against  the  number  of  nuclei  in  
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Figure 3.11:  Rod outer segment ingestion by cultured RPE cells.  Ingested FITC-
labeled rod outer segments (ROS) are in green.  Left panel represents the control 
condition with ROS added without serum.  Right panel represents ROS added with 5% 
serum.  Arrows point to clusters of ingested ROS.  RPE nuclei stained with DAPI are 
in blue.  Bar represents 10µm. 
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Figure 3.12:  Mer colocalization with ingested rod outer segments in cultured RPE.  
Ingested DiI-labeled rod outer segments (ROS) are in red, Mer expression in green, 
and their merge in yellow.  Arrows point to Mer/ROS colocalization.  RPE nuclei 
stained with DAPI are in blue.  Western blot of RPE primary culture lysate probed 
with αMer (middle panel inset).  Bar represents 10µm. 
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Figure 3.13:  Purification of recombinant Gas6 and Protein S.  (A) Coommassie-
stained gel showing serial elutions of Gas6 and Protein S from Ni-NTA beads.  (B) 
Western blots of recombinant Gas6 (Gas6 eluant) and Protein S (PS eluant) elutions 
probed with either αGas6 (top panel) or αProtein S (bottom panel). 
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each frame.  In all experiments, a concentration of 5% bovine serum produced an 

average 7-fold enhancement in ROS uptake by RPE cells (Figure 3.14).  Addition of 

either purified ligand alone or together, at 30nM or 100nM concentrations, did not 

significantly enhance RPE phagocytosis.  Potential reasons for this lack of purified 

recombinant ligand bioactivity are discussed below.  The high error bars on the 30nM 

Gas6 conditions represent a few experiments in which addition of Gas6 did appear to 

modestly stimulate phagocytosis.  

 

Purified recombinant Protein S leads to Mer phosphorylation.  If Protein S signals 

with Mer during RPE phagocytosis, it should be able to activate Mer in the retina.  In 

the RPE-J rat cell line infected with a viral vector encoding rat Mer, for example, it 

has been shown that 3 hours after the addition of ROS with serum, phosphorylated 

Mer can be immunoprecipitated from these cells (Feng et al., 2002).  We developed a 

novel everted eyecup assay in which we are able to measure the activation status of 

Mer in response to recombinant mouse Protein S.  In this assay, eyes are acutely 

removed from the animal and the anterior eye and neural retina are quickly dissected 

away from the RPE and the back of the eye in serum-free media.  Whether the 

addition of ligands can lead to the phosphorylation of Mer may then be tested.  With 

this everted eyecup assay, we are able to demonstrate that both the addition of 5% 

serum and recombinant Protein S leads to Mer phosphorylation within 10 minutes of 

the incubation.  Figure 3.15 shows an enhancement of Mer phosphorylation by both 

50nM Protein S and 5% serum but not by Gas6.  Enhancement can also be seen with 

higher amounts of Protein S and the range in which different purified batches of 

Protein S are able to cause Mer activation will be discussed below. 
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Figure 3.14:  Quantification of rod outer segment phagocytosis by cultured RPE.  
Serum-starved retinal pigment epithelial (RPE) cells were fed rod outer segments 
(ROS) combined with either Gas6, Protein S, or serum for an hour.  Four, two, and 
five independent experiments are represented in the 30nM, 100nM, and serum 
columns, respectively.  Area of ROS ingestion was measured in pixels and normalized 
against number of nuclei.  Error bars represent standard deviations. 
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Figure 3.15:  Mer activation in eyecups by purified Protein S.  Western blot of eyecup 
lysates incubated in serum-free growth media (GM) (control) without phosphatase 
inhibitors (-PI) or with (+Phosphatase Inhibitors), 50nM Gas6/GM, 50nM Protein S 
(PS)/GM, or 5% serum/GM were probed with αphospho-Mer (P-Mer), stripped, and 
reprobed with αMer.  Results were replicated at least four times. 
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Tyro 3 is specifically localized to the apical microvilli of RPE cells.  In organ 

systems expressing the TAM family, not only is coexpression of multiple receptor and 

ligands a common observation, but there is also a phenotypic consequence of these 

expression patterns.  As RPE cells express both Mer and Protein S, we asked whether 

they also express the other two receptors of the TAM family, Tyro 3 and Axl.  Figure 

3.16A demonstrates that freshly-isolated RPE cells abundantly express Tyro 3.  In 

cryosections of the eye, Tyro 3 protein expression is observed at the interface between 

the microvilli of the RPE cells and the outer segments of the photoreceptors in WT 

retinas and not in Tyro 3-/- retinas (Figure 3.16B).  Subcellular localization of Tyro 3 

in the retina was achieved by immunolocalizing Tyro 3 with ezrin as described above.  

Similar to Mer, Tyro 3 colocalizes with ezrin at the tips of the apical microvilli of RPE 

cells, the site of OS phagocytosis (Figure 3.17).  

 

Both Tyro 3 protein and mRNA are reduced in Mer-/- RPE cells.  As two members 

of the TAM family, Tyro 3 and Mer, occupy similar domains in the retina, we asked if 

there might be genetic interaction between the two receptors.  Evaluating the 

expression of Tyro 3 in Mer-/- retinas, and the reciprocal expression of Mer in Tyro 3-/- 

retinas is one way to test this hypothesis.  We used a direct infrared fluorescence 

detection system as it allows for simultaneous two-antibody detection over a wide 

linear range.  As shown in figure 3.18A, Tyro 3 protein expression is reduced in P15 

and adult Mer-/- RPE cells.  Mer protein in Tyro 3-/- RPE cells, however, shows no 

reduction.  In addition, at P27, an age at which Mer-/- exhibits no detectable 

photoreceptor degeneration, what little Tyro 3 protein is produced in the Mer-/- retina 

is undetectable in retinal sections (Figure 3.18B).  
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 Reduction can also be seen at the transcriptional level.  We measured mRNA 

expressions of both Tyro 3 in Mer-/- RPE cells and Mer in Tyro 3-/- RPE cells using the 

qPCR method.  Figure 3.18C shows that Tyro 3 mRNA levels are also reduced in  

Mer-/- RPE cells, whereas Mer mRNA levels in Tyro 3-/- RPE cells remain unchanged.  

This reduction in Tyro 3 mRNA expression is observed at P21, before any 

photoreceptor death occurs.  Furthermore, a decrease in Tyro 3 mRNA expression in 

Mer-/- RPE cells was also detected at P12 in the microarray study described in the 

previous chapter.  These data indicate that Tyro 3 expression is dependent on that of 

Mer, and that the loss of Mer leads to a downregulation of Tyro 3, making the Mer 

mutant a functional double knockout. 
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Figure 3.16:  Tyro 3 protein expression in RPE cells and in 2 month retinas.  (A)  
Western blot of isolated retinal pigment epithelial (RPE) cell lysates probed with 
αTyro 3.  (B) 10µm-thick cryosections of 2 month (2mo) WT (left panel) and Tyro3-/- 
(right panel) eyecups labeled with αTyro 3.  Outer nuclear layer (ONL) of 
photoreceptors.  (a) and (b) mark the apical and basal poles of the RPE cell, 
respectively. Arrows mark the nuclei of the RPE monolayer.  Tyro 3 signal in green.  
Nuclei stained with DAPI in blue.  Bar represents 10µm. 
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Figure 3.17:  Tyro 3 colocalization with ezrin in retina.  10µm-thick cryosection of 4-
month WT retina double-labeled with αTyro and αezrin.  Retinal pigment epithelial 
(RPE) cell and photoreceptor outer segments (os).  (a) and (b) mark the apical and 
basal poles of the RPE cell, respectively. Arrowheads mark the nuclei of the RPE 
monolayer.  Horizontal arrows delineate region occupied by RPE cell and its 
microvilli, and the extent to which OS extends towards the RPE cell.  Angled arrows 
mark the apical extensions of the RPE labeled with both Tyro 3 and ezrin.  Tyro 3 is 
visualized in green, ezrin in red, and the merge in yellow.  Nuclei stained with DAPI 
in blue.  Bar represents 10µm. 
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Figure 3.18:  Tyro 3 and Mer protein and mRNA expression in Mer-/- and Tyro 3-/- RPE.  
(A) Odyssey western blots of isolated RPE cell lysates from P15 and adult WT and Mer-/- 
mice probed with αTyro 3 and αtubulin (left panels), and adult WT and Tyro 3-/- mice 
probed with αMer and αtubulin (right panel).  (B)  10µm-thick cryosections of P27 WT 
(left panels) and Mer-/- (right panels) retinas labeled with αTyro visualized in green (top 
panels) and αezrin visualized in green (bottom panels).  Retinal pigment epithelial (RPE) 
cell, outer nuclear layer (ONL) of photoreceptors. Arrowheads mark the nuclei of the RPE 
monolayer.  Nuclei stained with DAPI in blue.  Bar represents 10µm.  (C) Tyro 3 and Mer 
mRNA expression in isolated RPE cells measured by qPCR.  Data is represented relative 
to WT expression which is normalized to 1 (white).  Relative Tyro 3 mRNA expression in 
P21 and adult Mer-/- RPE cells (left and middle panels), and relative Mer mRNA 
expression in adult Tyro 3-/- RPE cells (right panel).  Values represent 3 independent 
replicates for each experiment.  Error bars represent standard deviations. 

 



85 

3.3 Discussion 

Inactivation of Mer causes photoreceptor degeneration.  Mouse models have 

shown us that mutations in many different genes can lead to photoreceptor death in the 

retina, and nearly 90 genes are associated with human photoreceptor degenerations 

(Pacione et al., 2003).  These genes can be expressed in photoreceptors and the RPE, 

and display great functional diversity: they encode molecules critical for structural 

integrity, signaling, the phototransduction cascade, Vitamin A metabolism, and 

transcription.  Which of these functions is subserved by Mer in the retina?  As Mer-/- 

retinas exhibit histological normal retinal layers at P12, and any sign of photoreceptor 

death is not observed until P28, Mer does not appear to be integral to the development 

of the retina. An analysis of Mer-/- retinas at the electron microscopic (EM) level, 

however, indicate that Mer-/- retinas do manifest a phenotype prior to the death of 

photoreceptors.  Mer-/- retinas display a marked elongation of outer segments 

compared to WT at P17 and P21, and this abnormality is even more severe in the 

mutant at P35, as outer segments not only reach the limit of the apical base of the RPE 

cell, but extend beyond the normal apical pole of the RPE cell and bend haphazardly 

off to the side.  This buildup of outer segments could either result from an increased 

production of membrane by the photoreceptors or a failure of the RPE to ingest the 

tips of the outer segments.  

Converging evidence supports the latter - that Mer-/- RPE cells are deficient in 

phagocytosis.  First, Mer-/- mice exhibit an RP phenotype much like that of the RCS 

rat (LaVail and Battelle, 1975); second, the RCS rat is deficient in phagocytosis 

(Edwards and Szamier, 1977); and third and most compelling, the mutation in the 

RCS rat was positionally cloned to Mer (Nandrot et al., 2000).  While the lack of 

phagosomes or disc detachment measured at the peak of phagocytosis would be more 
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direct evidence, the observed excess membrane buildup strongly suggests that Mer-/- 

RPE cells are unable to support the active process of outer segment membrane 

turnover.  

Although the RPE cells carry a defect in phagocytosis, photoreceptors are the 

cells in the retina that die, making the degeneration a cell nonautonomous phenotype.  

A primary defect in the RPE cell leads to the secondary death of the photoreceptors.  

Other examples of this phenomenon in which mutations in genes primarily affecting 

the function of the RPE lead to secondary photoreceptor death, such as RPE65 and 

Microphthalmia, indicate that this is not an uncommon occurrence and highlight the 

critical nature of the function of the RPE (Moiseyev et al., 2005; Nir et al., 1995; 

Redmond et al., 1998; Smith, 1992).  

A defect in RPE phagocytosis in Mer-/- mice points to two cells which could 

express Mer: the RPE cell and the photoreceptor cell.  What is the site of Mer action?  

Elegant chimera studies in the RCS rat showing that only photoreceptors apposed to 

mutant RPE cells degenerate implicate the RPE cell as the carrier of the Mer mutation 

in the rat (Mullen and LaVail, 1976).  Immunohistochemistry on retinal sections 

localizes Mer to an area containing components of both RPE cells and photoreceptors: 

the interface between the apical microvilli of the RPE cell and the tips of the 

photoreceptor outer segments.  The removal of the neural retina prior to localization 

made it possible to distinguish between these two cells and revealed that Mer is 

abundantly expressed in the RPE cell and not in the photoreceptors.  Furthermore, 

subcellular colocalization of Mer with ezrin, a protein that marks the apical microvilli 

of the RPE cells, indicates that Mer is enriched at the site of phagocytosis.  These 

expression data, taken together with evidence that the absence of Mer leads to a defect 

in  outer  segment  uptake,  make it  clear that the Mer receptor tyrosine kinase is a key  
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signaling molecule in the phagocytic process. 

What ligands activate Mer in this process?  Two proteins have been identified 

as ligands for the receptors of the TAM family, Gas6 and Protein S (Chen et al., 1997; 

Godowski et al., 1995; Nagata et al., 1996; Stitt et al., 1995).  In the retina, it has been 

argued that Gas6 is the sole cognate ligand for Mer receptor tyrosine kinase signaling 

in RPE phagocytosis (Hall et al., 2001; Harmer et al., 2003).  This conclusion, 

however, was drawn based on many experiments that were conducted in the presence 

of serum, which contains a high concentration of Protein S and a thousand fold lower 

concentration of Gas6.  This clearly confounds the results and does not rule out the 

possibility that Protein S plays a role in this system.  We addressed this issue by 

testing genetically whether Gas6 is the relevant ligand for Mer in the phagocytic 

system.  We hypothesized that if Gas6 is required for RPE phagocytosis, the retinal 

phenotype found in Gas6-/- mice should be identical to the defect in phagocytosis and 

photoreceptor degeneration observed in Mer-/- retinas.  The Mer-/- phenotype, however, 

is not recapitulated in Gas6-/- retinas.  No loss of photoreceptor cells is observed in 

Gas6-/- retinas at two, five, and ten months, nor is there any observed delay in 

degeneration as far as ten months.  It is possible that an absence of Gas6 might still 

exert a subtle effect that does not lead to a rapid or delayed photoreceptor death.  We 

compared WT and Gas6-/- retinas at the EM level, but here also, we found that Gas6-/- 

retinas are indistinguishable from WT retinas at four months of age.  The lack of any 

detectable histological phenotype in Gas6-/- mice indicates that either there is no role 

for Gas6 in RPE phagocytosis, or that Gas6 has a role for which is being compensated 

by other components of the system.  Both hypotheses lead to one conclusion: that 

another ligand is capable of signaling with Mer in the phagocytic process.  
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Protein S, as the only other protein in the genome to share the complex, multi-

domain structure with Gas6, is the obvious candidate.  A direct inactivation of the 

Protein S gene, however, would almost certainly be lethal due to its already 

established anticoagulation role as an essential cofactor to Protein C (Dahlback, 

1991).  The few humans who have been reported to carry a homozygous mutation in 

Protein S develop a frequently lethal blood clotting disease called purpura fulminans 

after birth (Grandille et al., 2000).  We therefore asked whether Protein S is expressed 

at the site of action where it might exert an effect on phagocytosis.  Although we are 

unable to immunolocalize Protein S in retinal sections, Protein S can be detected in 

lysates of freshly-isolated RPE cells.  This is consistent with a study demonstrating 

mRNA expression of Protein S in fresh RPE cells (Hall et al., 2005).  The authors are 

unable to detect any protein in RPE cells, arguing that this is perhaps due to the young 

age (P14/15) at which cells are isolated.  Our preparation, however, allows us to 

isolate adult RPE cells and to detect Protein S protein.  These findings indicate that 

both Protein S and Mer are coexpressed in the RPE.  If Protein S is the ligand for Mer, 

signaling would likely result from an autocrine activation of Mer by Protein S.  

Although autocrine signaling has not been explicitly demonstrated for the receptors of 

the TAM family, expression patterns in many cells lend themselves to this possibility: 

Gas6 and Axl are expressed by mesangial cells and chondrocytes, Gas6 and all three 

receptors are expressed in Purkinje cells, and both Gas6 and Protein S are expressed 

with all three receptors in Sertoli cells (Loeser et al., 1997; Lu et al., 1999; Prieto et 

al., 2000; Yanagita, 2004).  These examples of both receptors and ligands in the same 

cell could reflect a common use of autocrine signaling.  

Is Protein S the active ligand for Mer in the RPE phagocytic system?  We took 

advantage of a primary RPE cell culture system in which stimulation of rod outer 
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segment (ROS) phagocytosis can be measured to test this hypothesis.  Although we 

were able to significantly stimulate ROS phagocytosis with serum, no effect of either 

purified recombinant Gas6 or Protein S was detectable in this assay.  The biological 

activity of these secreted proteins relies on critical biosynthetic conditions: the proper 

folding of the Gla domains, a delicate balance of calcium ions, and the vitamin K-

dependent modification of glutamic acid residues (Nakano et al., 1997; Rezende et al., 

2004).  It is possible that our inability to stimulate phagocytosis consistently with 

Gas6 or Protein S was due to insufficient active forms of the ligands.  The extremely 

labile state of these proteins has prompted the search for alternate methods to describe 

ligand action.  One study depletes Protein S from serum to abrogate macrophage 

phagocytic activity and uses a commercially-available human Protein S to 

demonstrate a stimulatory effect (Anderson et al., 2003).  Another study also depletes 

Protein S from serum to abrogate its stimulation of RPE phagocytosis (Hall et al., 

2005).  Inherent in the use of these indirect methods is the implication that the direct 

addition of purified forms of the ligand was not possible.  

The inability to demonstrate an effect with purified Protein S also raises the 

possibility that additional components not present in a purified fraction are required 

for bioactivity.  A recent RPE phagocytosis study serves as an illustration consistent 

with this hypothesis (Hall et al., 2005).  A striking feature of all conditions tested is 

that stimulation of phagocytosis by Protein S was seen either in the presence of serum 

(Protein S-depleted), or in conditioned media, but never alone, in its purified form.  

The authors argue that their inability to show stimulation of phagocytosis in rat RPE 

cells by human Protein S is due to a species difference.  It is important to note, 

however, that Protein S in these studies was added alone, not in conditioned media.  

While this lack of effect could reflect a species difference, it could also be due to the 
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absence of components present in serum or conditioned media that either help 

stabilize or are otherwise required for the bioactivity of Protein S. 

Another way to assess the relevance of Protein S as the ligand for Mer in the 

RPE is to test its ability to activate Mer in the retina.  Activated Mer, measured by the 

phosphorylation of tyrosine residues in its kinase domain, has been demonstrated in 

the RPE.  In a phagocytosis assay using an RPE-J rat cell line infected with a viral 

vector encoding Mer, phosphorylated forms of Mer were immunoprecipitated 

following a three-hour incubation with ROS and serum (Feng et al., 2002).  Increased 

phosphorylation of Mer was also observed in cultured mouse RPE cells ninety 

minutes following an incubation with ROS and serum (Nandrot et al., 2004).  We 

tested the ability of mouse Protein S to induce phosphorylation of mouse Mer in an 

eyecup assay developed in the lab.  While this everted eyecup assay may be less 

functional than the phagocytosis assay, it is not burdened with the caveats of culture 

conditions and allows us to test the response of proteins very quickly following the 

isolation of the eye.  Using this assay, we are able to show that the addition of either 

serum or purified Protein S to eyecups in serum-free media leads to Mer 

phosphorylation within ten minutes of the incubation.  Although this is a consistent 

finding, the concentrations of Protein S at which we are able to detect Mer activation 

vary not only across batches, but also over time.  As discussed above, this variability 

likely reflects different levels of active protein in different batches of purification. 

What is clear is that the addition of purified mouse Protein S in the nanomolar range 

leads, directly or indirectly, to the phosphorylation of mouse Mer in the RPE.  It is 

important to describe this activation in a more consistent manner with different titers 

of ligand.  These experiments, for example, could instead be conducted with 

conditioned media from ligand-producing cells and not with the purified forms which 
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appear to be unstable.  Protein S, delivered in this way, might be able to retain a 

significant amount of its bioactivity to activate Mer at physiological levels. 

Given that Protein S can activate Mer, and that both Protein S and Mer are 

expressed in the same cell, the case for autocrine signaling becomes more compelling.  

Is the relevant ligand-receptor pairing in the RPE Protein S and Mer?  Such a question 

cannot be answered without profiling the expression of the two other members of the 

TAM family, Tyro 3 and Axl.  This is of particular importance for this family because 

other phagocytic cells such as macrophages and Sertoli cells coexpress multiple 

receptors and ligands of the TAM family (Lu et al., 1999; Lu and Lemke, 2001).  

Moreover in the TAM receptor mutants, both immune and reproductive systems are 

increasingly compromised as animals carry more receptor gene mutations.  This is 

mind, we attempted to detect both Tyro 3 and Axl in the RPE.  In lysates of isolated 

RPE cells, we observe abundant expression of Tyro 3 but not of Axl.  In addition,  

Tyro 3 protein is found in a location similar to Mer in retinal cryosections and 

colocalizes with ezrin at the interface of the RPE apical microvilli and outer segments.  

This indicates that Protein S expressed by RPE cells is in a position to not only signal 

via Mer, but also via Tyro 3.  The need to elucidate these signaling relationships is 

especially important since Protein S was originally isolated as a ligand for Tyro 3 

(Stitt et al., 1995).  With the coexpression of these proteins in the RPE, the TAM 

signaling system in the retina likely involves more complex interactions than 

previously thought.  

Because the expressions of Mer and Tyro 3 occupy similar domains in the 

RPE, at the site of phagocytosis, we explored the possibility of a genetic interaction.  

While Mer protein levels do not change in Tyro 3-/- RPE cells, Tyro 3 protein levels 

are significantly reduced in Mer-/- RPE cells as early as P15, well before any 
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photoreceptor degeneration.  In addition, the immunolocalization of Tyro 3 in the 

apical microvilli of the RPE cell is reduced to undetectable levels at P27.  

Furthermore, quantitative PCR experiments measuring mRNA levels of Tyro 3 and 

Mer in reciprocal mutants, indicate that this decrease in Tyro 3 expression can also be 

observed at the transcriptional level.  Tyro 3 mRNA levels are reduced as early as P12 

and remain significantly low in adults.  These findings demonstrate that the reduction 

in both the expressions of Tyro 3 protein and mRNA in Mer-/- RPE of mice is an early 

event that occurs before the death of photoreceptors.  

How is the reduction of Tyro 3 related to Mer inactivation in Mer-/- retinas?  It 

could be directly tied to the absence of Mer protein or reflect a more general 

phenomenon associated with the functional defect in phagocytosis.  As an example of 

the former, the expression of Tyro 3 could be linked to the expression of Mer.  

Following dimerization and activation upon ligand-binding, receptors are rapidly 

internalized, decreasing their availability at the surface of the cell (Grimes et al., 1997; 

van der Geer et al., 1994).  Maintenance of homeostasis requires this receptor 

downregulation to be counterbalanced by receptor synthesis.  Synthesis of the EGF 

receptor PTK, for example, is observed two hours following the addition of EGF, 

suggesting that receptor activation is a source of autoregulation (Earp et al., 1986).  If 

the surface receptor expression of Mer is under a similar homeostatic autoregulation, 

and the expression of Tyro 3 is linked to that of Mer, the absence of Mer’s 

autoregulation could affect the expression of both Mer and Tyro 3 in Mer-/- retinas.  

Alternatively, Tyro 3 expression could be affected as a general consequence of the 

phagocytic defect in Mer-/- retinas.  If Tyro 3 has some role in the regulation of RPE 

phagocytosis, the absence of phagocytosis could alter its expression.  Interestingly, 

RPE cells of the mutant RCS strain exhibit an altered expression of the scavenger 
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receptor CD36: no CD36 protein is detected, and CD36 mRNA, which is present at 

birth, decreases to undetectable levels at two weeks (Sparrow et al., 1997).  CD36 has 

been implicated in RPE phagocytosis based on the ability of CD36 blocking 

antibodies to markedly reduce ROS phagocytosis by the RPE (Ryeom et al., 1996).  

Additionally, the reduction in CD36 expression is an effect specific to the RPE, as 

CD36 expression in RCS macrophages is unchanged.  Because Tyro 3 is also 

coexpressed with Mer in macrophages and many other cells, it will be interesting to 

test whether its altered expression is specific to the RPE cells as the next step in 

elucidating the role of Tyro 3 and its interaction with Mer.  

The present work has two major implications for studying phagocytosis in the 

retina.  First, Gas6 is not the only ligand for the TAM system in the retina, and indeed, 

may not play any essential role.  Two, expression and interaction of multiple members 

of the TAM family and its ligands in the retina reveal a mechanism that cannot be 

represented with a one-ligand one-receptor model.  These concepts raise many new 

questions for the role of the TAM family of receptor PTKs and their ligands in RPE 

phagocytosis. 
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3.4 Future Directions 

One major unanswered question is how the ligands of the TAM family exert 

their effects in the eye.  While Gas6 and Protein S are both able to stimulate 

phagocytosis in cultured RPE cells, their influence is uneven.  The depletion of Gas6 

leads to a marginal decrease in the stimulatory effect of serum, whereas depletion of 

Protein S leads to a complete abrogation of serum’s effect (Hall et al., 2005).  

Similarly, although we are unable to see an effect of Gas6, Protein S can lead to Mer 

phosphorylation in the eye.  Taken together, these results beg the question: do Gas6 

and Protein S interact?  Active complexes of ligand-receptor pairs often include 

dimerization of ligands.  Crystal structures of several growth factors (e.g. vascular 

endothelial growth factor, nerve growth factor, hepatocyte growth factor, fibroblast 

growth factor) demonstrate that they bind their cognate receptors as dimers (Harmer et 

al., 2003; Wiesmann et al., 1997).  It has also been suggested that ephrins, ligands for 

the Eph class of receptor PTKs, require clustering to fully activate their receptors 

(Davis et al., 1994).  Accordingly, ephrin-B2 molecules crystallize as extensively 

interacting dimers (Toth et al., 2001).  Preliminary in vitro data in the lab showing that 

Gas6 and Protein S both run at the predicted molecular weight for the homodimers in 

native conditions and coimmunoprecipitate, suggests that Gas6 and Protein S might 

also interact in a similar manner to activate receptors.  Furthermore, recent crystal 

structures of the Gas6/Axl complex reveal dimers of both receptor and ligand (Sasaki 

et al., 2005).  Determining in vivo dimerization combinations is especially important 

because receptors are capable of distinguishing among ligands.  ErbB4, for example, 

not only recruits different signaling molecules depending on the ligand, but is also 

differentially phosphorylated in response to different ligands (Sweeney et al., 2000).  
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Defining Gas6/Protein S combinations is the next step in teasing apart their relative 

contributions in the retinal system.  

Intimately related to ligand interactions are dimerization combinations of 

receptor PTKs.  Receptor dimerization is a requirement for activation and 

heterodimerization of different members is not an uncommon occurrence among 

receptor PTK families.  Different combinations of receptors is one way cells can 

create signal diversity.  Distinct patterns of phosphorylation on distinct ErbB family 

receptor dimers, for example, dictate which subsets of signaling molecules are 

recruited to the activated receptor (Olayioye et al., 2000).  These properties of receptor 

PTKs underscore the need to assess in vivo interactions of Tyro 3 and Mer in the RPE 

cell as they both localize to the apical microvilli.  Are the two receptors capable of 

interacting with each other?  Preliminary data showing that Mer co-

immunoprecipitates with  Tyro 3 in the everted eyecup assay in the presence of serum 

suggests that Mer and Tyro 3 are able to associate in the RPE.  In addition, serum can 

lead to the phosphorylation of both Mer and Tyro 3 in these assays.  These 

preliminary findings lead to many important questions.  Is the association between 

Mer and Tyro 3 dependant upon receptor activation?  Are Protein S and/or Gas6 able 

to induce the interaction?  Possible dimerization scenarios are outlined in Figure 3.19.  

Mer and Tyro 3 could signal independently as homodimers upon activation by Protein 

S (Figure 3.19A).  Alternatively, Mer and Tyro 3 might heterodimerize while both are 

bound to Protein S (Figure 3.19B).  Another possibility is the recruitment of a second 

receptor upon  Protein S binding to the first (Figure 3.19C).  Other combinations may 

be imagined by expanding these basic scenarios.  

Tyro 3 expression in the RPE, its loss of expression in Mer-/- RPE, and a 

possible  association  with  Mer, all  support a  role  for  Tyro 3 in the  retina. Is there a  
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Figure 3.19:  Schematic of TAM family mechanism of action in the RPE.  Mer and 
Tyro 3 are expressed in the apical microvilli of the retinal pigment epithelial (RPE) 
cell. Protein S is released from the RPE cell.  Outer segments (os) of the 
photoreceptors.  A, B, and C represent possible homo- and heterodimerization 
combinations.  See text for details. 
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functional requirement for Tyro 3 in RPE phagocytosis?  Clearly Mer seems to be the 

major player of the TAM receptors in RPE phagocytosis.  Could Tyro 3 play a 

modulatory or stabilizing role whose absence is too subtle to detect in a single 

knockout?  One way this might be tested is a genetic analysis of different compound 

mutants.  It is possible that Mer is able to compensate for the loss of Tyro 3 in Tyro 3-/- 

single mutants but might not be able to do so in a Mer+/-Tyro 3-/- compound mutant.  

Another way to assess the role of Tyro 3 is to take advantage of phagocytosis assays.  

In this assay, Mer colocalizes with ROS upon serum activation, suggesting that it is 

internalized along with the phagosome.  Similar assays could be performed to 

determine if Tyro 3 also associates with phagosomes or remains at the surface of the 

cell, if Mer is properly internalized in Tyro-/- RPE cells, and if  Tyro-/- RPE cells 

phagocytose ROS as efficiently, at the same rate, and exhibit the same receptor 

activation kinetics as WT RPE cells.  Whether the expression patterns reflect 

redundancy built into the system or distinct functions in the RPE remains to be 

elucidated.  

One obvious line of study that needs to be addressed to fully understand the 

role of the TAM family and their ligands in the retina is the circadian regulation of 

RPE phagocytosis.  The bulk of phagocytosis of rod outer segments by the RPE 

occurs during a small, defined window of time, peaking at the onset of light (LaVail, 

1976).  In many nonmammalian vertebrates such as fish and amphibians, RPE 

microvilli and photoreceptors retract or elongate in response to a circadian rhythm, 

whereas mammals lack these light-induced retinomotor movements (Marmor and 

Wolfensberger, 1998).  How do mammals achieve circadian cycling of phagocytosis 

while the interdigitation of their RPE microvilli with their photoreceptor outer 

segments remains constant?  Disc shedding, a common phrase embedded in the 
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literature, provides a tempting explanation: phagocytosis occurs when disc detachment 

is initiated.  Data from Mer-/- retinas, which exhibit elongated but intact outer 

segments, however, indicate that phagocytosis is an active process that involves both 

outer segments and RPE cells, making the phrase disc shedding a misleading one.  

Indeed, experiments showing that phagocytosis does not occur when the RPE is 

detached from the retina demonstrate that intact outer segment-RPE microvilli units 

are a requirement for phagocytosis (Williams and Fisher, 1987).  

How then are the relevant signals regulated such that they initiate the 

phagocytic process at the proper time and are inhibited at all other times?  To date, 

little is known about the molecular mechanisms underlying this process and what 

factors regulate phagocytic rhythmicity. It is likely that this regulation exists on 

multiple levels, where both receptors and ligands are controlled.  Answers to some 

basic questions will provide insight into the regulation of this process.  Are the 

receptors always available at the surface of the cell?  Can they be activated at any time 

of the day?  Does the secretion of the ligands cycle in a manner that parallels the burst 

of phagocytosis?  Studies focusing on phagocytosis by Sertoli cells in the reproductive 

system point to the latter as a possibility.  Similar to RPE phagocytosis, this 

specialized phagocytosis during spermatogenesis also occurs at a defined tubule stage 

(Grandjean et al., 1997; Morales et al., 1986).  In Sertoli cells, Gas6 and Protein S 

mRNA levels are lowest at stage III/IV of spermatogenesis, when phagocytosis by 

Sertoli cells is also slowest; and similarly, levels of the ligand mRNAs are highest 

when phagocytosis is most rapid (Lu et al., 1999).  The observation that ligand mRNA 

expression cycles in a manner that directly parallels phagocytic function suggests that 

transcription is one level at which a system is able to regulate rhythmicity.  As Mer 

and Tyro 3 protein are detected at the RPE microvilli at a time which phagocytosis is 

 



99 

not at its peak, the regulation of receptor activity is likely more complex.  One study, 

for example, claims that endogenous Mer phosphorylation in mice peaks at 8 AM and 

drops to almost undetectable levels at all other times of the day and night (Nandrot et 

al., 2004).  These results, however, do not correspond to the peak of phagocytosis that 

occurs in mice at 6:30 AM as measured by phagosome number in animals on the same 

light cycle (Gibbs et al., 2003).  Furthermore, attempts to reproduce these results in 

the laboratory reveal that levels of phosphorylated Mer are detected throughout the 

light/dark cycle and a dramatic peak is not detected.  One molecule that has been 

shown to have an effect on phagocytic cycling in the RPE is the αvβ5 integrin, 

previously shown to be required for the binding phase of phagocytosis (Finnemann et 

al., 1997).  β5-/- mice exhibit a loss of the phagocytic burst observed in WT, and 

instead maintain a higher, steady-state level of phagocytosis throughout the day 

(Nandrot et al., 2004).  These data indicate that molecules involved in RPE 

phagocytosis are capable of acting as or associating with circadian regulators, and the 

elucidation of the precise mechanism by which this occurs will be a key advance in 

the field.  

RPE phagocytosis is an important mechanism that services a tremendous load 

in the retina.  It involves the coordinated action of multiple components without which 

defects occur, often as severe as to lead to cell death.  A final picture of the biology of 

this system must involve a description of how these components interact with each 

other.  A few recent studies indicate that crosstalk during phagocytosis is currently 

being addressed.  A possible link between the Mer and αvβ5 integrin pathways, for 

example, has been proposed.  In macrophages, activation of Mer leads to the 

association of downstream signaling molecules with the αvβ5 integrin (Wu et al., 

2005).  Phagocytosis by β5-/- RPE cells in culture show defective Mer signaling 
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(Nandrot et al., 2004).  In this way, the receptors and ligands of the TAM family can 

be placed into context with other molecules to reveal their coordinated mechanism of 

action and, more generally, to apply these principles to other phagocytic systems. 
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3.5 Materials and Methods 

Mice.  Mer-/- mice, Gas6-/- mice, and Tyro 3-/- mice were used.  Gene inactivations in 

Mer-/- mice and Tyro 3-/- mice are described in Lu et al. (1999).  An in-frame deletion 

removes residues essential to the tyrosine kinase activity in Mer-/- mice.  Removal of 

exon 9 containing a portion of the FNIII domain results in the absence of Tyro 3 

protein in Tyro 3-/- mice.  Gas6-/- mice were obtained from the de Frutos laboratory at 

the Hospital Universitario Virgen del Rocío, de Sevilla.  Gene inactivation of Gas6-/- 

mice is achieved by a deletion spanning the transcription start site and the Gla 

domains leading to the absence of Gas6 RNA as described (Angelillo-Scherrer et al., 

2001).  All genotypes were confirmed by PCR.  The rd1 mutation was detected by 

PCR and restriction digest (Pittler and Baehr, 1991).  Age-matched wild-type mice 

were used (129/BL6 with Mer-/- and Tyro 3-/-, and C57BL6 with Gas6-/-).  Mice were 

maintained in a 12 hour light/12 hour dark cycle from 6 AM to 6 PM.  

 

Electron Microscopy.  Sacrificed animals were perfused with Ringer’s solution 

followed by fixation with 2.5% glutaraldehyde/2% paraformaldehyde in 0.1M sodium 

cacodylate buffer, pH 7.3.  Eyes were removed, immersion-fixed for an hour at 4°C, 

and lenses were removed.  Following another hour of immersion-fixation at 4°C, eyes 

were rinsed extensively in 0.1M sodium cacodylate buffer and embedded in 3% 

agar/0.1M sodium cacodylate buffer.  Sections were then cut with a vibratome to a 

thickness of 300µm, trimmed, and rinsed extensively with 0.1M sodium cacodylate 

buffer.  Sections were then fixed for 4 hours on ice with 2% osmium tetroxide in 0.1M 

sodium cacodylate buffer, rinsed with water, and stained with 2% uranyl acetate.  

Following a series of dehydration steps in ethanol and a final step in acetonitrile, 

sections were infiltrated with Epon/Araldite resin (Polysciences) and polymerized at 
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60-65°C.  1µm sections were sectioned with glass knives, mounted on glass slides, and 

stained with 0.05% Toluidine Blue/1% Borax.  Silver sections were cut with a 

diamond knife (Diatome), supported on 200 mesh copper grids, post-stained in 2% 

uranyl acetate and Reynold’s lead citrate, and photographed with a conventional 

transmission electron microscope at 60kV.  

 

Mer antibody production.  Sequences encoding the C-terminal fragment of mouse 

Mer (residues 868-1010) were introduced into the pGEX-4T-1 vector at the 

EcoRI/XhoI sites.  Inoculated bacterial cultures were induced with 0.5mM isopropyl-

beta-D-thiogalactopyranoside (IPTG) and the glutathione-S-transferase (GST) fusion 

proteins were solubilized with both 10% Sarkosyl in STE buffer and 10% TritonX-

100 in STE buffer (many other conditions force the proteins into the insoluble pellet 

fraction; see http://www.protocol-online.org/prot/Detailed/1479.html).  The GST 

fusion proteins were then bound to glutathione sepharose beads (Invitrogen), eluted 

with 10mM reduced glutathione, and combined with Freund’s adjuvant to be injected 

subcutaneously as antigens into rabbits.  Boost injections were delivered every three 

weeks and blood was routinely collected after the third bleed.  Serum was purified and 

stored in 0.2% sodium azide.  Following the coupling of antigen to a GST affinity 

column, polyclonal antibodies in serum were purified using the Quickpure Rapid 

Purification of Antibodies (Sterogene).  Specificity was assessed by western blot.  

 

Western blotting.  Enucleated eyes from at least 1-month-old mice were slit with a 

razor blade at the ora serrata, and the cornea, iris epithelium, and lens were removed 

in 1X Hank’s basic salt solution without Ca2+ and Mg2+ (HBSS) (Gibco) with 20mM 

EDTA.  Eyes were then incubated with collagenase (195µg/mL) and hyalurodinase 
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(3.2U/mL) in HBSS at 37°C for 30 minutes.  Following washes with HBSS, the neural 

retina was removed in HBSS and RPE cells were gently separated from the posterior 

eye with the aid of a dissecting microscope and fine forceps.  Retina and RPE cells 

were collected, spun, and residual liquid was removed.  Liver, thymus, spleen, kidney, 

and testis were isolated directly after animals were sacrificed.  Tissue was 

homogenized in NP40 lysis buffer (3mL/g) containing Complete protease inhibitor 

cocktail (Roche) with a glass dounce and polytron (plastic dounce and tube for RPE 

and retina) and spun to eliminate debris.  Protein concentration was measured with the 

Bradford assay (BioRad) and boiled in NuPage LDS sample buffer (Invitrogen).  After 

SDS-PAGE, proteins were transferred to a Immobilon-P PVDF membrane (Millipore) 

and incubated with primary antibody in 3% BSA/TBS-T.  Rabbit α-mouse Mer 

generated in the lab was used at a dilution of 1:1000.   Rabbit α-mouse Tyro 3 was 

used at 1:10,000 and was a generous gift from the Lai laboratory (Prieto et al., 2000).  

Goat α-mouse Axl was used at 1: 1000 (Santa Cruz Biotechnology).  Following TBS-

T washes, membranes were incubated with peroxidase-labeled secondary antibodies, 

followed by ECL.  For fluorescent western blotting with the Odyssey system, eyes 

from animals P15 and younger were dissected in DMEM, the posterior eyes were 

digested with 2% dispase/DMEM for 45 minutes at 37°C, and RPE cells were 

isolated.  RPE from eyes from older animals were isolated using protocol described 

above.  Proteins were transferred to a Immobilon-FL PVDF membrane (Millipore) and 

incubated with two primary antibodies in 0.1% casein/0.2X PBS.  Rabbit α-mouse 

Mer and rabbit α-mouse Tyro 3 were used as above, monoclonal α-rat β tubulin was 

used at a dilution of 1:5000 (Sigma).  Following TBS-T washes, membranes were 

incubated with the fluorescence-labeled secondary antibodies α-rabbit Alexa Fluor 

680 and α-mouse IRDye 800 CW (Molecular Probes) at 1:10,000, and visualized in 

 



104 

two different fluorescence channels (700 and 800 nm) with the Odyssey Imaging 

System (LI-COR).  

 

Immunohistochemistry and histology.  Sacrificed animals were perfused with 

phosphate-buffered saline (PBS) followed by fixation with 4% 

paraformaldehyde/PBS.  The eye was marked nasally and removed, a small incision 

was made with a razor blade and immersion-fixed for 20 minutes.  The cornea, lens, 

and iris epithelium were removed and the eye was fixed at 4°C until further 

processing.  The eye was then infiltrated with 30% sucrose/PBS for 2 hours at 4°C.  

Following cryoprotection, tissue was embedded and frozen in OCT medium (Miles).  

10µm sections were cut on a cryostat along the dorsoventral axis and mounted on 

slides.  For light microscopy, slides were stained with Mayer’s Hematoxylin and 

Eosin Y.  Sections were mounted using Permount (Fisher).  WT and Gas6-/- cell 

counts were performed on sections containing the optic nerve.  Three nonoverlapping 

60µmX60µm boxes were placed on each section between 200µm and 800µm from the 

optic nerve head and nuclei were counted.  For confocal microscopy, slides were 

blocked with 10% normal serum/0.1% tritonX-100/PBS (serum from the species in 

which the secondary antibody was raised) for an hour at room temperature (RT).  

Slides were then incubated with the primary antibody in blocking buffer at 4°C 

overnight.  After rinsing with large volumes of 0.1% Tween20/PBS, slides were 

incubated in the secondary antibody in blocking buffer for 1 hour at RT, washed, and 

coverslips were mounted with Vectashield with DAPI (Vectorlabs).  For separation of 

neural retina and posterior eye, sacrificed animals were enucleated, cornea, lens, and 

neural retina were removed in PBS, and eyes were immersion fixed in 4% 

paraformaldehyde/PBS for 2 hours.  Sucrose infiltration and cryosectioning were as 
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described above.  Rabbit α-mouse Mer generated in the lab was used at a dilution of 

1:100.   Rabbit α-mouse Tyro 3 was used at 1:500 and was a generous gift from the 

Lai laboratory (Prieto et al., 2000).  Mouse α-human ezrin was used at 1:50 (Zymed).  

 

Isolation and culture of primary RPE cells.  This procedure follows the methods 

described in Gibbs et al. (Gibbs and Williams, 2003).  Animals between P10-P12 were 

used for isolation.  Eyes were removed and digested in 2% Dispase/serum-free 

DMEM (high glucose) for 45 minutes at 37°C.  Following two washes with 10% 

serum/1% pencillin/streptomycin/DMEM (GM), the cornea, lens, and iris epithelium 

were carefully removed in GM.  Following an incubation for 20 minutes at 37°C, the 

neural retina was removed and RPE cells were gently teased away from the back of 

the eyecups with fine forceps.  RPE cells were then sedimented in a tube, excess liquid 

was discarded, and cells were trypsinized (0.05% trypsin/PBS) for 5 minutes.  

Following brief trituration, washes, and spins, RPE cells were resuspended in GM to a 

concentration of 50,000 cells/well.  Cells (0.5mL) were added to the upper chamber 

(3.0-µm-pore diameter) of a 12-well plate (polycarbonate transwell inserts from 

Costar), and 1mL of GM was added to the bottom.  

 

Isolation, purification, and labeling of rod outer segments (ROS).  Methods for 

isolation and purification, obtained from the Williams laboratory in the Department of 

Pharmacology and Neurosciences, UCSD School of Medicine, La Jolla, CA, follow 

closely those described in Tsang et al., (1998).  1-month or older animals were dark-

adapted for 2 hours.  Animals were then sacrificed and enucleated.  Eyes were 

trimmed of optic nerve and excess muscle, and an incision along the ora serrata was 

made with a razor blade.  The eyes were then placed in cold Ringer’s solution and the 
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cornea, iris epithelium, and lens were removed.  With two fine point forceps, the 

posterior eye was carefully torn to release pinkish retinas, which were collected in 

Ringer’s (20 retinas/1mL).  Retinas were vortexed and sedimented, and the 

supernatant containing the ROS was added to the bottom of the gradient tube.  This 

sequence was repeated 2 more times, adding 1mL of Ringer’s each time (3mL total).  

A gradient of 8%, 10%, and 15% OptiPrep (Axis-Shield)/Ringer’s was centrifuged at 

12,000 g in a swinging bucket rotor with the brake off for 20 minutes at 4°C.  The 

pink band at the 10%/15% interface was collected, diluted with 12mL Ringer’s, and 

ROS were pelleted at 12,000g with the brake on for 15 minutes at 4°C.  ROS were 

then resuspended in GM.  To label ROS, FITC (Molecular Probes) (1mg/mL in 0.1M 

NaHCO3 pH 9) was added to ROS/GM to a final concentration of 6ng/mL, and ROS 

were incubated for 30 minutes on ice.  ROS were then washed with Ringer’s, pelleted 

and resuspended in the appropriate amount of GM.  ROS in Mer colocalization 

experiments were labeled with DiI 1:1000 (Invitrogen) (5% in DMF (w/v)).  

 

Purification of Gas6 and Protein S.  Sequences encoding full-length mouse Gas6 

and mouse Protein S were ligated into pcDNA3.1/His A at the EcoRI and XbaI sites 

for Gas6 and EcoRI and XhoI for Protein S.  Plasmids containing the inserts in the 

proper orientation were electroporated into HEK 293T cells.  Cells were grown in 

blasticidin (10ug/mL) for selection of stable transformants.  Stocks of stably-

transfected cells were maintained in 10% serum/DMEM with blasticidin (10ug/mL).  

For ligand purification,  cells were expanded  in 10%serum/1% 

penicillin/streptomycin/DMEM.  Once confluent, cells were placed in  protein-free 

CD 293 media (Invitrogen) with 1% L-Glutamine, 1% penicillin/streptomycin, and 

vitamin K (2µg/mL) and grown for 3 days.  Media was then collected, sedimented to 
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remove dead cells, and incubated with Ni-NTA agarose beads (Qiagen) (300µL/50mL 

media) for 3 hours at 4°C.  Following washes in native conditions with 20mM 

imidazole, proteins were eluted with 250mM imidazole.  Purification was confirmed 

via western blot (Rabbit α-human Protein S at 1:5000 from Dako and rabbit α-rat Gas6 

sera at 1:2500, a generous gift from the Lai laboratory (Prieto et al., 1999)), and 

protein concentration was measured using a BCA protein assay kit (Pierce).  

 

RPE phagocytosis assay.  Assays were performed on 7-day primary cultures of RPE 

cells.  Cultures were placed in 0.2% serum overnight and cells were serum-starved 3 

hours prior to the assay.  Cells were incubated with ROS (~ 5X106/well) either alone 

or in combination with purified recombinant Gas6 or Protein S, or serum for 1 hour at 

37°C.  Following PBS washes, signal from bound ROS was quenched with 0.2% 

trypan blue solution (Sigma), and washed again with PBS.  Cells were then fixed for 

15 minutes with 4% paraformaldehyde/PBS and washed.  The transwell filters were 

excised, mounted on slides, and coverslipped with Vectashield with DAPI 

(Vectorlabs).  For Mer staining, cells were blocked with 10% normal goat serum/0.1% 

Triton X100/PBS for 30 minutes at room temperature prior to coverslipping, incubated 

with αMer in blocking solution at a dilution of 1:100 for 30 minutes.  They were then 

washed, incubated with goat α-rabbit Alexa 488 for 30 minutes, washed and 

coverslipped.  Fluorescence was detected with a confocal microscope at 250X 

magnification.  Five frames were imaged for each filter.  The amount of fluorescence 

in each captured frame was quantified by counting the number of pixels and the 

number of nuclei.  To adjust for an uneven distribution of cells, the number of pixels 

was then normalized against the number of nuclei for each frame.  
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Everted eyecup assay.  Animals were sacrificed between 10-11AM.  Eyes were 

removed, sliced with a razor blade at the ora serrata, and placed in serum-free DMEM.  

Under a dissection microscope, the optic nerve, excess muscle and fat, the cornea, iris 

epithelium, and neural retina were removed.  Eyecups were then gently everted with 

forceps so that the RPE layer is exposed to the solution.  With two eyes/condition, 

eyecups were incubated in 200µL DMEM with phosphatase inhibitors (Cocktail 2 

Sigma) in a 37°C waterbath for 30 minutes.  Purified recombinant ligands or serum 

was added to the media and eyecups were incubated at 37°C for another 10 minutes 

with occasional inversion of tubes.  With the media removed, eyecups were washed 

with DMEM with phophatase inhibitor cocktail 2 (Sigma) and Complete protease 

inhibitors (Roche), and lysed in 100µL of NP40 lysis buffer (150mM NaCl, 1%NP40, 

50nM Tris pH8 and fresh phosphatase and protease inhibitors).  Tissue was 

homogenized with a plastic pestle for eppendorfs (Kontes Glass Company), cell debris 

was pelleted in a 10 minute spin at 19,500 g, and 4X NuPage LDS sample buffer 

(Invitrogen) was added to the supernatant and boiled for 5 minutes.  Protein 

membranes (see section for western blotting) were incubated with rabbit α- phospho-

Mer (FabGennix) at a dilution of 1:1000.  Following detection of phosphorylated Mer, 

blots were stripped with Restore (Pierce) and reprobed for total Mer with rabbit α-

mouse Mer as described above.  

 

Quantitative (real-time) PCR.  RNA from WT, Mer-/-, and Tyro 3-/- RPE cells, was 

isolated as described above for protein extraction.  250ng of total RNA was used to 

prepare cDNA using the SuperScript First-strand Synthesis System (Invitrogen).  

Oligonucleotides that span introns were selected to amplify sequences containing 

adjacent exons in order to avoid amplification of contaminating genomic DNA.  
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SYBR green chemistry was used with the ABI PRISM 7700 Sequence Detection 

System (Applied Biosystems) to detect cDNA and quantify the relative expression of 

genes as described in http://docs.appliedbiosystems.com/pebiodocs/04304965.pdf.  

Analyses of dissociation curves were performed with SDS software (Applied 

Biosystems) to ensure the absence of nonspecific amplification due to primer-dimers.  

Each reaction was normalized against the expression of actin. 

 

http://docs.appliedbiosystems.com/pebiodocs/04304965.pdf
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