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Abstract 

Although RB1 inactivation causes retinoblastoma in infants, the role of RB1 

during retinal development is poorly understood. RB1 expression in developing 

rnurine retina was examined using in situ hybridization and 

immunohistochemistry. RB1  expression is first seen at embryonic (E) day 12.5 in 

presumptive ganglion cells migrating from the mitotic zone. At E15.5, 

expression is limited to the ganglion ce11 layer (GCL). By postnatal (P) day 4.5, 

RB1 is also expressed in the developing inner nuclear layer (iNL), corresponding 

to known differentiation tirnepoints of ce11 types within the LNL. R B 1  expression 

is maintained in adult GCL and INL. Most photoreceptor cells differentiate 

between P5 and P12, corresponding to weak RB1 expression in the outer nuclear 

layer (ONL) from P5.5 to P13.5, which decreases after this time. Thus, RB1 is 

ükely expressed in murine retinal cells as they assume a differentiated 

phenotype. Speufic ceil types may continue to require RB1 after differentiation. 
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CHAPTER 1: INTRODUCTION 

1.1. Retinoblastoma and RB1 

1.1.1. The disease and the auestion 

Retinoblastoma is a malignant retinal tumour of infants that occurs in 1 

out of 20,000 live births. As originally suggested by Knudson's two hit hypothesis 

(Knudson jr, 1971), the occurence of this disease has been correlated with the 

inactivation of both alleles of the retinoblastoma susceptibility gene, RB1 (Dunn 

et al., 1988; Dunn et al., 1989). About 40% of children with retinoblastoma carry a 

germline mutation in one allele of RBI ,  and most of these children develop 

multifocal bilateral tumours. The other 60% of affected children do not carry a 

germline mutation in RB1 and are generally affected only unifocally. While 

germline mutations at the RB1 locus predominantly manifest as retinoblastoma 

at a very early age, children carrying these mutations are also predisposed to 

osteosarcornas and soft tissue sarcomas occurring later in life (reviewed in 

Hamei et al., 1992a). RB1 loss of heterozygosity (LOH) has also been associated 

with the progression of carcinomas such as prostate (Bookstein et al., 1990), 

bladder (Horowitz et al., 1989), breast (Lee et al., 1988; T'Ang et al., 1988) and small 

ce11 lung carcinoma (Harbour et al., 1988). 

RB1 is a tumour suppressor gene which has roles in transcriptional 

regulation, ce11 cycle progression, differentiation and development (reviewed in 

Wang et al., 1994). However, little is known about the function of RB1 in the 

developing retina, and the question of why children get retinoblastoma remains 

unanswered. To understand how mutations in RB7 may affect retinal 

development, it is important to define the role of RB1 in normal retinal 

development. in this thesis, 1 report the normal expression patterns of RB1 in 



the developing rnurine retina. My data show a correlation between the timing of 

RB1 expression and the differentiation and development of the ganglion ce11 

layer, the first discrete ce11 layer to form in the embryonic murine retina. 

1.1.2. The eene and gene ~roduct 

The human RB1 locus is located on chromosome 13q14 (Sparkes et al., 1980; 

Strong et al., 1931). The RB1 gene was cloned and sequenced (Friend et al., 1986; 

Lee et al., 19S7b), and found to contain 27 exons spanning 180 kilobases (kb) 

(McGee et al., 1989). The 4.7 kb RB1 mRNA encodes a 925 amino acid nuclear 

protein (pRB) (Lee et al., 1987a). pRB is phosphorylated on multiple serine and 

threonine residues (Ludlow et al., 1989) in a ce11 cycle-dependent manner; pRB is 

present in its active, hypophosphorylated Corn during GO and Gl ,  as discussed 

belo W. 

Most mutations in RB1 that cause retinal tumours occur in one or both of 

two consecutive amino acid sequences, domain A (aa 379-572) and domain B (aa 

646-772) (Dunn et al., 1989; Hu et al., 1990; Huang et al., 1990). The A and B 

domains of pRB are required for binding viral oncoproteins such as SV40 large T 

antigen (TAg), adenovirus E1A and the E 7  protein from human papilloma 

viruses (Chow and Dean, 1996; DeCaprio et al., 1988; Dyson et al., 1989; Hu et al., 

1990; Whyte et al., 1958). The hct that these proteins bind pRB during 

transformation led to the suggestion that pRB has a role as a negative ce11 cycle 

regulator. Mutations in the A or B domains prevent both pRB binding to viral 

oncoproteins and pRB phosphorylation (Hamel et al., 1990; Hamel et  al., 1992b). 

Like other pRB-binding proteins, TAg, E7 and E1A proteins share a consensus 

sequence, LXCXE (where X is any aa) (Lillie et al., 1987; Moran, 1988; Phelps et al., 

1988). When this sequence is mutated, both the transforming activiq of the viral 



oncoproteins and their ability to bind to pRB are abrogated (DeCaprio et al., 1988; 

Ludlow et al., 1990). The A and B domains dong with a portion of the C- 

terminus of pRB are a l s ~  required for binding to members of the E2F fiimily of 

transcription factors (Chellappan et al., 1991). Band shift assays have shown that 

Tag, E7 and E1A can dissociate E2F-Rb complexes (Chellappan et al., L991; 

Chellappan et al., 1992). It has been suggested that tumour viruses induce 

transformation in part by binding to pRB and inhibiting its normal function 

(Dyson et al., 1989; Hu et al., 1990). 

1.1.3. RB1 and the ce11 cvcle 

The activity of pRB depends on its phosphorylation state. The active, 

hypophosphorylated state occurs during GO and through most of CI; p R B  then 

becomes phosphorylated near the GZ/S bouda. and remains so through most 

of M phase (Budikovitch et al., 1989; Chen et al., 1989; DeCaprio et al., 1989; 

Mihara et al., 1989). The phosphorvlation state of pRB is regulated by cyclin-cdk 

complexes throughout the cell cycle. pRB phosphorylation is thought to be 

mediated by cyclins Dl, D2 and D3 in complex with cdks 4 or 6 in mid to late G1, 

by the cyclin E-cd& complex in mid G l  to early S phase, and by the cyclin A-cdk2 

compiex through S phase (reviewed by Shen, 1993; Wang et al., 1994). 

Several lines of evidence suggest that the hypophosphorylated form of pRB 

is the form capable of inhibiting proliferation. Only the hypophosphorylated 

form of pRB can be isolated from both human umbilical vein endothelial cells 

and hurnan T Lymphocytes while the cells are in G1 /GO. In contrast, 

hyperphosphorylated pRB is isolated from these cells when they are induced to 

re-enter the ceil cycle (DeCaprio et A., 1989). immunoprecipitation assays have 

shown that both TAg and E2F are able to bind only to hpophosphorylated pRB 



(Chellappan et al., 1991; Ludlow et al., 1989; Ludlow et al., 1990). Further, 

phosphorylation of pRB causes the release of free E2F, which is then capable of 

activating transcription of several genes required for DNA synthesis (Flemington 

et al., 1993; Helin et al., 1993; Hiebert et al., 1992). Treatment of asynchronous 

MvlLu mink lung epithelial cells with the growth inhibitor transforming 

growth factor P (TGF-P) causes pRB dephosphorylation and accumulation of cells 

in G1, and TGF-P treatment of synchronous G1 cells prevents pRB 

phosphorylation and causes a ce11 cycle block in G1 (Laiho et ai., 1990). 

E2F proteins bind a consensus nucleotide sequence found in the promoters 

of several genes involved in ce11 cycle control. These genes include c-mye, B- 

myb, RB1, and p107, as well as the genes encoding dihyrofolate reductase, 

thymidine kinase, and E2F-1 (reviewed in Nevins, 1992). Hypophosphorylated 

pRB is able to bind to and inhibit the transcriptional activity of E2F-1,-2 and -3 

(Flemington et al., 1993; Helin et al., 1993). For example, the transcriptional 

activity of GAL4E2F-1 fusion proteins with intact pRB-binding sites, as 

measured by transactivation of a chloramphenicol acetyltransferase (CAT) 

reporter gene driven by a P-globin promoter, is Uihibited by coexpression of pRb. 

In contrast, coexpression of pRB does not affect transactivation by fusion proteins 

containing transcriptionally active E2F-1 mutants that camot bind pRb 

(Flemington et al., 1993; Helin et al., 1993). Phosphorylated pRB is unable to 

form complexes with E2F, and therefore cannot prevent the induction of S phase 

specific genes (reviewed in Nevins, 1992; La Thangue, 1994). 



1.1.4. RB2 and differentiation 

After passing through the G l  phase of the ce11 cycle, cells may either enter 

GO, the state normally associated with quiescent or with terminally differentiated 

cells, or they rnay re-enter the ce11 cycle and continue to proliferate. Several 

pieces of evidence have implicated pRB in the differentiation of certain celi types 

both in culture and in vivo. For example, RB1 mRNA levels are increased in 

mouse erythroid, muscle, and B-ce11 lineages during the late stages of 

differentia tion (Coppola et al., 1990). Similarily, when embryonal ca rcinoma 

cells are induced to differentiate into nuerons by retinoic acid treatment, pRB 

levels increase sharply (Slack et al., 1993). Differentiation of C2C12 mvoblasts is 

inhibited when endogenous pRB is inactivated through either phosphorylation 

induced by p34cdd kinase, or by binding to TAg (Gu et al., 1993). The same study 

also demonstrates that inactivation of pRB by the induction of a mutant 

thermolabile T antigen causes terminally differentiated muscle cells to 

synthesire DNA. These results suggest that pRB contributes to the maintenance 

of terminally differentiated muscle cells. 

Szekely et al. (1992) examined pRB expression in embrvonic dav (E) 16-15 

SCID mouse fetuses and found that in tissues with proliferating and 

differentiating compartments, such as fetal liver, developing tooth buds, skin, 

retina, pancreas, kidney and mucous membranes of the digestive hact, pRB was 

largely or entirely confined to the differentiating cells. 

RB-/- ernbryoç have provided a mode1 system in which to study the effects 

of the absence of pRB. These embryos die between 13.5 - 15.5 dûys of gestation 

possibiy as a consequence of defects in the erythropoiesis and neurogenesis 

(Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992), The central and peripheral 

nervous çystems of RB-/- embryos from E9.5 to E l 4  -5 show displaced dividing 



cells and increased apoptosis; the morphology of sensory ganglia is stunted, and 

primary cultures of dorsal root and trigeminal ganglia derived hom E13.5 and 

older embryos exhibit decreased cell survival (Lee et al., 1994). Zacksenhaus et al. 

(2996) have generated transgenic mice (RBlox) that express low levels of pRB 

driven by an RB2 minigene. Crosses of RBlox mice to RB-/+ rnice result in 

partially rescued RB~OX/RB-/ -  embryos that live until birth. These embryoç 

demonshate that insufficient pRB impairs skeletal myogenesis; myoblasts show 

increased apoptosis and those cells that survive show developmental 

abnormalitites such as large polyploid nuclei and near absence of some markers 

of muscle ce11 differentiation such as MCK and MRF4 

When hnctional pRB is reintroduced into various RB-mutant tumour ce11 

lines, suppression of the tumorigenic phenop type is seen. Microinjec tion of p RB 

into the RB mutant osteosarcorna ceIl Iine Saos-2 can induce 5i senescent, or 

terminally differentiated phenotype (Goodrich et al., 1991; Qin et al., L992; 

Templeton et al., 1991). pRB transfected into murine melanoma cells results in 

reduced growth rate, increased melanogenesis and a reduced capacitv to migrate 

and invade an artifical basement membrane (Valente et al., 1996). This study 

suggests that ppRB may be involved in melanoma differentiation, and that the 

absence of pRB may increase the metastatic potential of rnalignant cells. 

Restoration of pRB into the prostate ce11 line, DU1.15, which contains mutant 

pRB, resulted in loss of ability to form tumors in nude mice, although the 

growth rate of those cells in culture was unchanged (Bookstein et al., 1990). in 

contrast, pRB reintroduced into two retinoblastomas lines (WERI-Rb1 and Y79) 

and a breast cancer cell Line (MDA-468-54) did not affect growth rate, 

morphology, or the ability to f o m  intraocular tumours in immunodeficient 



mice (Muncaster et al., 1992). These studies indicate that hnctional pRB may 

play different roles in different types of tumours. 

While there is no doubt that pRB is involved in differentiation of certain 

tissues, it is not essential for ce11 cycle control. This is indicated by the fact that 

rnany, though not d l ,  tissues of ~ b - 1 -  mice appear to develop normally until 

death occurs (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992). Tl~ere may be 

redundancy in pRB's role in differentiation, an idea supported by the studies 

with ~ b - 1 -  mice, and alço a study of rnyotubes from RB-/- mice. Differentiated 

myotubes in muscle ce11 cultures derived from ~ b - 1 -  mice are able to re-enter the 

ce11 cycle upon serum or growth factor stimulation, while wild type myotubes 

cannot (Schneider et al., 1994). It has been suggested that p107, a pRB frimily 

member, can substitute for pRB as a cofactor for myogenesis, though it  cannot 

maintain rnyotubes in a terminally differentiated state. 

1.2. Retinal development 

The vertebrate retina is derived from neuroectodermal tissue. The fully 

mature retina is composed of three functional layers of neurons, namely the 

ganglion cell layer (GCL), the inner nuclear layer (INL) and the outer nuclear 

Layer (ONL) (Figure 1.1, mature mouse retina). Each iayer contains a subset of 

ceiI types in contact through synaptic tissue. The ONL contains the nuclei of rod 

and cone photoreceptor cells, which initiate al1 visual responses in the retina. 

The INL. contains horizontal, bipolar and amacrine cells, which integrate sensory 

infornation, and the nudei of EvIuller cells, which extend vertically through the 

retina and act as support to all cell types. Generally, horizontal cells are found 

along the outer margin, the bipolar and Muller cells are located in the central 

area, and a m a c r h  cells are found close to the imer margin of the N L .  The GCL 



Figure 1.1: Layers of the retina. 
Coronal section from a P16.5 mouse retina, stained with hematoxylin and 
eosin. Section shows the layers of the mature retina. 



is located proximal to the vitreous of the eye, and contains ganglion cells whose 

afferent fibres make up the nerve fibre layer which becomes the optic nerve. The 

inner plexifom layer (IPL) located between the GCL and the INL, and the outer 

plexiform layer (OPL) located between the INL and the ONL, contain synaptic 

c o ~ n e c t i o n s  between the ce11 types. At the outer edge of the retina, the extemal 

limiting membrane (ELM) is a dense zone of junctional complexes between 

Muller and photoreceptor cells, while the internai limiting membrane (KM)  at 

the inner edge, or vitreal surface, of the retina is the basement membrane 

separating the bases of the Muller ceil processes from the vitreous body 

(Dowling, 1987; Wheater et al., 1979). 

Prior to differentiation, the retina consists of one layer of neuroblasts. Like 

other developing neural systems, the position of individual cells within the 

neuroblastic layer of the retina depends upon the phase of the ce11 cycle during 

which an individual ce11 is exarnined (Figure 1.2) (Hinds and Hinds, 1974; 

McLoon and Barnes, 1989; Snow and Robson, 1994). During S phase, 

proliferating cells are found with processes extended between the ELM 'and the 

L M ,  with ce11 nuclei located in the central neuroblastic layer. As cells corne to 

the end of S phase, the nuclei translocate toward the ELM; just prior to ce11 

division the processes are retracted and mitosis occurs at the ELM, also referred 

to as the ventricular surface or mitotic zone. Upon completion of mitosis, cells 

that will continue to cycle once again extend processes to the L M ,  nuclei 

translocate into the neuroblast layer and DNA synthesis occurs. Neurons whidi 

have undergone terminal mitosis eventually leave the ventricular surface and 

migrate to the appropriate layer of the developing retina. While not yet 

examined in the retina, studies on the developing cerebral cortex of the central 

nervous system of the ferret have suggested that the orientation of the cleavage 
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Figure 1.2: Migration pattern of retinal cells. 
An E13.5 mouse retina is shown (top). At this time, the retina mainly 
consists of a thick layer of undifferentiated, asynchronous neuroblasts, and a 
few developing ganglion cells. The cartoon under the retina indicates the 
pathway Eollowed by cycling and differentiaiing retinûl cells (as indicated by 
the box). At G1, cellular processes extend toward the vitreal surface and ce11 
bodies are fomd in the outer third of the retina. At G2 and during S phase, 
cells have processes extended to each surface and the cell body is located in the 
middle area of the neuroblastic layer (ML).  As cells corne to the end of S 
phase, the nudei translocate toward the ventridar surface; just prior to ce11 
division the processes are retracted and mitosis (M) occurs at the ventricular 
surface. After mitosis, cyding cells extend processes to the vitreal surface, 
nudei translocate into the neuroblast layer and re-enter S phase. Neurons 
which have undergone terminal mitosis eventually leave the ventricular 
surface and migrate to the appropriate layer of the developing retina (GO). Le, 
lens, V, vitreous. 



plane may control the fate of daughter cells (Chen et al., 1995; reviewed in Rhyu 

and Knoblich, 1995). Vertical cleavage orientation produces daughter cells which 

are both tethered to the ventricular surface and likely to continue to proliferate. 

In contrast, horizontai cleavage orientation (as depicted in Figure 1.2) produces 

one tethered and one untethered daughter cell, the latter capable of migrating 

away from the ventricular surface and differentiating into a neuron. 

The birth dates of retinal cell types in mice have been determined by  HI- 
thymidine labelling (Sidman, 1961; Young, 1985). Similar studies using 

differential incorporation of [%]-thymidine and bromodeoxyuridine (BrdU) 

have recently been performed on chick embyros (Belecky-Adams et al., 1996). 

These studies showed that, although some cells may remain heavily  HI- and 

BrdU-labelled after injection cmd are therefore considered to be post-mitotic, they 

do not become morphologically or antigenically recognizable as a specific cell 

type until as much as 10 days after labelling (Sidman, 1961; Treisman et al., L988; 

Young, 1985). Thus, there may be a time interval between the terminal mitosis 

of a retinal ce11 and the appearance of its morphological differentiated phenotype. 

Further, there is a distinction to be made between the differentiation of particular 

cells, and the retinal lamination. At least amacrine and ganglion cells (Belecky- 

Adams et al., 1996; McLoon Bames, 1989; Snow and Robson, 1994) begin the 

process of differentiation prior to Formation of their retinal layers. There is no 

dear consensus as to what consititutes the state or process of differentiation. For 

the purposes of this study, cells are considered to be differentiated when they 

exhibit antigenic and morphological charactersitics of specialized retinal ce11 

types, as recognized in the literature. 

On the basis of birthdating, morphological and antigenic studies, the 

following profile of retinal development in mice has been compiled (Figure 1.3) 
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Figure 1.3: Timing of terminal mitosis and rnorphological differentiation of 
retinal cells. 
The time at which each cell type within the three main layers of the retina 
undergoes terminal mitosis and morp hological differentiation is shown. The 
tirne frame for retinal development in mice is from embryonic (E) day 10 
through to about postnatal (P) day 17. Figure represents data complied from 
various sources (Sidman, 1961; Young, 1985; Treisman et al, 1988). Blue hes ,  
terminal mitosis; red lines, rnorphological differentiation; ONL, outer 
nuclear layer; INL, inner nudear layer. 



(Sidman, 1961; Treisman et al., 1988; Young, 1985). Retinal cells differentiate in a 

wave originating with the cells closest to the optic nerve and radiating out 

toward those cells at the periphery of the retina farthest from the optic nerve 

(Dutting et al., 1983; Morris and Cowan, 1984). The differentiation process 

commences as cells leave the mitotic zone and begin the migration toward the 

appropriate layer within the retina. In the case of ganglion cells, the first cell type 

to undergo migration and terminal differentiation, cells near the optic nerve 

begin to differentiate around embryonic (E) day 12, while cells near the peripherv 

of the retina may not differentiate into ganglion ceils until 3 or 4 days later. As 

other ce11 types differentiate, they follow the same wave pattern, though the 

timing may be different. Horizontal cells and cone photoreceptors leave the 

mitotic cycle at the same t ime as the ganglion cells, but exhibit delaved 

morphological differentiation and remain in the neuroblast layer until after 

birth. The P L  is evident at E16, and at birth the amacrine cells have begun 

differentiation and migration to the proximal margin of the developing INL. 

The second main cohort to tenninally differentiate consists of bipolar cells and 

rod photoreceptors. By postnatal day (P)4, bipolar and horizontal cells have 

become morphologically identifiable and migrated into the NL, which has 

become separated from the ONL by the OPL around P6. The last cells to 

differentiate and migrate hl ly  are the rod and cone photoreceptor cells, the 

majority of which become evident between P4 and P23, though their 

differentiation may continue as late as about P21. 

1.3. Ce11 of origin of retinoblastoma 

Patterns of stauiing with monoclonal antibodies to various neuronal and 

brairi celI markers have been compared between human relinobiastomas and 

human fetal and adult retinas to determine the cell of ongin of retinoblastoma. 



While there is no consensus at this time, several studies have implicated 

photoreceptors and glial cells as the precursors to retinoblastoma (Bogenmann et 

al., 1988; Gonzalez-Fernandez et al., 2992; Nork et al., 1995). Ultrastructural 

examination of differentiated tumor celis has shown clusters of well- 

differentiated cells that strongly resemble normal photoreceptors (Ts'o et al., 

1970; Ts'o et al., 1969). However, it 1x1s been suggested that cane photoreceptors 

may be the default pathway that precursors follow in the absence of neuron- 

induced signalhg (Adler and Hatlee, 1989; Belecky-Adams et al., 1996; Repka and 

Adler, 1992). If such a default pathway exists, retinoblastomas may anse from 

multipotential precursors, and lack of differentiation signals may allow these 

cells to take on pho torecep tor characteris tics. 

1.4. The rnouse as a mode1 system for retinal development 

Homologues of RB1 have been found in many vertebrates including mice, 

cattle, cab, sharks and chickens (Lee et al., 1987b). The mouse protein shows 

>90% identity to the human protein (Bernards et al., 1989). ~ b + / -  rnice develop 

tumors in the intermediate lobe of the pituitary gland at around S months of age, 

and die within six weeks thereafter (Hu et al., 1994; Jacks et al., 1992). As 

mentioned above, ~ b - / -  mice die in utero between days 13.5 and 15.2, likely from 

defects in erythropoiesis and neurogenesis (Clarke et al., 1992; Jacks et al., 1992; 

Lee et al., 1992). Neither retinoblastoma nor impaired retinal development has 

been observed in mice lacking one or both RB1 alleles. Retinoblastoma-like 

tumours have been induced in trançgenic mice expressing SV40 T'Ag under the 

control of the Luteinizing hormone P subunit promoter (Kivela et al., 1991; 

O'Brien et al., 1990; Windle et al., 1990) or the interstitial retinol binding protein 

(IRBP) promoter (Al-Ubaidi et al., 1992a; Howes et al., 1994a). TAg induces 



transformation through functional inactivation of pRB, p53, and other cellular 

proteins (DeCaprio et al., 1988). When HPV-16 E7, which does not inactivate p53, 

was expressed under the [RBP promoter in another transgenic mouse model, no 

retuial tumours were produced; rather, the retinas of these mice underwent 

degeneration and apop tosis (Howes et al., 1994b). When the same E7-IRBP 

construct was expressed in mice with a p53 nullizygous background, retinal 

tumours resulted. These results suggest that inactivation of p53 as  well a s  pRB is 

required for tumour formation in murine retinas. 

Retinoblas toma-li ke tumours in transgenic mice have also been examined 

for evidence of ce11 of origin (Bernstein et al., 1994; Hoives et al., 1994a; Howes et 

al., 1994b; Kivela et al., 1991). Murine retinal tumours have similar antigenic 

profiles and morphology to those of human origin. Kivela and colleagues (1991) 

suggest that, on the basis of antigenic distribution, the murine retinal tumours in 

their models have a closer relationship to neurons of the INL than to those of 

ph0 torecep tors. 

Although the genetic requirements for retinoblastoma induction appear to 

be different in mice than in humans, those retinal himours that occrir in mice 

are similar histologically and in antigenic profile to those seen in humans 

(Bernstein et al., 1994; Howes et al., 1994a; Kivela et al., 1991). While the timing 

of specific ce11 differentiation is compressed or extended with the gestational 

requirements of various species, the overall development of the eye is highly 

similar among vertebrates (Polley et al., 1989). There exist enough similarities 

between murine and hurnan retinal development to warrant the use of the 

murine retina as a mode1 system from which to compile data on the normal 

expression pa ttems of RB 1 in vertebrate retina. 



1.5. Objective of the shidy 

This study was designed to gather information about the role of RB1 during 

retinal development. 1 have employed the mouse as  a mode1 system. Through 

the use of in situ hybridization and immunohistochemistry, I have exûmined 

the expression pattern of RB1 in the developing murine retina, and conelated 

the timing of that expression to the migration and morphological differentiation 

of ganglion cells, the first discrete ce11 layer to form in the vertebrate retina. 



CHAPTER 2: MATERIALS AND METHODS 

2.1. Mice 

To study RB1 expression in normal mice, strains C.B-17 (Ontario Cancer 

institute) or CD-1 (Charles River) were uçed. RB-/- embryos were derived from 

breeding RB+/- heterozygotes (kindly provided by T. Jacks) and were genotyped 

by PCR as described (Jacks et al., 1992). PCR conditions were 940C (denaturation), 

550C (amealing) and 7 P C  (extension), one minute each for 35 cvcles. Timed 

pregnancies were determined by vaginal plug observation, with midday time of 

plug observation counted as embryonic day (E)0.5. Pregnant fernales were 

sacrificed by cervical dislocation. Pups were sacrificed by barbiturate overdose. 

For paraffin sections, mouse heads were fixed at 4oC in 4'Xl paraformaldehyde 

(PFA) in PBS (0.13 M NaCl, 7.0 mM Na2HP04,3.0 mM NaH2P04) made in O.l'% 

diethylpyrocarbonate (DEPC) Hz0  for various rimes depending on the age of the 

animal; E11.3-E12.5 for 1 hour, E13.5-E18.5 for 2-3 hours, postnatal day (P)0.5 -P5.5 

for 6-8 hours. The skin of the head was removed kom animals aged P6.3 and 

older and the heads were fixed overnight. Xfter PFA fixation, heads from 

mimals older than P8.5 were decalcified in 5% formic acid made in DEPC Hz0 

until tissue could be sliced easily with a scalpel. Tissues were then dehvdrated 

through an ethanol series and embedded in paraffin. Sections of 8 pm were 

collected on sialinated slides, allowed to air dry, baked at 550C for a minimum of 

4 hours to aHow the tissue to adhere to h d y  to the slides, and kept at  W C  until 

needed. Severai different Fixation procedures were employed in the preparation 

of cryosectiow: #1) mouse heads ages E11.5-E18.5 were fixed in 2L PFA as above, 

then cryoprotected in 15% suaose in PBS for 6 hours at @Cf foLlowed by 30% 



sucrose in PBS overnight at 40C. Fixed tissue was embedded in OCT compound 

(Miles), snap frozen in liquid nitrogen for 5 minutes and frozen at -800C until 

sectioned. #2) These were prepûred a s  just described, but the 2'!4 PFA step was 

omitted; #3) as described in #l, but the sucrose gradient was omitted; #4) tissue 

was snap frozen immediately upon dissection, and fixed for 5 minutes in 100% 

ice-cold methanol either immediateiy after sectioning, or #5) just prior to use in 

immunohistochemistry. Sections of 8 prn were collecteci on sialinated slides and 

allowed to air dry for an hour, then frozen at -800C until used. For al1 

experirnents, cryosections were used to examine embryonic time points, while 

paraffin sections were used to examine al1 postnatal time points. 

2.2. ln situ hybridization 

2.2.1. Riboorobe svnthesis 

A 969 bp Mlul-Apal cDNA fragment cloned in pGEMJzf(+) (Promega) 

from the C-terminus of the RB1 cDNA (bp 1811-2779) was used to generate 

digoxigenin- (DtG), [%]- and [33~]-labdled sense and antisense riboprobes. T l ~ e  

DIG-labelled riboprobes were produced by incubating the following components 

at 370C for 2 hours: 1 pg DNA, l x  DIG RNA labelling mix (Boehringer 

Mannheim), l x  transcription buffer (400 rnM Tris-HC1 pH 8, 60 mM MgCl2 100 

mM DTT, 20 mM spermidine, 100 mM NaCI), 1 pi RNase inhibitor (Boehringer 

Mannheim), 10 u/ml T7 or SP6 polymerase (for antisense and sense probes, 

respectively), and distilled, deionized Hz0 (ddH20) to 20 pl. M e r  the initial 

incubation, 1 p1 each of RNase-free DNase and RNAguard (Pharmacia) were 

added to reactions and incubated a hrther 15 min at 370C. The polymerase was 

then stopped with 20 mM EDTA. The labelled RNA was precipibted with the 

addition of 0.5 M LiCI, 1 pl glvcogen (to act as a carrier) and 75 pi ice-cold ethanol. 



This mixture was precipitated overnight at -200C or for 30 min on dry ice. The 

probe was then spun for 15 min, the pellet was cleaned in LOO p1 ice-cold 7%:) 

ethanol, spun again for 5 min and the resulting pellet was dissolved in 50 pl 

DEPC H20. in some assays, probes were hydrolysed to create fra,ments of 

between 0.2 and 0.3 kilobases (kb). This was accomplished bv dissolving the 

probes not in DEPC H20 but rather in 50 y1 hydrolysis buffer (40 mM NaHC03, 

60 mM Na2C03 in DEPC H20) and heating to 600C for 15 to 20 min. After 

heating, 200 pl DEPC H20,85 mM NaOAc and 600 pl ice-cold ethanol were added 

and probes were precipitated as above. Labelling eificiency was determined by 

placing 1 pl, 1 pl of a 1:10 dilution and 1 pl of a 1A00 dilution of probe onto 

nitrocellulose. The nitrocellulose \vas blocked for 10 min with l'XI D K  blocking 

reagent (Boehringer Mannheim) in maleic acid buffer (5.8 g maleic acid, 4.38 g 

NaCl, 3.5 g NaOH, ddH20 to 5 ml, pH 7.2) after which 1 ml of 1:500 dilution of 

anti-DIG alkaline phosphatase conjugated antibody (Boehringer Mannheim) was 

added for 10 min. The nitroceliulose was then tvashed twice tvith Tris-Buffered 

Saline (TBS; 8 g NaCl, 0.2 g KCl, 3 g Tris base, ddHî_O to 1 L, pH 7.4). 1 ml of 

buffer B (100 mk1 Tris pH 10.0,100 mM NaCl, 200 mPv1 MgC12, ddHz0 to 100 ml, 

pH 9.5) was added for 3 min, and antibody was visuaiîzed with 1 ml of NBT 

solution (4.5 pl NBT, 3.5 pl BCIP, 992 pl buffer B) for 10 min. 

The radio labelled riboprobes were made b y incubating the following 

components at 370C for 1.5 hours: Ix buffer as per T7 RNA polymerase 

(Pharmacia Biotech) specifications (200 &I Tris pH 8.0, 50 mM MgC12,50 nSvI 

DTT, 20 mM spennidine, 50 mPuI NaCl, 250 pg/ml BSA), 1 u1 RNXguard, 2.5 mi\[ 

eadi Am, CTP and GTP, 1 pg DDN template, 100 pCi [35s]-UTP or 50 uCi [ 3 3 ~ ] -  

UTP, 10 u/ml T7 or SP6 polymerase (for antisense and sense probes, 

respectively), 0.75 M DTT to [3%] probes, and DEPC Hz0 to 20 u1. Afer the initial 



incubation 1 pL each of RNase-free DNase and RNAguard were added to 

reactions and incubated a further 10 min at 370C. Phenol chloroform extraction 

was performed by adding NaOAc to .3 M, DEPC Hz0 to 100 pl and 50 PL 

phenol:chloroform mix (Amresco), vortexing briefly and spinning for 3 min. 

The aqueous phase was mixed with 50 pl phenol, vortexed briefly and spun for 1 

min. The resultant aqueous phase was added to 2 pl glycogen, 7.5 M NH4OAc to 

a final concentration of 2 M, and 300 pl ice-cold ethanol. This mixture was 

precipitated ovemight a t  -200C or for 30 min on dry ice. The probe was then 

spun t'or 15 min, the pellet was rinsed in 100 pl ice-cold 75% ethanol, spun again 

for 5 min and the resulting pellet was dissolved in 50 ~1 DEPC H20. For [%] 

probes, fresh DTT to 100 mM was added at each step to maintain reducing 

conditions. Specific activity of probes was determined by counting 1 pl of a 1 in 

10 dilution in 5 ml scintillation fluid, and the length of transcribed sequences 

was determined on 6% polyacrylamide gels prior to use in in situ hybridization 

experimen ts. 

2.2.2. In situ hvbridization 

in situ hybridization with DIG-labelled riboprobes was attempted with 

several modifications to the protocol, as indicated below. Paraffin-embedded 

sections, as weil as cryosections prepared as in preparation #2 (Section 2.1.) were 

used. Paraffin sections were pretreated in the following manner; slides were 

dewaxed in xvlene twice for 5 min each, rehydrated through an ethanol series 

diluted in PBS (100% 3x, 90%, 70%, and 50% each for 40 seconds, 30'51 for 2 min), 

then piaced in 0.2 N HCI in DECP Hz0 for 10 min, rinsed quickly Ui 0.05 M Tris 

pH 7.5, digested at 370C with IO mg/ml proteinase K in buffer (5 rnM EDTA, 0.05 

M Tris pH 7.4 in DECP H20) for 5 - 15 min, rinsed twice in DECP H20, incuba ted 



in 0.2% glycine in PBS for 30 seconds, fixed for 20 min in OB1% PFA at 40C, rinsed 

3 times with DECP H20, acetyla ted for 10 min a t RT with 0.75'21 acetic anhydride 

in 100 mM triethanolamine (prepared immediately before use), rinsed twice in 

DECP H20, dehydrated through the ethanol series in the reverse order and 

allowed to air dry. In some assays the fixation in PFA was omitted. Cryosections 

were prepared in the same manner, except that the slides were Hrst allowed to air 

dry for 15 min, then incubated at 370C for 15 min, then added directlv to the 0.2 

N HC1 solution. In some assays, slides were prehybridized in hvbridization 

solution for one hour at the same temperature at which l-ivbridization was 

performed. Various hybridization mixtures were assayed: 1) 50'!0 deionized 

formamide, SxSSC, 0.1% SDS, 2X Denhardt's, 250 pg/ml salmon sperm DNA, 250 

pg/ml tRNA, in ddH20; 2) same as  #l, plus 10% Dextran sulphate; 3) 50% 

deionized formamide, 5xSSS, 1 rng/ml yeast tRNA, 100 @ml Heparin, lx  

Denhardt's, 0.Y% Tween-20, 0.1% CHAPS, 5 mM EDTA; and 4) 30% deionized 

formamide, ixSSS, 1 mM DR, 5%) Dextran sulphate, 500 yg/ml salmon sperm 

DNA, 10x Denhardt's, 10 mM Tris pH 8.0. Sections were hybridized with 10-100 

ng probe/100 pi hvbridization buffer in moist chambers ovemight at -WC, 470C, 

520C or 530C. Slides were then washed as follows; 1:l mixture of 

2xSSC:formamide at hybridization temperature briefly, 2xSSC twice t'or 15 min 

each at RT, 1xSSC for 10 min at RT, O.5xSSC twice for 10 min each at 370C or 

65oC, 0.1xSSC twice for 10 min each at 370C, TBS rinse. Slides were then brocked 

in 1% to 5% DIG blocking reagent in maleic acid buffer for 1 to 4 hours at RT, 

rinsed in TBS and incubated with mti-DIG-alkaline phosphatase conjugated 

antibody diluted 1500 in 1% DIG blocking reagent in maleic acid buffer for 1 hour 

at RT. Slides were then rinsed in TBS or TBS with 0.2% Tween-20 and washed 

twice in buffer B For 15 min each. Aikaline phosphatase was detected by 



incubating slides with detection solution (1.5 ml buffer B, 6.8 pl NBT, 5.3 pl X- 

phosphate, and 0.2 to 2 M levarnisole) for lOmin to 2 hours at  RT or 16-18 hours 

at 40C. Slides were then rinsed in H20, dehvdrated through the ethanol series, 

cleared in xylene and mounted. 

In situ hybridization with radiolabelled probes basically followed the 

methodology of Hui and Joyner (1993). Pretreatment of paraffin sections 

included dewaxing in xylene for 10 min, rehydration through a decreasing series 

of ethanol concentrations (1001%, 2001%, 95%), 55%, 70'%), 504Z,, 30% diluted in 0.15 

M NaCl), 0.15 M NaCl rinse for 5 min, PBS rinse for 5 min, fixation in 4% PFA 

made in PBS for 10 min, PBS rinse for 5 min, digestion with 20 yg/ml proteinase 

K in buffer (50 rnMTcis pH 7.5 and 5 mM EDTA) for 8 min, PBS rinse for 5 min, 9 

min fixation in the previous PFA solution, PBS rime for 3 min, acetylation in 

0.25% acetic anhydride in 0.1 M triethanolamine for 10 min, 3xSSC rinse for 5 

min, and dehydration through the ethanol series as rnentioned above, onlv in 

reverse order. Sections were then air dried before use the same day. 

Cryosections prepared as in preparation #1 (Section 2.1.) were pretreated in a 

similar marner. After removal from the Freezer and air drying for 15-30 min, 

the slides were incubated at 370C for 45 min, placed directly in to the first PFA 

fixation step and processed through the remaining pretreahnent steps as listed 

above. Sections were hybridized overnight at  350C in moist chambers. The 

radiolabeiled probes were used at 4x104 cprn/p1([33~-]labeLled probes) or 2.5104 

cpm/pl ([%] -1abelled probes) in hybridization solution (0.3 M NaCl, 20 mM Tris 

pH S, 5 mM EDTA, 10 mM N a P Q  pH S,10% dextran sulphate, l x  Denhardt's. 0.5 

m g / d  yeast tRNA, 50% deionized formamide and DEPC H20). After 

hybridization slides were rinsed briefly in 50°h formamide/2xSSC at 550C to 

remove the free probe, then put through the foollowuig washes: 50% 



formamide/2xSSC at 650C for 30 min, quick tinse in T'NE (0.5 M NaCl, 10 mM 

Tris pH 7.5,5 mM EDTA pH 7-51, 20 pg/ml RNase A in T'NE at 370C for 30 min, 

2xSSC at 370C for 10 min, 1xSSC at 370C for 10 min, O.5xSSC at 370C for 10 min, 

0.1xSSC at 370C for 30 min. For [%] probes, 100 mM DTT was ûdded to the 

hybridization solution and to each wash. Slides were then dehydrated in 

increasing concentrations of ethanol (30'X,, 60%, SO'X,, 9570, 100tX,, 1001:ii) in 3 M 

NH40Ac and air dried. Autoradiography of slides was performed ovemight to 

judge the intensity and background of experimenb. Slides were then coiited with 

Kodak NTB 2 emulsion and stored a t  40C. After exposure for 2 - 4 weeks as 

determined by the strength of the signal as seen on the autorads, slides were 

developed in Kodak D-19 developer and counterstained lightly with 

hematoxylin before mounting. 

2.3. Cells 

COS cells were grown in uMEM medium containing 101% fetal bovine 

serum (FBS, HyClone). At confluence, cells were rinsed in cold PBS citrate and L 

ml of 0.25% W s i n  was added and left on cells for 3 min. CeUs were then diluted 

1 in 10 into fresh medium ruid aiiowed to grow to confluence. Y79 cells were 

grown in Iscove's medium containing 15% Fetal Clone Il (HyClone), 100 ~ g / m g  

penicillin and streptomycin, 55x10-5 P-mercaptoethanol and 10 pg/ml insulin. 

At confluence, cells were scraped From the dish and diluted 1 in 10 into fresh 

medium. 



2.4. Westerns 

2.4.1. Protein extractions 

Protein was extracted from P6 mouse retina and thymus. Tissue was 

d issec ted immedia tely a fter sacrificing animals and p laced directly in to ice-cold 

PBS. Single ce11 suspensions were made by drawing cells First through an 18 

gauge needle, then a 23 gauge needle, after which cells were sonicated 10 times 

for 30 seconds each. Suspensions were spun for 5 min at @C, the pellet was 

dissolved in HDL lysis buffer (50 mM Tris pH 7.5; 100 mM NaCl: 0.2'3, NP40) and 

rocked for 30 min at AOC. Solutions were then centrifuged ior 15 min at -PC, 

supematants were transferred to new tubes at W C ,  and protein content was 

assayed using the Bio-Rad Protein Assay System (Bio-Rad Labora tories). To 

obtain protein extracts from cells, confluent COS ce11 cultures were cleaned and 

trypsinized as described above and 5 ml of fxesh media was added. Y79 cells were 

used directly from confluent plates. Cells were spun for 5 min at 40C and the 

supernatants were removed. Cell pellets were washed 3 times with ice cold PBS, 

with careful dissociatation on the pellet each tirne. Tlie final pellet was 

resuspended in HDL lysis buffer, and a single ce11 suspension was obtained by 

pipetting up and down. The suspension was incubated on ice for 10 min, spun to 

10C for 10 min and the protein-containing supernatants were assayed for protein 

content as above. 

2.4.2. Gel eiectro~horesis . transfer and blotting 

Protein lysate samples for testing the specificity of anti-RB antibodies 

ag"st mouse tissue by western blot (specificïty westerns) induded 200 pg retinal 

lysate, 300 pg thymus lysate, 100 pg and 200 yg of COS ceu lysate as positive 

control, and 200 pg of Y97 cell lysate as negative control. Prior to loading on gels, 



samples were boiled for 5 min with Laemmli buffer (2% SDS, 10% glycerol, 100 

mM DTT, 60 rnbl Tris pH 6.5, 0.0001% bromophenol blue). Denaturing gel 

electrophoresis was conducted at SmA ovemight on 7.5% polyacrylamidr gels. 

Protein samples for testing the affinity purified chicken anti-RB polvclonal 

antibody by western blot (purification western) included 1 pg each of purified 

GST and GST-RB4382 produced in E coli. Samples were boiled as  above, 

loaded on minigels and run a t  200V Cor 2 hours on 10% polyacrvlamide gel: 

al1 blots, gels, Whatman paper and nitrocellulose membranes were soaked 

transfer buffer (5.82 g Tris base, 7.93 g glycine, 0.0375 g SDS, 200 ml methano 

d d H 2 0  to 1 L; pH 9.0-9.4) for 30 min and transfer was accomplished using a 

;. For 

in 

1 f 

Trans-Blo t SD Semi-Dry Electrop horetic Trans fer Ce11 (Bio-Rad) . Nitrocellulose 

blots were then blocked in PBS plus 1% Tween-20 (PBÇ-T) with 5% milk powder 

for a minimum of 30 min. Imrnunoblots were rinsed in the following manner; 

twice in PBS-T, 15 min in PBS-T, and twice for 5 min each in PBS-T. Prima- 

antibodies tor the specificity westerns included Pharmingen anti-RB mouse 

monoclonal 14001A used at 12000 dilution in PBS-T; Santa Cniz anti-RB rabbit 

polyclonal Cl5 used at 1:1000 dilution in PBS-T with 3% milk powder; Oncogene 

anti-RB rabbit polycional Ab-? used at 1:300 dilution in PBS-T with 5% milk 

powder; and anti-RB chicken polyclonal used at  1:1000 dilution in PBS-T with 5% 

milk powder. Primarv antibodies for the purification westerns included cmde 

and affinity purified chicken anti-RB polyclonal used at 1:1000 and 150  dilutions, 

respectively, in PBS-T and 5% milk powder. Blots were incubated with primary 

antibodies for one hour at RT, then rinsed as above, followed by a one hour 

încuba tion with secondary antibodies. For specificity wes tems, secondary 

antibodies conjugated to horse-radish peroxidase were diluted in PBS-T, and 

included goat anti-mouse antibody at 1:4000 (Bio-Rad), goat anti-rabbit antibody 



at 1:4000 (Bio-Rad), and rabbit anti-chicken antibody at 12500 (Zymed). For 

purification westerns rabbit anti-chicken secondary antibody (Dimension 

Laboratories) \vas conjugated to alkaline phosphatase and diluted 12000 in TBS. 

Blots were then rinsed as above, except that purification westerns were rinsed 

with TBS rather than PBS-T. Results of specificity westerns were visualized with 

the ECL system following the manufacturer's protocol (Arnershem). Results of 

purification westerns were visualized by incubation with Sigma Fos t BCIP/ NBT 

tablets (1 pellet dissolved in 10 ml H20) until bands were visible, about 30 

minutes, after which blots were rinsed in water. 

2.5. Antibody purification 

2.5.1. Chicken anti-Rb ~olvclonal antibody 

A chicken polyclonal antibody raised against a GST-fusion protein 

containing 382 amino acids of the N-terminus of rnouse RB (GST-RB-N382) 

(plasrnid conshuct provided by O. Wiggins and antibody raised by Lina Dapino) 

was obtained by purifying the IgY fraction from the egg yolks of an immunized 

chicken (Lina Dagnino, unpublished data). To affinity purify the crude antibody, 

bacterial cultures producing either the GST-RB-N382 fusion polypetide or the 

GST polypeptide alone were grown. Bacterial lysates were added to ice-cold 

slurries of glutathione-sepharose beads in PBS-T and rocked for 15 min at RT to 

create beads conjugated to GST, and beads conjugated to GST-RB-N382. After 

centrifugation, the supematants were removed and the beads were rinsed 3 

times with ice-cold PBS-T. 30 mg of cmde [gY fraction were added to the GST- 

conjugated beads, rodced for 15 min at 40C and spun for i min. The supematant 

was removed, added to the GST-RB-N382-conjugated beads and rocked for 15 

min at W C ,  after which the beads were spun, the supematant was discarded and 



the beads were cleaned 3 times with ice-cold PBS-T. The purified antibody was 

eluted from the ~ ~ ~ - ~ ~ - ~ 3 8 2 - c b n j u ~ a t e d  beads by a 45 min incubation with 50% 

ethylene glycol (pH 8.0). It was found that three elutions removed the majority 

of the purified antibody from the beads. 

2.5.2. Ra bbit anti-Brn-3 ~olvclonal antibodies 

Cnide rabbit polyclonal antisera to the Bm-3b polypeptides fused with the 
1 

maltose-binding protein (MBP) (JH1311-aBm-3aFP2'; JH795--aBrn-3bFP2; 

JHl313--nBrn-3cFP2) and glycerol stabs of DH5a cells containing the plasmids 

pMA L-cR1-Brn3aFPZ', pMAL-CRI-Brn-3bFP2 and p MA L-CRI-Bm-3cFP2, 

respectively, were kindly provided by J. Nathans (Xiang et al., 1993). Tlw 

polypeptides were induced in DH5a cells in large quantities and affinitv-purified 

over amylose resin (which binds MBP) foIlowing the manufacturer's protocol 

(New Engiand Biolabs). The resulting elutions were dialyzed against PBS, 

lyophilized and resuspended in 1 ml of water. The purified polypeptide 

solutions were used to affinity-purifiy the Brn-3 antisera using affinity-columns 

(Ag-Ab AminoLink immobilization Kit, Pierce) as per the manufacturer's 

pro tocol. 

2.6. Immunohis tochemis try 

2.6.1. Anti-Brn3 antibodies 

Crvosections prepared as in preparation #1 (Section 2.1.) were allowed to air 

dry for 15-30 minutes, then heated a t  370C for 45 min to ensure sections adhered 

to slides. immunohistochemistry was performed basically as described (Xiang et 

al., 1995; Xiang et al., 1993; and M. Xiang, persona1 communication). Slides were 

rinsed in PBS for 5 min, blocked with 5% normal goat senun in PBS For 15 min, 



primary antibody at a 1:s dilution in PBS was added and çlides were incubated at 

40C ovemight. Slides were then rinsed 3 times in PBS for 5 min each with 

agitation, incubated with biotin-conjugated goat anti-rabbit secondary antibody 

(Vector Laboratories) at a 1200 dilution in PBS for 1 hour at RT, and rinsed three 

times with PBS. Slides were incubated with an avidin-biotin-horseradish 

peroxidase cornplex (ABC cornpiex, Vector Elite Kit) for 30 min at RT, then 

rinsed with PBS three times for 5 min each with agitation. Peroxidase was 

visualized with 3,3'diaminobenzidene tetrahydrochloride (DAB;Sigma) and 

slideç were lightly counterstained with hematoxylin before mounting. 

2.6.2. Rabbi t anti-RB antibodv 

Cryosections as prepared in preparation #l (Section 2.1.) were employed. 

Lmmunohistochemistry was performed as described (Nikitin and Lee, 1996; 

Nikitin et al., 1991). BriefIy, pretreatment of slides included PBS for 5' ,  PBS plus 

0.05% sodium borohydrate for 10 min, PBS plus 0.5% Triton X-100 for 3 min and 

blocking for 10 min in 15 mM Tris pH 8.0, 100 mM NaCl, 0.2% NP--IO, 5% milk 

powder and 0.1% NaN3 in PBS. Polydonal rabbit anti-RB antibody (C-15, Santa 

Cruz Biotedinology) at a 1:300 dilution was preadsorbed by putting ~ b - 1 -  sections 

through the pretreatment procedure and incubating on RB-/' sections overnight 

at 40C. This preadsorbed antibody was used directly on pretreated cryosections 

overnight a t  W C .  Following incubation with the prirnary antibody, sLides were 

rinsed 3 tirnes for 5 min in TBS, ice-cold methmol plus 0.3'7~) Hz02 for 30 min (to 

quench endogenous peroxidase activity), rinsed 3 tirnes for 5 min in TBS and 

then incubated with biotinylated goat-anti-rabbit antibody (Pierce) a t  a 1200 

dilution preadsorbed with 5OL1 mouse serum for 30 min. Slides were rinsed 3 

times for 5 min in TBS and incubated with ABC complex for 30 min at RT. Xfter 



rinses in TBS (3 times For 5 min each) color was visualized with DAB. Slides 

were lightly coun ters tained wi th hema toxylin before mounting. 

2.6.3. Chicken anti-RB antibodv 

Immunohistochemistry using the chicken anti-RB polyclonal antibody was 

attemp ted with several modifia tions of three protocols as indicated belo W. 

Protocol 1: Al1 preparations of cryosections (Section 2.1.) were assayed. Sections 

were removed From freezer, allowed to air dry for 15-30 min, then incubated at  

370C for 45 min. Unfixed cryosections were then fixed for 5 min in 100'11, ice-cold 

methanol. Al1 types of cryosections were blocked with PBS or PBS plus 2 mM 

MgCl, with 1-5% milk powder or bovine serum albumin (BSA), and 2-10% 

normal rabbit serum. Primary antibodies assayed included crude chicken anti- 

RB polyclonal at M.0, 125, 150. 1:100. 1~200, or 1500 dilutions in the appropriate 

blocking solution (BS), and affinity purified chicken anti-RB antibody undiluted 

or at 1:1, 15, 1:10, 150 and 1:100 dilutions in appropriate BS. Slides were 

incubated with primary antibody For 1-4 hours at RT or ovemight at AOC. Slides 

were then washed in 3 times in PBS Cor 10 min each with agitation. Secondary 

rabbit-anti chicken antibodies conjugated to horse-radish peroxidase, (Dimension 

Laboratories), FITC (Pierce) or biotin (Pierce) were diluted in PBS at 1:100, 1:100 

and 1500-1:1000, respectively. Slides incubated with light sensitive RTC- 

conjugated secondary antibody were kept in the dark for the remainder of the 

procedure. M e r  1 hour incubations with the secondary antibodies, slides were 

rinsed 3 times in PBS for 10 min each. SLides to which FITC secondary had been 

applied were mounted with mounüng media for fluorescent microscopy 

(Kirkegaard & Perry Laboratories), and viewed with fluorescent optics. Slides to 

whidi the biotin-labelled secondary antibody was appüed were then incubated 



with either Texas-red-conjugated Strepavidin (Pierce) at 3-5 yg/ml in PBS, or 

FITC-conjugated Streptavidin (Pierce) at a 1:100 dilution in PBS for one liour in 

the dark. Slides were then rinsed 3 times in BS for 10 min each with agitation 

and mounted as above. Slides to which horse-radish peroxidase-conjugated 

secondary antibody was applied were incubated for 30 min in ABC complex 

(Vector Elite Kit), rinsed twice in FBS for 10 min each with agitation, and color 

was visualized with DAB. 

Protocol 2: Paraffin-embedded sections and cryosections as  prepared in 

preparations # 1 and #4 (Section 2.1.) were used in this protocol. Paraffin- 

ernbedded sections were pretreated in the following manner; slides were 

dewaxed in xylene for 10 min, rehyrdrated through an ethanol series (10O1X1, 

ZOO%, 95%, 7Oc1/i1), endogenous peroxidase was quenched with 3% Fi202 in 100% 

methanol for 10 min, quickly rinsed 2 times in H20 and then in TBS, 

microwaved for 3 min in microwave cihate buffer (2.1 g citric acid; 1 L H20; pH 

6.0-6.2) and allowed to cool for 20 min, rinsed in TBS, then incubated in 0.5'?!1 

casein solution (5 g casein powder, 0.5 g thimerosal; 1 L H20, pH 7.4) for 10 min. 

Cryoprotected slides as prepared in preparation #1 (Section 2.1.) were allowed to 

air dry for 15 min, baked at 370C for 45 min, then placed into the 3'00 Hz02 

methanol solution and processed through al1 following solutions as just 

mentioned. Cryoprotected sections treated as in preparation #4 (Section 2.1.) 

were incubated in the 30h Hz02 methanol solution as above, then immediately 

rinçed in TBS and placed in casein solution. Slides were then ùicubated for 1.5 

hours with the affinitv purified chicken anti-RB polyclonal antibody at a 1:10 

dilution in PBS. Ail slides were rinsed 3 tunes in Tl35 for 10 min each and 

incubated with biotinylated qat-mti-chicken secondary antibody at a 1500 

dilution in TBS for 1 hour. As in protocol 1 above, slides were rinsed in TBS, 



ABC complex was applied for 30 min, slides were rinsed again and color was 

visualized with DAB. 

Protocol 3: This is the Nikiten and Lee (1996) protocol, performed exactly as 

described in Section 2.6.2., except that preadsorbed chicken anti-RB antibody at a 

dilution of 1 : l O  was substituted as the primary antibody, and the secondary 

antibody was a bio tinylated rabbit anti-chicken antibody. 

2.7. Pho tomicroscop y 

All micrographs were taken using a Kyocera 35mm camera attaclied to 

Reichert-Jung Polyvar microscope. Professional Kodak EPYl.35 film was used. 



CHAPTER 3: RESULTS 

3.1. Expression of RB2 dunng developrnent of the ganglion ceIl layer 

3.1.1. RB? mRNA ex~ression durine develo~ment of the ganplion ce11 laver 

Lamination of the vertebrate retina occurs Iayer by layer, with the GCL as 

the first discrete population of cells to become differentiated, foliowed by cells of 

the iNL and then the cells of the ONL. Differenliation of specific ce11 types that 

will ultimately lie within particular layers occurs first in those cells closesr to the 

optic nerve, followed by cells in the central area and then those in the periphery 

of the retina (Dutting et al., 1983; Morris and Cowan, 1984). 60th amacrine and 

ganglion cells have been shown to commence the process of differentiation prior 

to formation of their appropriate retinal layers (Barnstable, 1987; McLoon and 

Bames, 1989). in mice, ganglion cells first become apparent at E l 2  and continue 

to differentiate until about P2. The GCL becomes apparent at E14, and bv El5 the 

majority of ganglion cells have differentiated and migrated into the GCL. Those 

cells that differentiate after this time represent a minor fraction of the total 

number of ganglion cells present in the mature retina (Hinds and Hinds, 1974; 

Sidman, 1961; Young, 1985). 

As a first approach to examining the expression patterns of RB1 in the 

developing murine retina, 1 used digoxigenin (DIG)-labelled riboprobes for in 

situ hvbridization. This approach was unsuccessful, perhaps because the RB1 

message is not abundant enough to be detected using this tedinique. 

Subsequently, 1 assayed both [3%]-UT'P- and [ 3 3 ~ ] - ~ ~ ~ - l a b e l l e d  nboprobes; [33I?]- 

labelled riboprobes gave consistently higher signal-to-noise ratios. Thereafter 1 

performed all in situ hybridizations with [33~]-labelled riboprobes. 



At the level of resolution provided by in situ hybridization, expression of 

RB1 mRNA first becomes evident at E l 4 5  By this time, the entire laver of the 

retina corresponding to the developing ganglion cells expresses high levels of 

RB1 mNVA (Figure 3.1 a,b). RB1 expression is strongest in the GCL at E15.5. The 

GCL continues to express RB1 throughout the entire development of the retina 

and in 3 month-old mice (see Figure 3.8 e,f, below), the oldest animals exarnined, 

hereafter referred to as 'adult', 

3.1.2. DRB expression during retinal development 

Murine DRB detection bv imrnunohistochemistn/ 

Although in situ hybridization experiments indicated general areas of RB2 

expression in the developing murine retina, they lacked resolution at a single 

ce11 level. For this reason, and to correlate presence of protcin with mRNA 

expression, I used anti-RB antibodies for immunohistochemical staining. T l ~ e  

majority oi commercially available antibodies to pRB have been raised against 

human pRB, and have not allowed detection of RB protein from mouse tissues. 

In an atternpt to circumvent this problem, a polyclonal chicken anti-RB antibody 

was raised against the N-terminus of mouse pRB (Luia Dagnino, unpublished 

data). The N-terminus was used in order to prevent cross-reactivity with RB- 

family members pl07 and p130, which have significmt homolgy to pRB in the A 

and B domains (Ewen et al., 1991; Hannon et al., 1993; Li et al., 1993; May01 et al., 

1993). 

To h d  the best antibodv for use in irnmunohistochemistry, tested the 

cmde mti-RB chicken antibody, as well as a commercially available mouse 

monoclonal antibody (P harmingen 14001a) and two commercially available 

rabbit polyclonal (Santa Cruz, C15; Oncogene Ab-2) anti-RB antibodies on 



Figure 3.1: Expression of RB1 rnRNA is Limited to the GCL in E14.5 and E15.4 
mouse re tinas. 
Coronal sections through the retinas of E14.5 (a,b) and E15.5 (c,d) embryos 
were hybrïdîzed with [33l?]-labelled RB7 riboprobes. Bright field images (a,c) 
show tissue rnorphology. Dark field images @,d) show RB1 expression in the 
ganglion ceU layer (GCL). NL, neuroblastic layer; Le,lens. Mag. approx. 28x. 



westem blots (Figure 3.2 a-d). The monoclonal antibody specifically detected the 

llOkDa pRb band from mouse retina, but was not chosen for 

immunohistochemical studies because of potential non-specific interaction of 

the secondary mouse IgG antibody with the mouse tissue. Both rabbit polyclonal 

antibodies detected pRB from mouse retina, although the Ab-2 antibody product 

required a much longer ECL development time, and was not specific for pRB 

(Figure 3.2 c). The chicken polyclonal antibody recognized pRB, and ûppeared to 

have a higher affinity for mouse pRB than simian pRB, as evidenced by the lack 

of recognition of the pRB band in the COS ce11 lanes. At the time during which 

these experiments were being carried out, the commercielly available nnti-RB 

antibodies had al1 been assayed immunohistochemically on mouse tissue and 

found to be incapable of giving useful information (H.D. and J. Trogadis). 

Because the chicken polyclonal showed a high specificity for pRB from mouse 

retina on western blots, and also because it is an inexpensive, easily available, in- 

house reagent, I decided to try the chicken polyclonal in immunohistochemistry 

experiments. 

in order to increase the specificity of the diicken anti-RB antibody for 

immunohistochemistry, I affinity purified the antibody on GST and then GST- 

RB columns (see Materials and Methods). 1 used the (affinity purified) product 

and the original crude antibody to probe western blots containhg purified GST 

and GST-RB-N382 protein produced in E coli (Figure 3.2 e). The purified 

antibody was specific and recognized GST-RB-N382. Subsequently, various 

dilutions of the purified antibody were used for immunohistochemical staining. 

No specific staining was obsewed, although severai modifications to the tissue 

fixation and immunohistochemical protocols were tested (see Materials and 

Methods). Other protocols or modifications may be necessary, but it is also 
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Figure 3.2: Specificity of anti-RB antibodies for RB1 protein on westem blots. 
Specificity of various anti-RB antibodies for mouse retinal tissue was tested 
on westem blo ts (a-d) containing pro tein lysates of retina (200 pg) and thymus 
(300 pg) from P6.5 mice, as well as cell lysates from COS cells (100 and 200 pg, 
positive control) and from Y79 cells (200 pg, negative control). Anti-RB 
antibodies assayed include (a) Pharmingen mouse monoclonal antibody 
14001a, @) Santa C u  rabbit polydonal antibody C15, (c) Oncogene rabbit 
polyclonal antibody Ab-2, and (d) a chicken polydonal antibody produced in 
the lab (pRB = 110 kDa). (e)  The specificity of affinity-purified versus the 
uude chicken anti-RB polyclonal antibody was evaluated on a westem blot 
contauiing GST (1 pg) and GST-RB-N382 (1 pg) (GST-RB-N382 = approx 70 
kDa, arrow). 



possible that this chicken polyclonal anti-RB antibody is not useful for 

immunohis tochemis try, though it is effective for visualizing dena tured p RB on 

western blots. 

As I was cornpleting my analysis of the chicken polyclonal antibody, 

Niluten and Lee (1996) published a paper in which they employed the Cl5 

polyclonal anti-RB antibody to detect pRB in mouse tissue. I assayed this 

protocol, found it to be effective,-and used it in subsequent 

immunohis tochernis try experiments. 

Markers of pandion cells 

To determine if the cells expressing pRB are ganglion cells, 1 also performed 

immunohistochemistry experiments on serial sections using the ganglion ce11 

specific anti-Bm-3b antibody (Xiang et al., 1996; Xiang et al., 1995; Xiang et al., 

1993). The Bmdb protein is a POU domain-containhg nuclear transcription 

factor that has been shown to be expresssed as eariy as E12.5 in migrating 

ganglion cells of the murine retina. 

Ex~ression of DRB and Brn-3b 

As ganglion cells are the firçt discrete population of cells to differentiate, 

and as RB1 mRNA expression was seen in the retina in the presumptive GCL, I 

chose to focus on this ce11 Layer by examinhg embryos hom E11.5 to E16.5. pRB 

immunoreactivity is first visible at E12.5 in ceUs that are migrating from the 

ventricular zone toward the innermost edge of the retina. At this time, pRB 

expression is only slightlv above background, is seen in very few cells ruid is 

localized to the area of the retina nearest the optic nerve where, according to 

retinal development studies (Sidrnan, 1961; Young, 1985) the k s t  ganglion ceils 

are differentiating (Figure 3.3 a,b, arrows). Bm-3b shows a sirnilar pattern of 

expression, in keeping with published results (Xiang et al., 1996) ('Figure 3.3 c,d). 



At E14.5 and E15.5, both pRB and Bm-Sb are clearly visible in the obviousiy 

developing GCL (Figures 3.4 and 3.5), and migrating cells (arrows) are seen with 

both antibodies, though less clearly with pRB than with Brn-3b. At E15.5 the 

migrating cells are located more toward the periphery than the center of the 

retina, corresponding to the wave of differentiation that, at this point, has aimost 

reached the periphery of the retina. By E16.5 there are few, if any, migrating cells, 

and retinas express high levels of both pRB and Bmdb in the GCL (Figure 3.6). 

Because both anti-RB and anti-Bm-3b antibodies are rabbit polyclonals, 

double staining was not possible. Further, although serial sections rvere used to 

examine expression of pRB and Brn-Jb, the sections were too thick to allow direct 

comparison of specific cells common to slides used for each antibody. However, 

the similarity of the expression patterns seen with the two antibodies suggests 

that the cells expressing pRB are most likely to be ganglion cells. My 

observations suggest that pRB is expressed in migrating ganglion cells, and that 

pRB expression is lirnited to the developing ganglion cells during this period of 

murine retinal developrnent. 

3.2. Expression of RB1 mRNA during development of the inner nuclear layer 

The mature INL is composed of amacrine, horizontal and bipolar neurons, 

as well as the nuclei of Muller cells (Sidman, 1961; Young, 1985). Both amacrine 

and horizontal cells may undergo terminal mitosis as early as E10, but very few 

differentiated cells are seen until around birth. Arnacrine cells become apparent 

at the inner edge of the developing INL at about P2, followed closely by 

horizontal and then bipolar cells. The vast majority of INL cells have completed 

morphological differentiation and migration by about P6, by which time the INL 



Figure 3.3: Protein expression of RB1 and Brn-Sb is limited to a few migrating 
cells in E12.5 retinas. 
Protein expression of RB1 (a,b) and the ganglion cell-specific Bm-3b (c,d) was 
assayed on near serial sections of E12.5 mouse retinas. Magnifications of each 
refina near the optic nerve (ON) area show individual cells that are positive 
for pRB or Brn-3b (b,d, arrows; not ail-pRB or Bm-3b expressing cells are 
indicated by arrows). Sections were counterstained Lightly with hematoxylin. 
NBL, neuroblastic layer; Le, lem. Mag. approx. 70x (arc); 281x 
(bld). 
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Figure 3.4: Protein expression of RB1 and Bm-3b is seen in the GCL and in 
migrating ceus in E14.5 retinas. 
Protein expression of RB1 (a,b) and the ganglion cd-specific Bm-3b (c,d) was 
assayed on near serial sections of E14.5 mouse retinas. Magnifications show 
rnigrating celis that are positive for pRB or Bm-3b (b,d, arrows), as well as 
many positive cells in the ganglion cell layer (GCL) Sections were 
counterstained lightly with hematoxylin. Le, lem; ON, optic nerve. Mag. 
approx. 70x (a,c); 281x (b,d). 



Figure 3.5: Protein expression of AB1 and Bm-3b is seen in the GCL and in a 
few migrating cells in E15.5 retinas. 
Pro tein expression of RB1 (a,b) and the ganglion cell-speafic Bm-3b (c,d) was 
assayed on near s e r i d  sections of E15.5 mouse retinas. Magnihcations show a 
few migrating cells that are positive for pRB or Brn-3b (b,d, arrows), as well as 
many positive cells in the ganglion cell layer (GCL). Sections were 
counterstained lightly with hematoxylin. Le, lem; ON, optic nerve. Mag. 
approx. 70x (a,c); 281x (b,d). 



Figure 3.6: Protein expression of RB1 and Brn-3b is mostly limited to the GCL 
in E16.5 retinas. 
Protein expression of RB1 (a,b) and the ganglion cell-speafic Brn-3b (c,d) was 
assayed on near serial sections of E16.5 mouse retinas. Magrufications show 
only one migrating ceU that is positive Brn-3b (d, arrow), and many positive 
cells in the ganglion c d  Layer ( G a ) .  Sections were counterstauied lightly 
with hematoxylin. Le, l m ;  ON, optic nerve. Mag. approx. 70x (a,c); 281x (b,d). 



has become distinct from the ONL. A few INZ, cells will continue to differentiate 

and migrate as late as Pl 1. 

1 found that at E18.5, RB1 expression is seen not only in the GCL but also in 

the as yet undifferentiated neuroblastic layer, although at levels just above 

background (Figure 3.7 a,b). It is possible that expression in the neuroblastic layer 

is occurring in cells that have undergone terminal mitosis at the ventricular 

surface of the retina and are now in the process of migrating toward the 

appropriate ce11 layer. By P4.5, RB1 expression is clearly evident at the imer edge 

of the iNL, which is becoming distinct from the neuroblastic layer (Figure 3.7 c,d). 

This expression pattern corresponds to known differentiation of amacrine cells 

(E18-P7) and horizontal and bipolar cells (Pl-PU) in the INL. Also at this time, 

expression is seen in the outer portion of the neuroblastic layer. At P9.5, when 

the iNL and ONL have become two distinct layers, RB1 is strongly expressed in 

the INL and more weakly and sproadically expressed in the developing ONL 

(Figure 3.7 e,O. 

3.3. Expression of RB1 mRNA during development of the outer nuclear layer 

The mature ONL consists of rod and cone photoreceptors. Both of these 

ceil types undergo terminal mitosis early in embryonic development but 

morphoIogicaliy differentiated ceils are not seen until around P3 (Sidman, 1961; 

Young, 1985). The majority of rods and cones assume their morphologically 

differentiated phenotype in the ONL between P6 and P12, although some few 

c e h  will continue to differentiate util as late as P21. 

As mentioned previously, RB1 mRNA is only moderately expressed at P9.5 

in the ONL. At P13.5, RB1 is expressed strongly in the G a  and INL, but 

expression in the ONL is seen only sporadicdy (Figure 3.8 a,b). By P16.5, RB1 



levels in the ONL are only just above background (Figure 3.8 c,d). The 

expression pattern seen at  P16.5 remains constant as late as 3 months after birth, 

the latest time point examined (Figure 3.8 a-d). As o d y  one in situ hybridization 

experiment was performed with the 3 month old mice, these results are not 

conclusive, but the pattern observed is consistent with that seen a t  P16.3. 
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Figure 3.7: Expression of RB1 mRNA in E18.5, P4.5 and P9.5 mouse retinas. 
Coronal sections through the retinas of E18.5 (a,b), P4.5 (c,d) and P9.5 (e,f) mice 
were hybridized with [33~]-labelled RB1 riboprobes. Bright field images (a,c,e) 
show tissue morphology while dark field images (b,d,f) show RB1 expression. 
At E18.5, expression is seen strongly in the ganglion cell layer (GCL) and more 
weakly in the neuroblastic layer (ML) .  At P4.5 expression is becoming more 
pronounced in the developing inner nudear layer (ÇLINL), while at  P9.3 
expression is seen in the GCL, the INL and more weakly in the outer nudear 
layer (ONL). Mag. approx. 28x (a,b); 70x (c-f). 



Figure 3.8: Expression of RB1 mRNA in P13.5, P16.5 and adult mouse retinas. 
Coronal sections through the retinas of P13.5 (a,b), P16.5 (c,d) and adult rnice 
were hybridized with [33~]-labelled RB1 riboprobes. Bnghtfield images (a,c) 
show tissue morphology while RB1 expression is seen in darkfield images 
(b,d). At ail ages expression is strongest in the ganglion cell layer ( G a )  and 
inner nudear layer (INL) and only just above background in the outer 
nudear layer (ONL). Mag. approx. 70x (a-d); 112x (e,f). 



CHAPTER 4: DISCUSSION 

4.1. Expression pattem of RB1 in developing murine retina 

4.1.1. RB? expression during develo~ment of the ganglion ce11 laver 

[ used irnmunohistochemistry to examine the pattem of RB1  protein 

expression in the mouse retins-from E22.5 to EE1.5. In conjunction with known 

patterns and timing of retinal ce11 differentiation, rny results suggest that RB1 is 

expressed as cells are in the process of migrating and assuming a morphologically 

differentiated phenotype. pRB is observed as early as E12.5 in cells within the 

neuroblastic layer. It has been shown through birthdating studies that 

predominantly ganglion cells, horizontal cells and cone photoreceptors, as well 

as a small percentage of other ce11 types are undergoing terminal mitosis at this 

time (Sidman, 1961; Young, 1985). Although 1 used serial sections to examine the 

expression patterns of both pRB and Bm-3b, the tissue on each section was too 

thick to allow direct comparison between the two antibodies. Further, both the 

pRB and the ganglion cell-specific Bm3b antibodies were prepared in rabbits, 

preduding double staining experiments. Mthough the results of my 

experiments are not definitive, I do h d  similar expression pattems between 

pRB and Brn-3b. These results suggests that during the period of retinal 

deveiopment from E12.5 to E16.5, pRB is expressed in ganglion cells as they are 

migatllig and assuming a morphologically differentiated phenotype. 

The RB1 mRNA expression pattern seen in the developing GCL early in 

development (E14.5 - E15.5) corresponds to the observed protein expression 

pattern. Very few cells express pRB prior to E14.5; the signal obtained in the in 



situ experiments is not significantly higher than background, probably because 

there are so few RB1 positive cells. 

The point at which differentiation occurs in any given retinai ce11 type is 

not known precisely (Belecky-Adams et al., 1996; McLoon and Bames, 1989; Wald 

and McLoon, 1995; Young, 1985). Developing chicken retina was examined to 

detemine the time at which retinal neuroblasts becorne committed as ganglion 

cells (Wald and McLoon, 1995). Positive double staining for the thvmidine 

analogue bromodeoxyuridine (BrdU) and the chick ganglion cell-specific marker 

R4 was visible a s  early as 60 minutes after injection of BrdU. Cells that stained 

for both antibodies obviousiy were still in S phase when BrdU was injected but 

began to differentiate very soon after final mitosis. Although the timing of Bm- 

3b expression has not yet been correlated with terminal mitosis, mv observations 

of pRB and Bm-3b expression at E l 6 3  in the GCL, but not tilsewhere, suggest that 

pRb is not expressed in cycling cells. Very few migrating cells are seen with 

antibodies to either pRB or Bm3b at E16.5, a time tvhen the majority of ganglion 

cells have differentiated; al1 other ce11 t,ypes have been shown to be undergoing 

terminal mitosis at this time, but their migration and morphoiogical 

differentiation have not yet commenced (Figure 1.3). Due to the few cells that 

are positive for pRB, and the high background observed on the earlier slides 

(E12.5, E14.5) it is difficult to determine whether cells in the mitotic zone mav be 

positively stained for pRB. 

4.1.2. RB2 expression d u n n ~  develovment of the inner and outer nuclear lavers 

The constant low expression of RB1 that I saw in the undifferentiated 

neuroblastic layer from E18.S onwards, and in the developing ONL from P9.5 

through to P13.5 may come from cells which have completed terminal mitosis 



and have begun to migrate and differentiate. The expression of RB1 seen at the 

innermost edge of the developing INL at P4.5 corresponds to the knotvn periods 

during which amacrine, horizontal and bipolar cells are migrating and 

differentia ting. During this time, RB 1 expression becomes s tronger in the INL, 

the final resting place of these ce11 types. The majority of cone and rod 

photoreceptor ceils morphologically differentiate between the ages of P6 and P U ,  

which may account for the RB1 expression seen in the ONL at this time. 

Behveen P l 1 5  and P13.5, RB1 expression in the ONL decreases to just barely 

above background levels. In contrast, it is interesting to note chat R B 1  expression 

continues in the GCL and iNL through to adulthood. This suggests that 

differentiated cells in these Iayers may require RBl ,  while cells in the ONL may 

no t  RB 1 protein expression, in conjunction with markers to specific ce11 types, 

must be examined to determine precisely the cells which are positive for RB1  

during the development of the INL and ONL. 

The expression pattern of RB1 during the course of murine retinal 

development can be correlated with the known time points for migration and 

morphological differentiation of the vanous retinal ce11 types (Figure 4.1). it 

appears rhat, after terminal mitosis and just as each ce11 type begins its migration 

and morphological differentiation, RB1 expression becomes apparent in the 

appropriate location within the retina. 

4.2. Implications of this study concerning the role of RB1 in differentiation 

As discussed in the introduction, RB 1 is involved in the differentiation 

processes of several ceU types, but seems to be dispensable in others. For 

example, erythropoeisis and neurogenesis are greatly affected by the la& of RB1 

in RB-/- embryos, but many other tissues appear to develop nomally until death 
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Figure 4.1: RB1 appears to be expressed as retinal cells begin to migrate and 
morphologically differentiate. 
The expression pattern of RB1 (grey boxes) as observed with in situ 
hybridization and immunohistochemistry has been superimposed over the 
image showri in Figure 3. Abbreviations as in Figure 1.3. 



occurs. During normal murine embryogenesis, RB1 is expressed in the nervous 

system, liver, muscles and lens (Jiang et al., 1997). During myogenesis, RB1 is 

expressed in mitotic muscle progenitors at E8.5 and myotomes at E12.5, several 

days before differentiation occurs around E14.5 and later. As well, a strong RB1 

signal is observed in mitotic neuroepithelium as early as E8.5. These results 

suggest that RB1 is expressed in muscles and neuroepithelium prior to terminal 

mitosis, while my obsewations suggest that RB1 may be expressed in retinal cells 

during or after terminal mitosis has occurred. 

Because pRB has several independent protein-binding domains, it has been 

called a 'molecular rnatchmaker' (reviewed in Wang et al., 1994). pRB may act to 

bring pro teins into contact with each O ther, facilitating biological hmction. In the 

mouse retine, it appears that primarily ganglion cells and cells of the INL require 

pRB during and/or after differentiation. pRB may interact with some protein or 

proteins that allow these cells to attain and remain in a terminallv differentiated 

s tate. 

It has been suggested that pl07 may be able to compensate for the loss of 

RB1 to a certain extent. For example, in myotubes derived from RB-/- embryos, 

increased pl07 expression coincides with differentiation; however, these cells are 

able to re-enter the cell cycle upon semm stimulation, indicating chat pl07 is not 

sufficient to allow cells to remain in a terminally differentiated state (Schneider 

et al., 1994). p l ~ 7 - / - / ~ b - / -  mice die at E11.5 with increased apoptosis in the liver 

and central nervouç çystern as compared to ~ b - / -  mice; this is the first in vivo 

study to suggest overlapping h c t i o n s  of pl07 and pRB (Lee et al., 1996). pl07 

mRNA expression patterns overlap somewhat with those of RB1 during mouse 

embryogenesis (Jiang et al., 1997). In the brain, pl07 expression is limited to 

mitotic zones, while RB1 is expressed in mitotic and post-mitotic areas. pl07 



may also be expressed in the developing retina and might also be found in the 

neuroblastic layer. Further experiments are needed to examine the expression of 

pl07 in the developing retina; perhaps pl07 is more highly expressed in the 

developing ONL that is RB1. If so, this may explain why RB1 expression is so 

low in the ONL. 

4.3. Implications for the ce11 of origin of retinoblastoma 

Human retinoblastomas have been studied in an attempt determine their 

cell of origin. These studies have generally proposed photoreceptors as the ce11 of 

origin on the basis of antigenic profile and tumour morphology (Bogenmann et 

al., 1988; Gonzalez-Femandez et al., 1992; Nork et al., 1995; Ts'o et al., 1970; Ts'o et 

al., 1969). However, other studies have proposed photoreceptors as the default 

pathway for retinal neuroblasts in the absence of neuron-induced sipalling 

(Adler and Hatlee, 1989; Belecky-Adams et al., 1996; Repka and Adler, 1992). 

Re tinal ce11 type determina tion is controlled by environmental interactions 

(Altshuler et al., 1991; Raymond, 1991; Turner et al., 1990). Assuming a potential 

photoreceptor default pathway, human retinoblastomas mav actually arise from 
/ 

multipotential precursors, as lack of adequate differentiation s i p a l s  or responses 

may allow the cells to take on pho toreceptor characteristics. 

Mouse retinal tumour models have been created by expressing SV40 TAg 

under vanous promoters (Al-Ubaidi et al., 1992a; Howes et al., 19941; Kivela et 

al., 1991; O'Brien et al., 1990; Windle et al., 1990). The resultant retinal turnours 

are similar to human retinoblastomas in many ways, however it appears that the 

time of TAg expression detemines the phenotype that appears. When TAg is 

expressed 

promo ter, 

postnatally in rod cells under the control of the mouse opsin 

rapid photoreceptor degeneration is observed while retinal turnours 



are not (Al-Ubaidi et al., 1992b). One mouse retinal tumour model was induced 

by expressing TAg under the control of the luteinizing hormone P-subunit; TAg 

was found to be expressed as early as E l 5  in the retinas of these mice. The 

resultant tumours appeared to have a closer relationship to neurons of the INL 

than those of photoreceptors (Kivela et al., 1991). When affected mice were 

examined at the earliest ages that retinal tumours were observed, the turnours 

were invariably found to originate within the cells of the INL. The morphology 

of these tumours also showed a higher degree of similarity to neurons of the INL 

than the photoreceptors of the ONL. A correlation may be made between these 

studies and the results of my in situ hybridization experiments. found RB1 to 

be expressed at much higher levels in the INL than in the ONL in older postnatal 

(P9.5, P13.6) and adult murine retina. Assuming that mRNA expression mirrors 

protein levels, my results suggest that RB1 may indeed be required to maintain 

certain cells in a differentiated state. There is little known about the expression 

of RB1 in normal human tissue. However, pRB has been detected moderately in 

the INL and GCL and only very weakly in ONL of adult human retina (Cordon- 

Cardo and Richon, 1994). 

I suggest that pRB may be required only at very low levels or not at  al1 in 

cells of the ONL, and that the low RB2 expression observed in the ONL of mice 

between P9.5 and P13.5 may be due to migrating cells on their way to the [NL, 

and not photoreceptors at all. My experiments show that pRB, like Bm-3b, is an 

early marker of ganglion ce11 differentiation. My data support a model in which 

RB1 may be the switch necessary to allow cells to attain the morphological 

phenotypes of ce11 types other than photoreceptors. This testable model may lead 

to valuable information regarding the larger question of why children get 

retinoblastoma. If the default pathway for human retinal neuroblasts is 



photoreceptors, perhaps the loss of RB2 somehow affects cells that might 

normally become ganglion cells or cells of the INL; these cells rnay then be 

unable to maintain a terminally differentiated state, and may take on 

characteristics of p hotorecep tors. 

4.4. Summary 

1 examined the expression of RB1 in the developing mouse retina using in 

situ hybridization and immunohistochemistry. 1 O bserved similar expression 

patterns with the ganglion ce11 specific anti-Bm-3b antibody and the anti-RB 

antibody. My results suggest tha t RB1 expression occurs in ganglion cells as they 

migrate away from the mitotic layer and assume their morpholgically 

differentiated phenotype. RB1 continues to be expressed in the mahue GCL. 

RB1 expression also occurs in the neuroblastic layer coincident with migration 

and morphological differentiation of al1 other retinal ce11 types, and is evident in 

the developing and fully mature INL. Expression obsewed in the ONL is much 

lower than that seen in the INL and the GCL, and decreases to just above 

background as the retina completes differentiation. My studies suggest that cells 

of the GCL and the INL may require RB1 after differentiation. 

4.5. Future Work 

The results of my study lead to several interesthg questions. Wha t cell 

types express RB1 after the GCL has developed? This question might be 

answered by a continuation of the immunohistochemistry experiments 

described in this study. Experiments should focus on all stages of retinal 

development, and indude known markers to ce11 types found in the INL and the 

ONL, preferentially using anti-RB and marker antibodies in double staining 



experiments. Such studies would also serve to determine if the cells that are 

expressing pRB early in retinal development (E12.5 - E16.5) are truly ganglion 

cells or perhaps occassionally rnisplaced amacrine cells. 

What is the timing of RB1 expression in relation to the last ce11 division of 

particular developing retinal ce11 types? Specifically, are the cells that are 

expressing pRB still able to synthesize DNA? This question might be  addressed 

by injecting mice with BrdU, then performing double staining 

immunohistochemistry on fixed sections with anti-BrdU and anti-RB antibodies. 

Results from these ex~eriments should allow a detailed analvsis of 

and expression 

conceming the 

cells. 

A 

during retinal 

timing of pRB 

J 

development, specifically providing 

expression during the ci ifferentia tion 

p RB timing 

information 

of retinal 

1s pRB the switch that allows ceils to attain the morphological phenotypes 

of ce11 types other than photoreceptors? Is pRb required to induce or maintain 

the terminally differentiated state of any or all retinal ce11 types? What happens 

to particular ce11 types when pRB is not Functional? Tnese questions might be 

mswered through a variety of approaches. Using immunohistochemistry, the 

partiaily rescued RB-/-/RB~OX mice, which live until birth (Zacksenhaus et al., 

1996), should be examined for presence of pRB. if the retinas of these mice 

contain Little or no R H ,  functional assays to deterrnine the role of RB1 in retinal 

development might be approached with in vitro retinal cultures. At the t h e  of 

death of these mice in vivo, only the ganglion cell layer has formed, and no goss  

rnorphological defects are visible. in vitro retinal cultures would allow the 

examination of the retina as it develops after birth in the near absence of RB1. 

RB1 tissue- or cell-speofic knockout mice might also provide important 

information. An RB1 antisense gene expressed under the control of cell type- 



specific promoters would allow examination of the consequence of RB2 absence 

in specific ce11 types, a t specific tirnepoints during developmen t. 

How do the expression patterns of RB-family members pl07 and pl30 

compare to the expression of RB1 mRNA in the developing murine retina? 

Examination of the mRNA expression levels of pl07 and pl30 throughout 

retinal development shouid provide clueç as to potentially overlapping or 

different Functions of these genes in relation to R B l .  pl07 protein expression in 

the partially rescued RB-/- /RB~OX mice may also yield valuable information. 
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