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ABSTRACT 

Pax-6 and X-dll3 are homeobox-containing transcription faaors that are 

expressed in developing anterior neural structures in Xenopus. Characterization of 

multiple Xenopus Pax-6 cDNAs reveals that they fall into four distinct classes. These 

classes are defined based on the presence or absence of a 42 base pair sequence in the 

paired box, and the presence or absence of a 151 base pair sequence located downstream 

of the homeobox. Transcripts containing the 151 base pair sequence encode a highly 

conserved form of Pax-6, and are referred to as Xenopus A variants. Transcripts lacking 

the 151 base pair sequence, producing a change in reading fi^une that encodes a novel 

carboxy terminus, are referred to as Xenopus B variants. Xenopus A and B transcripts are 

produced fi-om an alternate splicing event that occurs in each of at least two Pax-6 genes 

existing in the Xenopus genome. Both A and B transcripts are expressed in brain and eye 

tissue. Antibodies generated against unique peptide sequences located in the carboxy-

terminal domains of the proteins produced from Xenopus A and B transcripts distinguish 

expression patterns for the two resulting proteins, and indicate that they are expressed 

dififerentially in the developing retina and lens. Five phenotypes result from 

overexpression of these Pax-6 transcripts; ectopic lens crystallin expression, reduction of 

endogenous lens tissue, retinas with altered size and morphology, ectopic eye formation, 

and a reduction of the olfactory placode. Both Xenopus A and Xenopus B can elicit the 

reduction of both lens and olfactory placodes, and the expansion of retinal tissue, while 

only Xenopus A can elicit ectopic eye formation and ectopic lens crystallin expression. 
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These studies indicate that overexpression of Pax-6 can produce differential effects on 

Xenopus eye development, and support a model whereby the concentration of Pax-6 

proteins is a critical factor for the development of the Xent^nts lens and retina. 

Overexpression ofX-dllS transcripts also produces morphological defects in both the 

developing eye and olfactory system. The developing eye appears reduced in size, and 

this reduction seems to be predominant in the anterior portion of the eye. The developing 

forebrain and olfactory placode, in contrast, appear expanded. These results support a 

model whereby overexpression of X-dIl3 expands the presumptive ol&ctory fields, at the 

expense of the anterior portion of the presumptive eye field. The combined results fi'om 

these experiments indicate that overexpression of Pax-6 and X-dU3 transcripts exert 

differential effects on visual and olfactory system development in Xenopus. 
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CHAPTER I: INTRODUCTION 

GENERAL OVERVIEW 

Development of the visual and olftctory systems has been studied extensivdy, 

and a great deal is known about the cellular and molecular interactions necessary for their 

development. The eye is probably the most highly characterized and intensely studied of 

all the sensory organs. Eye development in frogs has been utilized as an experimental 

system since the early 1900s (Spemann, 1901; Lewis, 1904), and has become a 

comparative standard for vertdxate eye development. Interactions between the 

developing retina and lens in the South African clawed frog, Xent^ms laevis, have long 

provided a model defining the concept of tissue induction (Henry and Grainger, 1987). 

More recently, the accumulation of molecular data has complemented the well-

understood embryology, providing a more complete mechanism for both the development 

and function of the complex visual system (Grainger, 1992). 

While the olfactory system in Xenopus has not been studied to the same extent as 

the visual system, a great deal of anatomical and molecular data is available, making it an 

ideal system for fiirther investigation (see Reiss and Burd, 1997). The olfactory system 

undergoes dramatic changes throughout its initial development and during 

metamorphosis, establishing an intricate relationship between the forebrain and the 

sensory epithelium (Byrd and Burd, 1991a, 1993a, b). The entire olfactory system is also 
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readily accessible and easily manipulated, which has allowed extensive analysis of tissue 

interactions required for its development. Information on the molecular level is rapidly 

accumulating as well, and is providing tremendous insight into the underlying genetic 

and molecular components directing its formation. 

Comprehensive genetic experiments conducted in other model organisms have 

identified several of the molecular components controlling visual and olftctory system 

development, many of which are conserved throughout the vertd)rate lineage. One of the 

most significant of these is the transcription &ctor Pax-6, which participates in visual 

system developmem in virtually all metazoans capable of photoreception (Callaerts et al., 

1997). Even though Pax-6 has been widely studied, more detailed analysis in a model 

system such as Xenopus can increase our understanding of its function. Xenopus is also a 

useful organism for investigating previously uncharacterized genes, because of the 

relative ease in obtaining expression patterns and performing functional assays. The 

transcription factor X-dll3 has recently been isolated fi'om Xenopus and is expressed in 

the developing olfactory system (Papalopulu and Kintner, 1993), but little is known about 

its functional role. Investigation of Pax-6 and X-dlI3 in Xenopus laevis will undoubtedly 

supplement our understanding of visual and olfactory development in this widely studied 

embryological system. 

The following several pages provide a brief description of both the cell and tissue 

interactions, as well as a few of the molecular events involved in development of the 

visual and olfactory systems of Xenopus laevis. After this developmental summary, an 

extensive literature review describing Pax-6 structure, expression, and functional 



conservation is presented, followed by a short introduction to X-dllS. Lastly, a research 

outline is presented that describes my experimental approach, and summarizes the work 

described in the following three chapters. 



DEVELOPMENT OF THE RETINA AND LENS IN XENOPUS LAEVIS 

Development of the vertebrate eye begins at gastnilation, where the presumptive 

retina and lens are derived from two different regions of the embryo. The retina is 

derived from ectoderm located within the anterior neural plate, whereas the lens is 

derived from ectoderm just outside the neural plate (Eagleson and Harris, 1990). The 

earliest genetic marker that identifies the retinal field at this stage is the Rx homeobox 

gene, which is expressed exclusively in this area (Mathers et al., 1997). When the neural 

plate closes to form the neural tube, the optic vesicles are formed as anterior protrusions 

of the neural tube. The neural retina is derived from the evaginating optic vesicles and 

differentiates after contact with the overlying epithelium (Matm, 1964). Shortly after this 

contact is made with the overlying epithelium, the optic vesicles invaginate, forming the 

optic cups. The optic cups have two cell layers, the outer of which gives rise to the 

retinal pigmented epithelium, and the irmer proliferates rapidly to generate all of the 

neuronal and glial cells found in the retina. 

Differentiation of the retinal neurons begins after the optic vesicle invaginates to 

form the optic cup. When the inner layer of the optic cup begins proliferating, it 

segregates into two layers called the outer neuroblast layer and the inner neuroblast layer 

(Mann, 1964). The outer neuroblast layer differentiates primarily into photoreceptor 

cells, whereas the inner neuroblast layer mainly gives rise to ganglion cells, intemeurons, 

and Miiller glial cells. 



When fully differentiated, the retina consists of three main nuclear layers, referred 

to as the outer nucelar layer, the inner nuclear layer, and the ganglion cell layer. 

Photoreceptor cells reside in the outer nuclear layer. The inner nuclear layer consists of 

horizontal cells, bipolar neurons, and amacrine cells, which are all intemeurons and 

function to integrate synaptic input generated by the photoreceptor cells. Based on 

detailed morphological studies, it is clear that bipolar neurons function to transmit 

information directly from the photoreceptor cells to the ganglion cells. This cascade is 

modulated by lateral signaling conducted through the horizontal and amacrine cdls 

(W^sle and Boycott, 1991). The ganglion cells are the retinal output neurons. Their 

axons bundle together to form the optic nerve and transmit information to the brain in the 

form of action potentials. 

The lateral intramembrane signaling molecules Notch and Delta are at least 

partially responsible for the final fate determination of these retinal neurons (Dorsky et 

ai., 199S). Lineage studies of the retina in both frogs and rodents, however, demonstrate 

that the germinal neuroepithelial cells are largely multipotent up to and including their 

last cell division (Turner and Cepko, 1987; Wetts and Fraser, 1987). This makes the 

possibilities of either lineage-based determinants or committed precursor cells less likely 

as the basis for generation of the diverse retinal cell types. One favorable model is that 

during retina development, the progressive restriction of the potential retinal precursor 

cell fates arises through interactions with the neighboring postmitotic, differentiating 

neurons that have previously been produced (Reh, 1991). 



Development of the lens in Xenopus initiates at gastnilation when animal cap 

ectoderm becomes competent to respond to lens-inducing signals derived from the 

presumptive anterior neural plate (Saha et al., 1989; Grainger 1992). Changes in gene 

expression occur in the presumptive lens ectoderm as a result, inchiding activation of 

Pax-6 expression. The process of lens induction is complete by the time of neural tube 

closure, at which time the optic vesicles are evaginating towards the presumptive lens 

region. Eariy lens induction experiments were performed in which the retinal rudiment 

was ablated at the neural plate stage, resulting in a complete loss of both retina and lens 

structures (Spemann, 1901). When the optic vesicle was transplanted to an ectopic site 

just underneath the belly ectoderm, a lens would subsequently develop in association 

with the transplanted retinal tissue (Saha et al., 1989). These results supported a model in 

which the optic vesicle, as a single tissue, is both necessary and su£5cient for the 

induction of the lens. 

This relatively simple model for lens induction has recently been revised, since 

additional experimental evidence has demonstrated that the inductive event is not entirely 

dependent on the optic vesicle. First, animal cap ectoderm can be transplanted to the 

presumptive lens area of neural plate-st^ed hosts, exposing this animal cap tissue to the 

lens inducing signals present in the embryo at this stage. Animal cap ectoderm from mid-

gastrula stages is capable of differentiating into lens tissue, whereas animal cap ectoderm 

from late-gastrula stages is not (Servetnick and Grainger, 1991). This loss of competence 

that occurs during late-gastrula stages is regained later in development during neural plate 

stages. Since not all stages of animal cap ectoderm are capable of differentiating into 
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lens tissue following transplantation into neural plate stages, these results suggest that 

lens-inducing signals are not exclusively derived from the optic vesicles. Second, recent 

labeling techniques have demonstrated that it is extremely di£Bcult to transplant an optic 

vesicle without inadvertently co-transplanting a small number of presumptive lens 

epitheliimi cells. These presumptive lens cells are capable of proliferating and 

developing into a complete lens. This suggests that ectopic lenses that form following 

optic vesicle transplantation could arise from the co-transplanted epithelial cells, rather 

than from tissue that is induced following transplantation. Also, recent attempts to 

remove the retinal rudiment at neural plate stages have still produced animals with 

differentiated lenses, directly challenging the model proposed by Spemann (Grainger, 

1992). One difference between the two sets of experiments is that Spemann performed 

these ablations in Rana, whereas Grainger used Xenopus, indicating that lens induction 

mechanisms may differ significantly between species. 

A more recent model for lens induction has been proposed which divides lens 

development into the four steps of competence, bias, specification, and differentiation 

(Grainger, 1992). Competence, or the ability to respond to lens inducing signals, is first 

obtained during mid-gastnila stages as described above. These signals are thought to 

arise both from the presumptive retinal area, as well as from the involuting mesoderm 

(Servetnick and Grainger, 1991). A lens-forming bias, defined as the ability to respond 

to lens inducing signals that originate from the optic vesicle, is achieved in response to 

these two signals. Tissue isolated from chick embryos at this stage, but not from 

amphibians, is capable of forming differentiated lens tissue in culture (Barabanov and 



Fedtsova, 1982). Specification occurs at the end of neurulation, when the optic vesicles 

have just evaginated and reached the presumptive lens epithelium. This is the stage when 

dissected presumptive lens epithelium firom amphibians will form differentiated lens 

tissue in culture (Henry and Grainger, 1990). The fourth step, differentiation, occurs later 

in development, when the lens placode thickens and invaginates to form the lens vesicle. 

Once the lens vesicle has formed, both morphological and molecular changes take 

place in the tissue to transform the vesicle into a transparent membrane capable of 

focusing light. Changes in morphology are observed in cells located in the proximal half 

of the lens vesicle. These changes occur in response to signals derived fi'om the optic 

cup, which cause the cells to slow their rate of division and begin forming lens fibers 

(Piatigorsky, 1981). Transcription of lens crystallin genes also begins at this stage. The 

lens fibers are where synthesis of lens crystallins occurs, subsequently filling the cells, 

causing them to elongate and eventually extrude their nuclei. The cells located in the 

distal half of the lens vesicle retain their proliferative state, and as they divide migrate 

towards the lens equator where they begin to synthesize crystallins and elongate. 



DEVELOPMENT OF THE XENOPUS OLFACTORY SYSTEM 

Development of the olfiictory system in Xenopus utilizes mechanisms that are 

very similar to those observed in eye development. Olfactory system development also 

begins by the end of gastrulation, when the presumptive olfactory placodes and olfactory 

bulb regions form on the anterior neural ridge. The placodes derive from cells located on 

the lateral ectoderm of the anterior neural ridge. The olfactory bulb is also derived from 

this region, but fate-mapping experiments have placed the ol&ctory bulb fields slightly 

more caudal than the placodes, partially on the neural plate itself (Eagleson and Harris, 

1990; Eagleson et al., 199S). These two cell populations move apart following fusion of 

the neural folds at tlK end of neurulation. 

Induction of the olfactory placodes in Xenopus has not been studied to the same 

extent as lens induction, although some information has been obtained that sheds light on 

possible mechanisms for placode induction. Specification of the olfactory placodes has 

been shown to occur by neural fold stages (Byrd et al., 199S). Signals required for this 

specification are derived from the archenteron roof and the adjacent neural plate 

(Yntema, 19SS; Nieuwkoop et al., 1985). Competence of the ectoderm to respond to 

these inducing signals has not been extensively studied in Xenopus. It is known that 

ventral epidermis loses its competence to respond to lens induction at eariy neural plate 

stages, and this is compatible with the timing for loss of ol&ctory competence observed 

in other amphibians (Zwilling, 1940). Loss of olfactory competence in A!e/icipwj appears 



to be a very late event, since regeneration will occur in 80-90% of cases when olftctory 

placodes are removed through stage 40, but not after stage 42 (Byrd and Burd, 1993b). 

Closure of the neural tube brings ol&ctoiy placode precursor cells together to 

form a bi-layered region of cells known as the sense plate. Bilateral thickenings form 

within the sense plate, giving rise to two olftctory placodes. Olftctory receptor neurons 

and supporting cells differentiate within these placodes. The inner cell layer will give 

rise to olfactory receptor neurons, whereas the outer layer consists of cells fiued to 

become supporting cells of the olftctory epithelium (Klein and Graziadei, 1983; Burd et 

al., 1994). 

Olfactory receptor neurons project axons back to the developing brain, which 

coincides with differentiation of the rostral neural tube into the olftctory bulb (Byrd and 

Burd, 1991a). It has been hypothesized that ol&ctory axons play a critical role in the 

development of the olfiictory bulb. This is because the number of olftctory axons and the 

number of mitral cells are correlated throughout the larval stages of development (Byrd 

and Burd, 1991a), and because a reduction in the number of afferent axons parallels a 

reductioin in the number of mitral cells (Byrd and Burd, 1991b, 1993b). Olfactory axons 

form synaptic connections with mitral cells within the olfactory bulb. These mitral cells 

are the principal projection neurons of the olfactory bulb, sending their axons out of the 

olfactory bulb to the olfactory cortex and other specialized regions of the brain 

(Shepherd, 1972). Two other types of neurons exist in the olfactory bulb, the 

penglomerular cells and the granule cells. These are primarily intemeurons, and function 

to modulate the activity of the mitral cells (Shepherd, 1972). 



PAX-6 

The transcription &ctor Pax-6 is required for development of several tissues 

including the eye, ol&ctory system, and the brain (Hill et al., 1991; CHaser et al., 1994; 

Haider et al., 1995). Characterization of Pax-6 homologs in diverse species (Ton et al., 

1991; Walther and Gruss, 1991; Quiring et al., 1994; Hirsch and Harris, 1997; Pushel et 

al., 1992) reveals that both structure and function are highly conserved. The Pax-6 

protein consists of two DNA binding domains, referred to as the pcared domain and the 

paired-t^ homeodomain, and a PST-rich carboTcy-terminal domain (Gruss and Walther, 

1992). Loss-of-function mutations in Pcac-d produce a variety of developmental defects, 

including the eyeless phenotype in Drosophila (Quiring et al., 1994) and the Small eye 

phenotype in mice (Hill et al., 1991) and rats (Matsuo et al., 1993). The murine Small 

eye is a semi-dominant phenotype characterized by an overall reduction or loss of visual 

and olfactory structures, including the lens, nasal cavities, and olfactory bulb (Grindley et 

al., 199S). Pax-6 mutations in humans produce visual and olfactory system defects as 

well, ranging congenital cataracts and aniridia to a complete loss of the eyes and nose in 

severe cases (Glaser et al., 1994). 

1. The Pax family of transcription factors 

The unifying feature of all members of the Pax family is the presence of a highly 

conserved 128 amino acid-long DNA-binding domain called the paired domain. The 

paired domain was originally identified in the Drosophila melanogaster segmentation 



25 

gen&s paired, gooseberry, and gooseberry neuro (Bopp et cd., 1986; Frigiero et al., 1986). 

Subsequently, multiple genes encoding paired domains have been found in a wide range 

of organisms ranging fiom flatworms to hunums (reviewed in Cailaerts et al., 1997). 

Other features that vary between Pcae family members are an additional 60 amino acid-

long DNA binding domain called the homeodomain, a highly conserved octapeptide 

sequence in the linker region between DNA binding domains, and a carboxy-terminal 

proline-serine-threonine (PST)-rich transcriptional activating domain (Gruss and Walther, 

1992; Chalepakis et al., 1993). There are currently nine members in the paired box 

family of transcriptional regulators. All of the Pax (Paired bor) genes are grouped into 

six different classes depending on their sequence and whether they contain a complete or 

partial homeodomain, the conserved octapeptide sequence, and other class-specific amino 

acids. The Pax genes are also grouped according to shared intron-exon structure 

(Walther et al., 1991). Pax-6 in particular contains all of these conserved features except 

for the octapeptide sequence in the linker region (Gruss and Walther, 1992). 

2. Pax-6 is highly conserved between species 

Pax-6 has been isolated in a wide variety of organisms representing many 

different phyla, allowing determination of sequence similarity between several divergent 

species. Pax-6 was first isolated in humans through long-range physical mapping 

followed by positional cloning (Ton et al., 1991). Mouse and zebrafish Pax-6 were 

cloned soon after through hybridization with previously characterized Pax genes (Walther 



and Gniss, 1991; Krauss etal., 1991; Puschel etal., 1992). Pax-6 homologs have also 

been isolated from many other vertd)rates including chicken (Goulding e/ aL, 1993; Li et 

al, 1994), quail (Martin et aL, 1992), rat (Matsuo et aL, 1993), frog (Hirsch and Harris, 

1997) and newt (Del Rio-Tsonis et al., 1995). The first Pax-6 gene cloned from an 

invertebrate corresponded to the eyeless locus in Drosoĵ la melanogaster (Quiring et 

aL, 1994). Other invertebrates shown to possess Pax-6 homologs are the ribbonworm 

Lineus sanguineus (Loosli et al., 1996), the sea urchin Paracentrotus lividus (Czemy and 

Busslinger, 199S), and the nematode Caenorhabditis elegans (Chisholm and Horvitz, 

1995; Zhang and Emmons, 1995). Pax-6 homologs are also found in the flatworm 

Dugesia tigrina (Gehring, 1999), the ascidian Phallusia mammillata (Glardon, et al., 

1997), the squid Loligo opalescens (Tomarev, et al., 1997), and a second Pax-6 gene 

from Drosophila designated twin of eyeless {toy) (Czemy et al., 1999). 

Overall identity between complete Pax-6 amino acid sequences in vertebrates is 

extremely high. When compared to the mouse sequence, zebrafish shares 97% identity, 

quail shares 99%, and chicken and rat both share 100% identity. With the exception of a 

single amino acid change, the paired and homeodomains are identical in zebrafish and 

mouse. Paired domains and homeodomains remain highly conserved in invertebrates as 

well (mostly over 90%), although their overall sequences are more divergent. The PST-

rich carboxy-terminal domains of Pax-6 proteins are highly variable in both length and 

amino acid sequence, however some degree of conservation is still found between 

vertebrate and invertebrate sequences. 



Genomic organization of Pax-6 gents with respect to intron and exon boundaries 

also demonstrates a high degree of conservation between species. For example, a splice 

site located within the first codon of the paired domain is conserved between humans, 

mice (Walther and Gruss, 1991), quail (Martin et al., 1992), firuit flies (Quiring et al., 

1994), ascidians (Glardon et al., 1997), and nbbonworms (Loosli et al., 1996), but is 

absent in nematodes (Chisholm and Horvitz, 1995). Another splice site between the 

codons of serine 116 and valine 117 of the paired domain is present in all of these 

species, including nematodes (same sources as above). Additionally, a splice site located 

in codon 19 of the Pax-6 homeobox has been found in all species analyzed (same sources 

as above). This high degree of sequence identity and splice site conservation strongly 

supports the hypothesis that Pax-6 genes found in different species are homologs. 

3. Pax-6 structure, DNA binding, and transcriptional activation 

Conserved amino acid sequence of the paired domain and homeodomain of Pax-

6, along with well-characterized secondary structure motifs, have allowed specific 

interactions of Pax proteins with DNA sequences to be studied. The crystal structure of 

both the paired domain (Xu et al., 199S) and the paired-ty  ̂homeodomain (Wilson et 

al., 1995) have been determined and confirm secondary structure predictions based on 

sequence analysis. Secondary structure of the paired domain consists of two beta sheets 

followed by six alpha helices. Spatial arrangement of the alpha helices allows the 

formation of two helix-tum-helix motifs (called the PAI and RED domains), which 



enable specific amino acid side chains to interact with miyor and minor grooves of the 

DNA molecule. The homeodomain contains three alpha helices, two of which also form 

the classic helix-tum-helix conformation. 

Most of the DNA binding and structural information known about Pax-6 has been 

obtained through independent analysis of the paired and homeodomains. DNA binding 

specificity for the Pax-6 paired and homeodomains have been determined by analyzing 

natural binding sites in promoters of downstream genes. DNA footprinting and gel shift 

assays have identified Pax-6 binding sites located in the promoter regions of several lens 

crystallin genes (Wilson era/., 199S). PCR-based binding site selection strategies have 

been performed as well, and consensus sequences for both the paired and homeodomains 

have been obtained (Plaza et al., 1995). Interestingly, both strategies for consensus 

binding site determination produced nearly identical sequences. 

Binding of Pax-6 to the promoter region of mouse NCAM-Ll is eflficient only in the 

presence of both the paired and homeodomains (Chalepakis et al.^ 1994), suggesting that 

DNA binding by both domains of Pax-6 is necessary for transcriptional activation. In 

Drosophila, the Paired protein can bind DNA exclusively through its PAI domain, or 

through a dimer of its homeodomain, or through a cooperative interaction between the 

PAI and homeodomain in vitro. In vivo fiinction, however, required synergistic action of 

both the PAI and homeodomain (Jun and Desplan, 1996). 

Transactivation experiments performed using Pax-6 have been useful for 

identification of downstream target genes. Mouse, chicken, and guinea pig Pax-6 are 

able to bind and transactivate the promoters of mouse otA crystallin, chicken oA and 51 



crystallin, and guinea pig C crystailin in transient transfection assays (Cvekl et cd., 1994, 

199Sa,b; Richardson et a/., 1995). Along with binding to regulatory domains of lens 

crystallin and cell adhesion molecule promoters, Pax-6 can also bind and transactivate its 

own promoter (Plaza et cd., 1993). Transactivation of Pax-6-responsive reporter genes 

has demonstrated a critical role for Pax-6 concentration as well (Czemy and Busslinger, 

199S). Low concentrations of Pax-6 result in activation of Pax-6 responsive constructs, 

whereas high concentrations lead to repression. This suggests Pax-6 might be self-

regulating, with higher concentrations leading to self-squelching. Lastly, Pax-6 

transactivation properties are similar when Pax-6 recognition sequences are either located 

adjacent to the promoter, or within enhancer sequences 2kb away (Plaza et al., 1993). All 

of these results indicate that the Pax-6 protein is capable of binding regulatory DNA 

sequences and activating transcription of downstream target genes. 

4. Pax-6 is expressed in the Xenopus visual and olfactory systems 

Expression patterns for Pax-6 have been obtained in Xenopus using in situ 

hybridization (Swiergiel et al., 1994; Hirsch and Harris, 1997). The earliest expression 

for Pax-6 is seen in mid-gastrula stages, localized in two patches of expression flanking 

the dorsal lip of the blastopore. During neural plate stages, Pax-6 is expressed along the 

anterior neural ridge and the anterior portion of the neural plate, in cells that will 

eventually give rise to all dorso-anterior neural structures. Pax-6 is also expressed in the 

presumptive hindbrain and spinal cord. As development progresses, Pax-6 expression 
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becomes more restricted, and is localized to specific cell types within the developing 

retina and lens, forebrain, olfactory placodes, hindbrain, and spinal cord. In the 

developing retina, for example, Pax*6 is expressed throughout the developing optic 

vesicle and optic cup, but becomes restricted to the ganglion and amacrine cell layers as 

the retina cell types differentiate (Hirsch and Harris, 1997). 

5. Overexpression of Pax-6 impacts eye development 

Targeted misexpression experiments using Pax-6 in a Drosoptnla GAL-

4/enhancer trap assay have resulted in complete ectopic eye formation (Haider et al., 

1995). This result cleariy outlines a prominent role for Pax-6 in directing development of 

visual structures. Similar results have recently been obtained in Xenopus, with 

overexpression experiments demonstrating that Pax-6 can produce ectopic lens P-

crystallin expression (Altmann et al., 1997) as well as differentiated retina tissue (Chow 

et al., 1999). Another phenotype reported fi'om Pax-6 overexpression experiments in 

Xenopus is the production of a more dorsalized embryo (Hirsch and Harris, 1997). 

Combined results from invertebrates and vertebrates indicate that Pax-6 overexpression 

can drastically affect embryonic development, with particular emphasis on the visual and 

olfactory systems. 
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6. The Pai-6 PST domain is critical for transcriptional activation 

Characterization of Par-6 mutant phenotypes, along with /n vitro transcriptional 

activation assays, has revealed the carboxy-terminal PST domain of Pax-6 is necessary 

for activation of downstream target gene transcription. The murine Small allele, 

for example, contains the first 36 amino acids of the PST domain followed by a short 

nonsense peptide (Hill et al., 1991). The rat Small eye mutation truncates the PST 

domain further upstream (Matsuo et al., 1993). Human mutam alleles have been isolated 

that either truncate or eliminate the PST domain (CHaser et al., 1994). Transcriptional 

activation ability of several of these mutant alleles, along with other artificially generated 

constructs altering the PST domain, have been directly analyzed through in vitro 

transactivation assays (Glaser et al., 1994; Czemy and Busslinger, 199S). Combined 

results fi-om in vivo mutational analysis and in vitro assays indicate the PST domain 

functions as the transcriptional activation domain of the Pax-6 protein. 
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X-DLL3 

The X-dllB gene encodes a homeodomain-containing transcription fiictor that 

appears to function in early development of the Xenopus nervous system (Papalopulu and 

Kintner, 1993). X-dllS was cloned based on its sequence similarity to the Drosaphiki 

Distal-less (Dll) gene. Dll was first isolated in DrosofMla^ where it has primarily been 

associated with development of the limbs and other ^pendages (Cohen et al., 1989). In 

addition to limb defects, DU mutants also have defects in their antennae, but little is 

known about any functional significance for Dll in the Drosophila olfactory system. 

Distal-less expression patterns have been determined in many species using a cross-

reactive antibody that specifically recognizes the Distal-less homeodomain, and its 

expression is fi-equently associated with developing appendages (Panganiban et al., 

1995). 

Five Dll homologs have been isolated fi'om Xem^ms laevis (Papalopulu and 

Kintner, 1993). The X-dll3 clone shares the highest homology in both sequence and 

expression pattern with the Distal-less homologs Dll-5 in mouse and chick, and cllx-4 in 

zebrafish (reviewed in Bendall and Abate-Shen, 2000). Expression patterns have been 

obtained for three of the five Xenopus Distal-less genes. X-dlli and 4 are expressed in 

neural ectoderm, y/hereas X-dll2 is not (Papalopulu and Kintner, 1993). Many 

similarities exist between the expression domains for X-cUl3 and Pax-6. X-dllS, like Pax-

6, is expressed along the anterior neural ridge during neural plate stages. The expression 

pattern for X-dllS coincides with development of the olfactory system, since it is 
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expressed continually as the sense plate thickens and the olftctory placodes form. X-cBl3 

is also expressed within differentiating ol^Ktory bulb neurons. Unlike PCDC-6, X-cUl3 is 

not expressed in the developing eye. The expression pattern for the X-dll4 gene 

complements the pattern observed for X-dU3 in that it is expressed in the developing eye, 

but not the olfactory placodes (Papalopulu and Kintner, 1993). Since the expression 

patterns for Pax-6 and the X-dll genes overlap considerably throughout Xenopus 

development, there is a possibility that they interact, or at least function in the same 

genetic pathway. 
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RESEARCH GOALS 

The main goal of the research presented in this dissertation is to better understand 

the significance of Pax-6 and X-dU3 in Xent^ms visual and olfactory system 

development. Previous work performed both in our laboratory and elsewhere has 

demonstrated that Pax-6 plays a pivotal role in visual and olfactory development. None 

of this work, however, differentiates between the Xenopus A and -̂variant Pax-6 

transcripts isolated in our laboratory. I therefore decided to investigate these alternate 

transcripts to determine whether any expression or functional differences exist between 

them throughout Xern^ms visual and olfactory system development. Much less is known 

about the transcription factor X-dU3. Preliminary microinjection experiments performed 

in our laboratory revealed that overexpression produces phenotypes in the 

developing visual and olfactory system. I decided to repeat these overexpression 

experiments and explore the resulting phenotypes in more detail to better understand the 

functional significance tor X-cUl3 in the developing embryo. 

Three research aie presented in Chapter n. The first goal was to determine 

whether both Xenopus A and Xenopus B transcripts are produced fi'om different gene loci, 

or fi-om the same gene as alternate splice variants. I have performed parsimony analysis 

and genomic Southern blot experiments, which reveal that Xenopus A and B transcripts 

are produced from an alternate splicing event that occurs on each of at least two Pax-6 

genes existing in the Xenopus genome. The second goal was to determine whether 

Xenopus A and B variants are differentially expressed in the developing embryo. Michael 



35 

Pape performed RT-PCR experiments on isolated Xenopus mRNA, and determined that 

both A and B transcripts are found in single embryos, at several developmental stages, 

and in dissected brain and eye tissue. I then determined that Xenopus A and B proteins 

are expressed di£ferentially in the developing retina and lens, using anti-peptide 

antibodies that distinguish the two unique proteins. The third goal was to determine 

whether Xenopus A and Xenopus B function differently in Xenopus eye developmem. 

With initial assistance from Monica Vetter and Shami Kanekar at the University of Utah, 

both transcripts were overexpressed by microinjecting mRNAs into single blastomeres at 

the two-cell stage. I have documented three phenotypes resulting from Xent̂ ms A and B 

overexpression that are associated with development of the eye. Embryos in which 

Xenopus A and/or Xenopus B transcripts are overexpressed have lens tissue that is either 

reduced or completely absent, and retinas that have altered morphology and increased 

ceil numbers when compared with controls. Ectopic lens ciystallin expression is 

observed only in animals injected with Xenopus A. These experiments demonstrate that 

appropriate localization and concentration of both Pax-6 variants are critical factors for 

development of the Xenopus lens and retina. 

The goal of Chapter EQ is to provide information about the role these two Pax-6 

transcripts play in the development of the Xenopus olfactory system. An expression 

pattern for Xenopus A protein was obtained in the developing olfactory bulb, and this 

pattern matches exactly with that observed previously using in situ hybridization. No 

protein expression was detected in the olfactory bulb using antibodies that recognize 

Xenopus B, and neither A nor B antibodies cleariy stain the olfactory placode. Analysis 



of embryos following Pax-6 overexpression reveals that the olfactory placodes have a 

reduced cell number when compared with controls. Forebrain cell numbers were also 

counted in a few of these same animals, but no significant difference in forebrain cell 

number was observed. 

Chapter IV presents preliminary results that have been obtained following 

overexpression of X-dllS in Xenopus embryos. Phenotypes obtained following 

overexpression of X-dll3 complement well with those characterized in animals 

overexpressing Pca-6. Animals overexpressing X-<U13 have morphological defects in 

both their visual and ol&ctory systems. These animals appear to have eyes that are 

reduced and olfactory systems that are expanded, in direct contrast with those phenotypes 

observed following overexpression of Pax-6. While these results are preliminary and 

have not been quantitated, they illuminate possible fimctional roles for X-<Uli in Xenopus 

development. 

I have performed a thorough molecular characterization, obtained expression 

patterns, and performed functional analyses on two variant Pax-6 transcripts. My results 

indicate that increasing Pax-6 concentrations in developing tissues can drastically alter 

visual and olfactory system development in Xenopus. I have provided in vivo evidence 

for the concentration-dependent effects of Pax-6 observed in vitro (Czemy and 

Busslinger, 199S; Duncan et al., 1998). I have also demonstrated that Pax-6 can function 

not only to direct formation of the vertebrate lens, but can also function to inhibit its 

development if present in excess. Additionally, Thave obtained exciting preliminary 

results that warrant flirther investigation into the functional role of X-eiII3 in Xenopus 



development. These combined overexpression results support a model in which Pax-6 

and X-dU3 function to pattern the development of the anterior neural structures found in 

the visual and ol&ctory system. 
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CHAPTER n: TWO ALTERNATETRANSCRIPTS INFLUENCE 

EYE DEVELOPMENT IN XENOPUS LAEVIS 

INTRODUCTION 

The transcription fiictor Pax-6 performs a critical function in the development of 

eye structures. Isolation of multiple Pax-6 cDNAs from Xenopus laevis has revealed the 

presence of several alternate transcripts. These transcripts differ by the presence or 

absence of a 42 base pair sequence in the paired box, and the presence or absence of a 

1S1 base pair sequence located downstream of the homeobox. Several other 

polymorphisms exist in these transcripts as well that produce single amino acid 

substitutions. Transcripts containing the IS1 base pair sequence are referred to as 

Xenopus A variants, whereas those lacking the ISl base pair sequence are referred to as 

Xenopus B valiants. Three main research goals are presented in this chapter. The first 

was to conduct a molecular characterization of the alternate transcripts to determine 

whether these A and J9-variant transcripts arise from an alternate splicing event, or 

whether they are derived from different gene loci. The second goal was to determine 

expression patterns for both Xent^ms A and Xent^rus B variants in the developing visual 

system. The third goal was to determine whether functional differences exist between 

Xenopus A and Xenopus B transcripts through analysis of phenotypes produced from 

overexpression. 



Results presented in this chapter provide a insight into the nature, expression 

pattern, and function of these two ahemate transcripts. Xenopus A and B transcripts are 

produced from an alternate splicing event that occurs in each of at least two Pax-6 genes 

existing in the Xenopus genome. Both Xenopus A and B transcripts are found in each 

animal, at several developmental stages, and in dissected brain and eye tissue. 

Antibodies generated against each of the two proteins indicate that Xenopus A and 

Xenopus B proteins are expressed differentially in the developing lens and retina. Several 

phenotyp>es result from overexpression of these Pax-6 transcripts, all associated with 

development of the eye. Embryos in which Xenopus A and/or Xent^nts B transcripts are 

overexpressed have lens tissue that is either reduced or completely absent and retinas that 

have altered morphology and increased cell numbers when compared with controls. 

Ectopic lens crystallin expression is observed only in animals injected with Xenopus A. 

Analysis of these phenotypes shows that appropriate localization and concentration of 

both Pax-6 proteins are critical factors for development of the Xenopus lens and retina. 
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MATERIALS AND METHODS 

1. Isolation of multiple Pax-6 transcripts 

Two partial PaX'6 cDNA clones were isolated from a cDNA library prepared 

from the heads of Nieuwkoop and Faber (1994) stage 28-30 Xenopus embryos (Hemmati-

Brivanlou et al., 1991) using a radiolabeled 103S base pair EcoRl-Nidel restriction 

fragment of the zebrafish Pax-6 cDNA clone pnl08 (Puschel et al., 1992). An 818 b.p. 

partial clone was used to rescreen the same library and nine unique Pax-6 cDNAs were 

ultimately obtained, five of which are full-length. All isolated clones were confirmed 

through DNA sequencing followed by database comparison using GCG (Madison, WI). 

2. Parsimony analysis 

DNA sequences from the coding region of each fiill-length, unique Pax-6 clone 

obtained from our library were used for this analysis. The GenBank accession numbers 

for these sequences are AF154552, AF154553, AF154554, AF154555, AF154556, 

AF1S45S7, and AF1S4SS8. SevtxH Xenopus Pax-6 sequences QaaCti Xenopus A and 

Xenopus B variants) previously submitted to GenBank were used for this alignment as 

well. The accession numbers for these sequences are U76386, U77S32, U64S13, 

D88737, D88738, and U67887. Comparison with other species was accomplished by 

obtaining Pax-6 GenBank sequences from two other amphibians, C. pyrrhogaster and T. 



alpestris (D88741, U77178), a teleost fishi4. mexicanus (Y07S48), and humans 

(M936S0), with a human Pax-2 sequence (M89470) serving as an outgroup. 

Since the 151 base pairs that differentiate A!e/icpitfi4 clones ^omXenopusB 

would bias the alignment, this region was not included in the analysis. The 42 base pairs 

of differential transcript in the paired box were also not included since that region has 

been shown to result from an alternate splicing event (Jaworsld et al., 1997). All 

sequences were aligned using GCG Pileup (Madison, WI) and adjusted manually. 

Phyiogenetic relationships were determined by conducting a Heuristic search on PAUP 

3.1.1 (Swofford, 1993), and branch lengths proportionate to the number of individual 

nucleotide differences between sequences were calculated using MacClade 3.01 

(Maddison and Maddison, 1992). 

3. Genomic Southern blots 

Genomic DNA was isolated from Xenopus tadpoles following protocols outlined 

in the Qiagen Genomic DNA Handbook. Isolated genomic DNA was then digested with 

HindUL, Xbal, Stul, Smal, Ndel^ and Sail (10 ^g of genomic DNA was digested with each 

enzyme), and separated on a 0.7% agarose gel. There is a HindSL site within the coding 

region of both the Xenopus A and Xenopus B cDNAs. The agarose gel was denatured in 

1.5 M NaCi and O.S N NaOH for 30 minutes, rinsed in Milli-Q water, then neutralized in 

1 M Tris (pH 7.4), 1.5 M NaCl for 30 minutes. The gel was then transferred to a nylon 

membrane using capillary action overnight in 2X SSC. After DNA transfer, the 



membrane was soaked in 6X SSC for S minutes and dried for 30 minutes, then UV-

crosslinked using a DNA Stratalinker (BioRad). Pre-hybridization of the membrane was 

carried out for 2 hours at using 6X SSC, SX Denhardt's, 0.5% SDS, and lOO^g/mL 

Salmon DNA, followed by addition of a '̂ P-labeled Pax-6 probe. 

Probe generation was accomplished following protocols outlined in the Ready-

Prime Labeling Kit (Amersham) using ISO ng of template plasmid containing an 818 

base pair fragment spanning the S' coding region of Pax-6, and extremely fresh ^^P Oess 

than one week after receiving). The ^^P-labeled probe was boiled briefly to denature and 

iced immediately, then added to the pre-hybridization solution warmed to AT'C. 

Hybridization was allowed to occur overnight at Al'C. Washes were performed 

sequentially, gradually increasing stringency until a final wash of 0.2SX SSC and 0.1% 

SDS was achieved. The membrane was then wrapped in Saran Wrap and exposed to a 

phosphorimager screen for 48 hours. 

4. Isolation of mRNA from tissue and RT-PCR 

Isolation of mRNA from Xenopus embryos was carried out using the OligoTex 

Direct mRNA protocol (Qiagen). RT-PCR was performed using the Titan One Tube RT-

PCR System (Boehringer Mannheim). Primer sequences used for Fig. 2.3 A are as 

follows; Forward 5'-AGAGTGCTGCGCAACCTG-3' and Reverse 5'-

CTGCCGGGTACTTGAACTG-3'. Primer sequences used for Fig. 2.3B are as foUows: 

Forward 5' -CAGAGTACCCACCCCAGAAGT-3' and Reverse 5' -



43 

TTCCTCAGTCTCCCCGTCTTT-3'. RT-PCR products were separated using a 2% 

agarose gel, purified using the QiaexII gel purification Idt (Qiagen) and sequenced. 

5. Antibody genenition, in situ hybridizatioB, immunocytochcmistiy on sectioiicd 

tusue, and immuno-precipitatioiu 

Polyclonal antibodies were generated against synthetic peptides derived fi'om 

amino acid sequences found within the differential transcriptional activation domains of 

the two Xenopus Pax-6 proteins. The amino acid sequence used for generating antibodies 

against the XetK^ms A protein was HjN-CQVPGSEPDMSQYWPRLQ-COOR This 

sequence represents the last 17 amino acids of the Xenopus A protein, with an N-teminal 

cysteine added which facilitates conjugation to the carrier protein KLH. This sequence is 

identical to that used previously by Davis and Reed (1996). The amino acid sequence 

used for generating antibodies against the Xenopus B protein was H2N-

CTGQDYSKNRVNLTND-COOH. This represents the last 19 amino acids of the 

Xenopus B protein, also with an N-teminal cysteine added. Antibodies against the 

Xenopus A protein were generated in rabbit and antibodies against the Xenopus B protein 

were generated in rat. Peptide synthesis, immunizations, and final affinity purifications 

were performed by Quality Controlled Biochemicals, Inc. (Hopkinton, MA). 

Tissue for in situ hybridization and immunocytochemistry was prepared by 

fixation in 4% paraformaldehyde overnight at 4^C and infiltrating with 30% sucrose. The 

tissue was then fi-ozen in Tissue-Tek* O.C.T. Compound (Sakura), cut into 14^m fi'ozen 
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sections, and mounted onto Vectabond™ coated slides (Vector laboratories). Mounted 

sections were allowed to dry overnight either at room temperature or frozen in sealed 

containers with dessicant. An 818 base pair clone representing the S' coding region of 

Pax-6 was digested with Bst-Xi and used to generate a digoxigenin-labeled probe for in 

situ hybridizations using the DIG RNA Labeling Mix (Boehringer Mannheim). Slides 

were hybridized at S8°C overnight and detection was carried out using a 1:2000 dilution 

of anti-digoxigenin antibodies (Boehringer Mannheim) following the protocol outlined in 

Str^e et al. (1994). 

Sections used for immunocytochemistry were pretreated for 30 minutes with 3% 

Normal Goat Serum, 0.4% Triton-X 100 in 0.1 M phosphate buffer. Primary antibody 

staining was carried out using a 1:200 dilution of mti-XerK^rus A antibodies, or a 1:100 

dilution of aati-Xenopus B antibodies. Primary antibodies were allowed to incubate for 3 

hours at room temperature in a humid chamber, followed by three 10-minute washes in 

0.1 M phosphate buffer. A 1 ;S00 dilution of either goat anti-rabbit Cy3 conjugated, or 

goat anti-rat Cy2 conjugated secondary antibodies (Jackson ImmunoResearch) were then 

added and allowed to incubate for 1 hour at room temperature. After secondary antibody 

incubation, the sections were washed 3X10 minutes in 0.1 M phosphate buffer and 

stained with 1 ^g/mL DAPI for IS minutes, followed by three additional 5 minute 

washes. Once staining was completed, sections were mounted using either PPD 

mounting medium (Beltz and Burd, 1989) or Aqua Poly/Mount (PolySciences, Inc.) and 

coverslipped. 



Immuno-precipiutions were performed by incubating 20 of either Xenopus A 

or Xenopus B antibodies with 8 |iL of protein A-trisaciyl beads (Pierce), and incubating 

the antibody-coated beads in a protein extract obtained from 230 dissected stage 48 

retinas following protocols outlined in Fowler et al. (1993) and Gregorio and Fovider 

(1995). Precipitated conjugates were loaded onto a 7.5% acrylamide gel, and transferred 

to a nitrocellulose membrane. Western blot analysis was subsequently performed using a 

1.20,000 dilution of primary antibodies according to protocols included with the ECL 

western blot detection kit (Amersham). 

6. mRNA production, in vitro fertilizations, and microinjectioB of mRNAs into 

sin^e biastomeres 

Full-length Xene f̂us Pax-6 cDNA sequences were subcloned into BamHl and Stul 

sites of the pCS2-t' vector (Turner and Weintraub, 1994) such that sense mRNA could be 

generated using the SP6 polymerase following digestion of the DNA template with Notl. 

Production of capped, polyadenylated mRNAs was carried out using the mMessage 

mMachine system (Ambion). Transcripts produced were then phenolxhloroform 

extracted and ethanol precipitated, then resuspended in DEPC water, quantitated using a 

GeneQuant spectrophotometer, and verified on an agarose gel. 

Fertilized embryos were obtained by injecting adult Xent̂ fus females with 800 

units of Human Chorionic Gonadotropin (Sigma) 10-12 hours before mature oocytes 

were needed. Testes were dissected from adult Xenopus males and stored in IX MMR 



(100 mM NaCl, 2 mM KCl, 2 mM CaCh. 1 mM MgCh. S mM HEPES, pH 7.4). We 

have found testes can be stored for up to two weeks at A^C. Fertilizations were carried 

out by squeezing oocytes into a glass dish containing IX MMR and thoroughly rubbing 

testis (teased ^art using forceps) over eggs. Eggs and pulverized testis were incubated 

together for 8 minutes, and then the dish was flooded with O.IX MMR to activate the 

sperm. After an additional 8 minutes, the fertilized oocytes were dqellied in 2.5% 

cysteine (pH 8.0) and rinsed several times in 0. IX MMR Once the fertilized embryos 

had begun their first cleavage, they were transferred into a S% ficoU, 0. IX MMR solution 

in small dishes containing plastic mesh. 

Single blastomeres of two-cell staged embryos were iiyected with SO, 12S, 175, 

250 and 375 pg of either Xenopus A or Xenopus B mRNA, along with 50 pg of ^ 

galactosidase mRNA as described in Hirsch and Harris (1997). Co-injections were 

performed in which the concentration of Xenopus A mRNA was held constant at 125 pg, 

mixed with either 50, 125, or 250 pg of Xenopus B mRNA. Control injections were 

performed using 50, 125, 250, and 375 pg of fi-galactosidase mRNA alone. Injected 

animals remained in the 5% ficoU solution for approximately one hour, then transferred 

into larger volumes of 0. IX MMR overnight. The following morning, surviving animals 

were transferred into Instant Ocean for long-term development. 
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7. Processing of injected animals and phenotjrpe analysis 

Surviving animals were allowed to develop until Stage 37-38 (Niewkoop and 

Faber, 1994), when they were fixed with MEMFA (0.1 M MOPS, 2 mM EGTA, 1 mM 

MgS04, 3.7% formaldehyde) for 30 minutes, washed 2X in PBTween (PBS + 0.1% 

Tween), and reacted with either X-gal or magenta-gal substrate until staining was 

apparent (4 hours - overnight). Stained animals were stored at either 4*'C or -20°C in 

either methanol or ethanol. 

We have found that the most extreme phenotypes are always associated with 

robust 3-galactosidase activity. Animals displaying positive P-galactosidase activity in 

anterior structures were stained for lens crystallin protein as whole mounts. Staining for 

lens crystallin was carried out by first treating the embryos with 3% H2O2 in methanol for 

5 minutes to reduce background caused by endogenous peroxidases. Then the embryos 

were rehydrated, first in 50% PBS/50% methanol, then into 100% PBS. Embryos were 

blocked overnight in PBTween + 10% Normal Goat Serum, then incubated overnight in a 

1; 1000 dilution of anti-bovine 3-crystallin antibodies (donated by S. Zigler), followed by 

washing I OX in PBTween. Goat anti-rabbit HRP conjugated secondary antibodies 

(Jackson ImmunoResearch) were added at a 1 ;500 dilution for one hour, followed by 10 

more washes in PBTween. Detection was carried out by incubating in DAB substrate 

(Pierce) for 10 minutes followed by addition of HjOz at 1 pd/ml. The enzymatic reaction 

was then stopped by washing several times in PBTween. 



Embryos that had been injected and stained with anti-lens cfystallin antibodies 

were scored for lens defects. Direct comparisons were made between lens tissue on the 

injected and uninjected sides of the same animal to ensure phenotypes were due to 

microinjection rather than simple morphological variance between individuals. This was 

accomplished by photographing both the injected and uninjected sides of each animal as 

whole-mounts, and comparing the photographs of the two sides directly. 

Once the embryos had been scored as whole-mounts, those animals exhibiting 

robust 3'galactosidase staining in dorsoanterior regions were embedded in para£Bn, 

sectioned (10|xm), de-waxed and stained with DAPI. Sectioned animals were scored for 

presence of ectopic 3-crystallin expression and retinal defects. Retina cells were counted 

from every third section throughout the retina starting with the most ventral section of 

each eye. A one-way ANOVA and Student's t-test were performed on the differences 

between retinal cell number on the injected versus uninjected sides of each animal. 
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RESULTS 

1. Isolation of multiple Xemapus PaX'6 cDNAs 

Nine unique Xenopus Pax-S cDNAs were isolated from a Niewkoop and Faber 

stage 28-30 library (Swiergiel, 199S). Comparison of these cDNAs with other previously 

published Pax-6 sequences reveals that Xenopus Pax-6 cDNAs fall into four distinct 

classes, I - IV (Fig. 2.1 A). These classes differ in the absence of 42 base pairs of coding 

sequence in the paired box (detected in seven clones) and the absence of 1S1 base pairs 

of coding sequence in the 3' region (detected in four clones). The 42 base pair deletion 

found in Class n and IV transcripts produces a 14 amino acid variation in the predicted 

amino acid sequence of the paired domain. This variation has been observed in several 

vertebrate species (Walther and Gruss, 1991; Mizuno et al., 1997) and has been shown to 

result from an alternative splicing event of mammalian exon Sa (Epstein et al., 1994). 

The Xenopus A, Xenopus B, and XPax-6 clones used in our functional studies have this 

42 base pair deletion. 

The IS1 base pair deletion found in Class in and IV transcripts produces a change 

in reading frame, resulting in a novel predicted amino acid sequence in the carbcxy-

terminal domain of the protein (Fig. 2. IB). The overall predicted amino acid sequence is 

truncated in these clones, shortened from 422 to 393 amino acids in length. This deletion 

has been observed in the newt as well (Mizuno et al., 1997), and corresponds with 

mammalian exon 12. We refer to clones containing the conserved carboxy-terminal 



domain as Xenopus A variants and clones lacking the 1S1 base pair sequence, therefore 

having a novel carboxy-tertninal domain, as Xenopus B variants. Since the caiboxy-

terminal domain has been identified as the transcriptional activation domain of the 

protein (Hill et al., 1991; daser et al., 1994), it is likely that altering this domain will 

affect the ability of the Xenopus B protein to activate transcription of downstream target 

genes. 



Figure 2.1 Multiple Pax-6 transcripts exist in Xenopus laevis. (A) PeBc-6 transcripts 

fall into four classes (I - IV), dependent on the presence or absence of 42 base pairs of 

sequence in the paired domain, and the presence or absence of 1S1 base pairs of sequence 

l o c a t e d  d o w n s t r e a m  o f  t h e  h o m e o d o m a i n .  X e n o p u s  A v a r i a n t  t r a n s c r i p t s  h a v e  t h i s  I S l  

base pair sequence, whereas Xenopus B variam transcripts do not. (B) Predicted amino 

acid sequences for the Xenopus A and Xenopus B transcripts used for functional analysis. 

Both sequences exhibit high degrees of sequence identity with that of murine Pax-6 

(Walther and Gruss, 1991), as well as XPax-6 (Hirsch and Harris, 1997). A novel 

peptide is produced following the site of the 151 base pair deletion in Xent^us B 

(arrowhead). Boxes outline the DNA binding domains, and amino acid differences 

between XPax-6 and our clones are shaded in gray. (-) identical amino acid, (.) deletion, 

(*) stop codon. 
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2. Sequence analysis of Xenopus Pax^6 transcripts 

Given the pseudotetraploid nature of the Xenopus genome (Graf and Kobei, 

1991), Xenopus A and B variant transcripts could result from either an alternative splicing 

event, or be transcribed from two separate copies of the Pax-6 gene. A parsimony 

analysis of all Xenopus cDNAs available, both the seven fiill-length sequences we are 

reporting along with previously published Xenopus Pax-6 cDNAs (total of 13), supports 

the conclusion that there are at least two Xenopus Pax-6 genes, both of which produce the 

A and B variants (Fig. 2.2). Thus, the sequence relationships of these genes support the 

fact that Xenopus A and Xenopus B variant transcripts result from an alternate splicing 

event. In addition, the sequence analysis suggests that the Xenopus A clone we have 

isolated and used in our overexpression analysis arises from a different locus than the in

variant XPax-6 clone used in other studies. This is evident from both a direct comparison 

of the amino acid sequence, which reveals eleven amino acid substitutions (Fig. 2. IB), 

and from the parsimony analysis. 



Figure 2.2 Parsimony analysis of multiple Xenopus Pax-6 cDNAs. All Xent̂ ms clones 

associate into two groups, which indicate presence of two distinct genes labeled Gene 1 

and Gene 2. Smaller differences observed between members of each group, represented 

by shorter branch lengths, could either indicate the presence of additional genes or result 

from allelic variation between individuals or populations. The Xenopus A, Xenopus B, 

and XPax-6 clones used in the subsequent microinjection experiments are indicated in 

bold. C. pyrrhogaster and T. alpestris are Pax-6 sequences from other amphibians, A. 

mexicanus is a teleost fish, H. sapiens is a human Pax-6 sequence, and a human Pax-2 

sequence was used as an outgroup. Clones isolated from our library are indicated with an 

(*), all others were acquired from GenBank. Accession numbers are as follows: (*, left 

to right) AF154553. AF154554, AF154555, AF154556, AF154557. AF154552, 

AF154558, (1) APox-tf U76386, (2) U77532, (3) U64513, (4) D88737, D88738, (5) 

U67887, (C. pyr?i D88741, {J. alp.) U77178, (A. mex.) M93650, {H. sap.) Y07548, (Pax-

2) M89470. 
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3. Pax-6 genomic Southern blot experiments 

Southern blot experiments using Xenopus genomic DNA produce a banding 

pattern that is consistent with the parsimony analysis described above (Fig. 2.3). Most of 

the enzymes tested produce two major bands, with the obvious exception of ffindOI. 

Both the Xenopus A and Xenopus B cDNA sequences have a single HindSSi recognition 

site located between the paired and homeobox regions. More than two bands should 

appear in this lane since the HindiSS. restriction site is located within the region that 

hybridizes with the probe used for detection. Presence of at least eight bands in this lane 

indicates that additional HindSSL sites could exist within intron sequences that are not 

included in our cDNAs, or that more than two copies of the PcDi-6 gene are present in the 

genome. The restriction enzymes Sma\ and Nde\ also have a single recognition site 

within our Pax-6 cDNA coding regions, but produced fewer bands than expected. The 

remainder of restriction enzymes used in this analysis did not have any recognition sites 

within the cDNAs obtained from our library. Additional, less prevalent bands in lanes 

digested with these restriction enzymes could be explained in the same fashion as those 

observed in the HindTH lane, either by presence of recognition sites within introns or by 

existence of more than two genes. Results of the Genomic Southern blot experiments 

agree with the phylogenetic analysis, indicating presence of at least two copies of Pax-6 

in the Xenopus genome. 



Figure 2.3 Xenopus Pax-6 genomic Southern blots. 10 |ig of Xent̂ ms genomic DNA 

were digested with multiple restriction enzymes and subsequently probed with an 818 

base pair ^^P-labeled Paoc-6 fragment. This probe does not differentiate between Xenopus 

A and Xenopus B sequences. The fragment is located within the S' coding region of our 

Pax-6 cDNA sequences, upstream of the alternate splice site used to generate Xent̂ jus B 

variants. HineffSL, Smal, and Ndel have a single recognition site within our Pax-6 

cDNAs, whereas Xbdl, Stul, and Sail do not. The banding pattern produced is consistent 

with the hypothesis that Xent^s laevis has at least two copies of the Pax-6 gene in its 

genome. 
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4. Localization of Xenopus A and Xenopus B transcripts 

Pax-6 mRNA is expressed in developing brain and eye tissue in Xenopus, as 

previously determined through in situ hybridization (Swiergiel, et al., 1994; Hirsch and 

Harris, 1997). RT-PCR from dissected brain and eye tissue from three stage 62 animals 

shows that both Xenopus A and Xenopus B transcripts are expressed in these tissues (Fig. 

2.3 A). RT-PCR using primers that flank the 151 b.p. deletion amplifies an 859 b.p. 

fragment corresponding to the size product predicted from the Xenopus A transcript, and 

a 708 b.p. fragment from the Xenopus B transcript. The 772 b.p. band (arrow) 

corresponds to the Xenc^nts B product coupled with a 5' primer dimer. RT-PCR 

performed on individual pools of mRNA isolated from five stage 26 embryos using a 

dififerent set of primers that flank the 151 b.p. deletion amplifies two fragments which 

correspond to the sizes predicted from both Xenopus A and Xenopus B transcripts (Fig. 

2.3B). Similar results were obtained using stage 25 (n=6) and stage 33 (n=4) animals 

(data not shown). RT-PCR products shown in Figure 2.3A and B were cloned and 

sequenced for verification. Combined results from these experiments confirm production 

of both the conserved Xenopus A and novel Xenopus B transcripts in both early and late 

developmental stages as well as in isolated brain and eye tissue. 



Figure 2.4 RT-PCR using primers that flank the IS1 base pair deletion. Pax-6 

transcripts are found in dissected brain and eye tissue, and at early and late 

developmental stages. Localization of both Xenopus A and XetK^ms B transcripts in (A) 

dissected brain and eye tissue of three stage 62 animals, and (B) in five individual stage 

26 animals. Different primers were used for (A) and (B). Molecular weight markers are 

on the left, (b) brain, (e) eye, (arrow) see text. The RT-PCR experiments presented here 

were performed by Michael Pape. 
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5. Xeiu^us A and Xenopus B protein expression in the developing retina and lens 

Expression patterns obtained from in situ hybridizations performed using Pax-6 

probes do not distinguish Xenopus A variants from Xenopus B variants, since these 

mRNAs are identical on the nucleotide level (apart from the IS 1 base pair deletion in 

Xenopus B). Two new antibodies have been generated against unique peptide sequences 

located in the carboxy-terminal domains of the Xenopus A and B resulting proteins. 

These antibodies differentiate expression patterns for the two unique proteins. Xenopus 

A antibodies stain nuclei within the ganglion cell layer and the inner portion of the iimer 

nuclear layer (Fig. 2.SA), consistent with in situ hybridization results (Fig. 2.5C), as well 

as results reported previously for this protein (Ffirsch and Harris, 1997). Antibodies 

generated against Xent^ms B protein stain only the ganglion cell layer of the retina (Fig. 

2.5B). The staining for Xenopus B is localized in the cytoplasm, unlike the staining for 

Xenopus A Double-labeling experiments (Fig. 2.4D) demonstrate that Xenopus B is 

expressed in at least some of the same cells as Xenopus A. The combined image also 

reveals some areas shaded in yellow, indicating a possible overlap between expression 

domains of the two proteins. Antibody specificity was tested by pre-adsorbing the 

antibodies with an excess of synthetic peptide, which results in a complete loss of this 

staining pattern (Fig. 2.5E, F). This confirms that the staining pattern produced is 

specific for antibodies that recognize the synthetic peptide (Beltz and Burd, 1989). 

Immuno-precipitation experiments were also performed with these antibodies using 

retina tissue dissected from stage 48 larvae (Fig. 2.SG). Xenopus A antibodies produce a 
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band at approximately SO kDa, consistent with results obtained by Davis and Reed (1996) 

using mouse protein. Xenopus B antibodies produce a band that is slightly smaller than 

that produced by Xenopus A antibodies, which is expected given that Xenopus B protein 

is 29 amino acids shorter than Xenopus A. 

The antibodies we generated were also used to determine whether Xenopus A and 

Xenopus B proteins are expressed in the developing lens. Antibodies against the Xenopus 

A protein stain nuclei in the stage 38 lens (Fig. 2.6B), consistent with expression patterns 

obtained through in situ hybridization (Fig. 2.6A). Comparison between the protein 

expression pattern and its corresponding DAPI image (Fig. 2.6C) indicates that the 

intensity of Pax-6 expression decreases in nuclei located in the basal portion of the lens, 

when compared with cells located more apically. This reduction in Pax-6 protein 

matches the reduction in transcript observed in lens cells in Fig. 2.6A. By st^e 42, 

Xenopus A protein is not detectable in the lens (data not shown). No positive staining 

was observed in the lens using our Xent^ms B antibodies. 



Figure 2.5 Expression patterns for both the conserved Xenopus A and novel Xem^ms B 

proteins in the developing retina. (A) Antibodies generated against the conserved 

Xenopus A protein stain the nuclei of cells in both the ganglion cell layer (g) and the 

inner nuclear layer (i) of a stage S6 retina. (B) Antibodies generated against the novel 

Xenopus B protein stain only the ganglion cell layer, and indicate Xenopus B is 

cytoplasmic (retina st. 62). (C) In situ hybridization using a Pax-6 clone that recognizes 

both Xenopus A and Xenopus B transcripts shows staining in the ganglion cell layer and 

the inner portion of the inner nuclear layer of a stage S7 retina. (D) Double-label image 

resulting from superimposing multiple images obtained from a stage S3 retina. 

Expression pattern for Xenopus A (red) was merged with that of Xenopus B (green). No 

staining is observed in the retina when Xenopus A antibodies are pre-adsorbed with the 

Xenopus A synthetic peptide (E) or when Xenopus B antibodies are pre-adsorbed with the 

Xenopus B synthetic peptide (F). Staining in the photoreceptor cells (p) and retinal 

pigmented epithelium (rpe) is non-specific. (G) Immuno-precipitation performed by 

incubating protein A-trisacryl beads, either alone or conjugated with Xenopus A or 

Xenopus B antibodies, with protein extracted from 230 stage 48 retinas, followed by 

separation on a 7.5% acrylamide gel and western blotting. Predicted migration distances 

for Xenopus A and Xenopus B protein are indicated with arrowheads. Scale bar is lOfim. 

The in situ hybridization image included with this figure was obtained by Michael Pape. 
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Figure 2.6 Pax-6 expression in the developing Xenopus lens. (A) In situ hybridization 

shows staining in cells of a stage 38 lens. (B) Xenopus A antibodies produce a staining 

pattern that corresponds with the mRNA epression. (C) DAPI stained image of the same 

stage 38 eye shown m (B). Non-nuclear staining corresponds with auto-fluorescent yolk 

granules. All photos are anterior to the right and medial down. Arrowhead marks lens 

nuclei, (r) retina, 0) lens. Scale bar is 10^m. The in situ hybridization image shown in 

this figure was obtained by Jennifer Swiergiel. 
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6. Overezpression of Pax'6 mRNA in Xeiwpus embryos alters lens crystallin 

expression 

Functional analysis of transcription factors in Xenopus can be achieved through 

overexpression of mRNAs in early-staged embryos, followed by analysis of downstream 

candidate gene expression (Coffinan et al., 1993; Turner and Weintraub, 1994). 

Overexpression of both Xenopus A and Xenopus B mRNAs was performed in order to 

reveal fiinctional differences, if any, between the two resulting proteins. Overexpression 

was accomplished by injecting Pax-6 mRNAs into single blastomeres of two-cell staged 

embryos, along with ^galactosidase mRNA which served as an injection control. 

Following overexpression of Xenopus A and Xenopus B transcripts, we examined 

expression patterns for lens ^rystallin proteins in embryos at stage 37-38. Lens tissue, 

as defined through /^crystallin staining, is reduced or completely absent in animals 

overexpressing Pax-6 mRNA when compared directly with each contra-lateral uninjected 

control lens (Fig. 2.7). Lenses scored as reduced are an average of 50% smaller than 

control lenses when overall lens tissue area is measured fi-om photographs of whole-

mount animals. This phenotype is observed in animals injected with both the conserved 

Xenopus A and novel Xenopus B transcripts (Fig. 2.8). Both Xenopus A and Xenopus B 

were toxic to embryos at concentrations higher than 175 pg, with the only surviving 

animals having little or no ^galactosidase activity. We also performed overexpression 

experiments using the XPax-6 construct to determine whether any functional differences 

exist between Pax-6 proteins derived from each of the two Xenopus Pax-6 loci. Animals 



injected with either SO pg (ii=10) or 125 pg (IP=10) of the XPax-6 construct also had 

lenses that were either reduced or absent. 

Co-injection experiments were also performed in which Xenĉ pus A and Xenopus 

B were injected together, along with 50 pg of P-gal mRNA, to determine whether 

Xenopus B functions synergistically with Xenopus A, either to enhance or repress 

downstream effects. The amount ofXenopusA injected was held constant at 125 pg, and 

Xenopus B was co-injected at 50, 125, and 250 pg. Animals co-injected with both 

transcripts produced the same reduced lens phenotype as those injected with only one. 

Although the percentage of animals with the reduced lens phenotype did not increase 

with higher Xenopus B concentrations, the m^ority of animals co-injected with both 

constructs survived even when injected with as much as 375 pg of total Pax-6 mRNA 

(Fig. 2.8, asterisks). Animals injected with mRNA alone at concentrations as high 

as 375 pg of experienced no morphological or toxic effects (n=IO). 
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Figure 2.7 Overexpression of Pax-6 disrupts lens development. Whole-mount 

embryos (A, C, E) and DAPI-stained horizontal sections (B, D, F) showing examples of 

reduced and absent lens phenotypes resulting from Por-tf microinjection. All animals 

were stained for ^galactosidase activity with magenta-gal (pink), and subsequently 

stained with anti-^-crystallin antibodies to reveal lens morphology (brown). (A, B) 

Control embryo injected with SO pg ^g/al mRNA shows wild-tti)e lens morphology. (C, 

D) Embryo injected with SO pg Xenopus B mRNA along with SO pg P-gcd mRNA shows 

an example of a reduced lens. (E, F) Embryo injected with 12S pg Xenopus A along with 

SO pg fi-gal mRNA lacks a differentiated lens completely. All images are anterior to the 

left. Arrowhead indicates lens (A-D) or predicted position of the lens (E, F). (r) retina. 

Scale bar is lO^m. 
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Figure 2.8 Summary of microinjection results showing percentages of embryos with 

the reduced or absent lens phenotype. Direct comparisons were made between the 

injected and contralateral uninjected sides of each animal. Only animals staining positive 

for >9-galactosidase activity were used in this analysis. Legend indicates amount of Pax-6 

mRNA injected, with (*) distinguishing concentrations delivered to co-injected animals, 

n = number of animals analyzed in each category. Concentrations used for animals 

injected with fi-gal mRNA alone are 50 pg (n=lS), 125 pg (n=5), 250 pg (n=5), and 375 

pg (n=10). 
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Following analysis of lens morphology by observing ^-crystallin expression in 

whole embryos, animals exhibiting robust >9-galactosidase activity were sectioned and 

stained with DAPI. Examination of tissue sections revealed the presence of small regions 

of ectopic 3-crystallin expression in animals injected with either SO or 125 pg of Xenĉ ms 

A mRNA alone (6 out of 22 animals scored) or co-injected with up to 250 pg Xenopus B 

(13 out of 44 animals scored). Ectopic ^-crystallin expression is never observed in 

animals injected only with Xent^ms B (0 out of 23 animals scored). Animals injected 

with 50 pg XPax-6 are also capable of producing ectopic ^-crystallin (9 out of 10 animals 

scored). Ectopic ^-crystallin is observed in epithelial layers of dorso-anterior structures, 

most often in the head of the animal but separated from the developing eye (Fig. 2.9). 

Ectopic crystallin is always co-localized with tissue staining positive for ^galactosidase, 

suggesting that the mechanism is autonomous. All animals with ectopic ^-crystallin also 

have the reduced or absent lens phenotype. These combined results indicate Pax-6 is 

capable of both reducing lens crystallin expression in the developing eye and producing 

ectopic crystallin expression in other tissues. The conserved Xenopus A is capable of 

activating crystallin expression either alone or combined with Xenopus B, but Xenoptis B 

seems unable to activate crystallin expression. In contrast, both Xenopus A and Xenopus 

B can reduce or inhibit normal lens development when overexpressed (Fig. 2.8). These 

results indicate possible differences in function between the two forms of Xenopus Pax-6 

and clearly demonstrate that Pax-6 overexpression can modify lens crystallin expression 

in developing Xenopus embryos. 



Figure 2.9 Examples of ectopic ^-crystallin expression observed following Pax-6 

microinjection. Animal shown was injected with SO pg of P-gal and 125 pg Xenopus A 

mRNA, then stained with X-gal (blue) and anti->9-crystallin antibodies (brown), mounted 

in parafi5n and sectioned horizontally. Regions of ectopic ̂ -crystallin are indicated with 

arrows. (B) is a magnified image of (A). All images are anterior to the right, (r) retina, 

(arrowhead) lens. Scale bar is 10^m. 
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7. Pax'6 ovemprcssioB aflccts Xenopus retina development 

Retina morphology was also found to be abnormal following sectioning and 

subsequent DAPI staining of embryos in which Pax-6 was overexpressed. Aninuds 

injected with up to 175 pg Xenopus A mRNA and up to 175 pg Xenopus B mRNA have 

retinas that are clearly expanded when compared directly with control retinas (Fig. 2.10, 

Table 2.1). Animals co-injected with both 125pg Xent̂ nts A and up to 2S0pg Xenopus B 

mRNA have retinas that appear expanded as well. This phenotype is also observed in 

animals injected with 50 pg XPax-6 (Fig. 2. lOE, F). Individual cell size seems normal in 

these expanded retinas, but there appears to be an overall increase in retinal area. Retinas 

with this apparent increase in tissue size frequently appear wrinkled or folded, possibly 

due to spatial or anatomical constraints which limit the overall area the retina is able to 

occupy (Fig. 2.lOD). Some animals even have retinas that appear duplicated (Fig. 2.11). 

This expanded retinal phenotype is associated with ^galactosidase expression in the 

retina itself^ which indicates an autonomous effect. Animals with this phenotype always 

have a lens that is clearly reduced or absent as well. 

Retina cells were counted from every third section (ventral-dorsal) on both the 

injected and uninjected sides of animals exhibiting robust ^gal staining in the eyes to 

determine whether the apparent retinal expansion is due to an increase in cell number. 

Results clearly show a difference between cell numbers obtained from the retinas derived 

from blastomeres injected with Xenopus A, Xenopus B, and XPax-6 when compared to 

their contra-lateral control retinas (Fig. 2.12). No significant difference in cell number 
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was observed in animals injected with only 3-gal mRNA. We do not know the fates of 

individual cell types, but an overall increase in cdl number is evident following 

overexpression of Pax-6 mRNAs. 



Figure 2.10 Examples of expanded retinas obtained from injection of Pax-6 mRNA. 

(A, C, E) Bright-field sections stained with X-gal (blue) and anti-^-crystallin antibodies 

(brown). (B, D, F) Same sections stained with DAPI. (A, B) Normal lens and retina 

morphology observed in an embryo injected with SO pg p-gal mRNA alone. (C, D) 

Reduced lens and expanded retina observed in an embryo injected with 12S pg XetK^ms 

A mRNA with SO pg fi-gcU mRNA. (E, F) Expanded retina without any lens observed in 

an embryo injected with SO pg XPax-6 mRNA and SO pg fi-gal mRNA. All sections are 

horizontal, anterior up. Arrowhead indicates lens tissue (A-D) or predicted position of 

lens (E, F). (r) retina. Scale bar is lO^m 
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Table 2.1 Summary of expanded retina phenotype following overexpression of Pax-6 

mRNAs. Each row represents a different concentration of Pax-6 mRNA injected, (pg) 

picograms of mRNA injected, (# with defect) number of animals scored as having an 

expanded retina, (total) total number of animals scored for that mRNA and concentration. 

Totals presented at the bottom represent the sum of each mRNA (# with defect/total). 
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mRNA 
injected P8 

#with 
defect total mRNA 

injected Pf 
# with 
defect total 

XenopusA 

50 0 7 

Xenopus 
A + B  

125 A 
+ 50B 14 18 

XenopusA 125 5 10 
Xenopus 

A + B  
125 A 

+ 125 B 9 11 XenopusA 

175 1 5 

Xenopus 
A + B  

125 A 
+ 250B 7 15 

XenopusB 

50 3 13 XPttx-e 50 8 10 

XenopusB 125 2 6 
alone 

50-375 0 6 XenopusB 

175 6 24 

TOTALS 

XenopusA 

6/22 

XenopusB 

6124 

Xeni^msA-*-B 

30/44 

XPax-6 

8/10 

fi-gal alone 

0/6 



Figure 2.11 Animals injected with Por-tf have retinas that appear duplicated. (A) 

Control animal demonstrating normal lens and retina morphology. (B) Animal injected 

with 12S pg of Xenopus A mRNA has a retina that appears duplicated, as does the animal 

in (C) which was injected with 12S pg of Xenopus A and 125 pg of Xenopus B mRNA. 

All three images are photographs taken of DAPI-stained sections of stage 37/38 embryos, 

anterior up. 
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Figure 2.12 Overexpression of Par-6 increases cell numbers in the developing retina. 

Each pair of data points connected with a line denotes the cell numbers obtained from the 

injected and contra-lateral control sides of a single animal. Differences in cell number 

are statistically significant for animals injected with Xenopus A, Xenopus B, and XPax-6 

mRNAs (see Appendix I). 
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Several animals injected with 12S pg of either Xenapus A or Xencpus B mRNAs 

(approx. 25 each) were allowed to develop until stage 48. This was to determine whether 

the retina and lens defects observed at earlier stages would result in the formation of 

complete ectopic ^e structures similar to those recently reported (Chow et al., 1999). 

Only a small number of animals injected with Xenopus A (n=2) produced complete 

ectopic eyes (Fig. 2.13), while none were observed in animals injected with Xenopus B. 

These combined results demonstrate that PCDC-6 overexpression can directly affect retinal 

development as well as lens crystallin expression, and that both the conserved and novel 

forms of PCDC-6 can influence the events necessary for Xenopus eye differentiation. 
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Figure 2.13 Ectopic eye stnictures observed in animals overexpressing XenopusA. (A) 

Stage 48 aninud that was injected with 125 pg of Xent^ms A mRNA displaying an ectopic 

eye on its injected side. (B) Magnified view of the ectopic eye shown in (A). (C) 

Another stage 48 animal injected with 125 pg of XetK^ms A, also displaying ectopic eye 

structures. Arrows indicate ectopic eye structures. 
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DISCUSSION 

1. Multiple Pax^6 splice variants exist in the developing Xetiopus embryo 

Isolation of multiple Pax-6 transcripts from a Xenopus cDNA library has revealed 

that Xenopus Pax-6 transcripts &11 imo four different classes based on two alternate 

splicing events. The first splicing event involves 42 base pairs of sequence within the 

paired box, corresponding to exon Sa (Epstein et al., 1994). Here, we report evidence 

that suggests a second splicing event involving ISl base pairs of sequence downstream of 

the homeobox, corresponding to exon 12. This splice variam has also been identified in 

the newt (Mizuno et al., 1997). Transcripts lacking this ISl base pair sequence {B 

variants) produce a protein with a carboxy-terminal transcriptional activation domain that 

is completely different than that produced fi'om transcripts containing this sequence (A 

variants). We have shown that both transcripts produce protein and are expressed in the 

developing eye. 

Overexpression of these transcripts has revealed two novel phenotypes, 

endogenous lens reduction and an increase in retinal cell number, in addition to the 

ectopic lens and retina phenotypes previously published (Altmann et al., 1997; Chow et 

al., 1999). These results suggest that flmctional differences exist between the proteins 

produced fi'om A and B transcripts, in that A variants can produce ectopic lens and retinal 

tissue when overexpressed, while B variants are unable to elicit this response. The 

observed effects on the endogenous retina and lens described here became apparent 



following the sectioning and detailed morphological analysis of young embryos. These 

phenotypes indicate that PCBC-6 overexpression produces differential effects on retina and 

lens development and support a model in which overexpression of Pax-6 inhibits, rather 

than activates, downstream target gene transcription in tissues normally expressing 

Pax-6. 

2. Pax-6 overexpression produces ectopic P-crystailin expression, but also disrupts 

endogenous lens deveiopment 

Overexpression of Xenopus i4-variant transcripts results in production of ectopic 

13-crystallin, as expected (Altmann et al., 1997; Chow et al., 1999). The nature of the 

ectopic crystallin expression observed in these microinjection experiments is consistent 

with the mechanism for ectopic lens formation proposed by Altmann et al. (1997). 

Regions of ectopic ^-crystallin were always associated with cells having >^galactosidase 

activity, indicating that the presence of Pax-6 in these ectopic locations is sufBcient to 

produce ectopic ;9-crystallin expression, as expected, and in a cell-autonomous manner. 

Since ectopic ^-crystallin expression is observed in tissue outside of the differentiating 

lens placode, amounts of Pax-6 received by these competent tissues is apparently 

sufiBcient to activate expression of downstream target genes. 

One of the most intriguing observations from these microinjection experiments is 

that in addition to producing ectopic 3-crystallin expression, overexpression of Pax-6 can 

repress 3-crystallin expression in the endogenous lens. There are three possible models 



to explain the novel lens reduction phenotype that we report. The first is that 

overexpression of Pcot-6 within the devdoping lens, where endogenous Pat-6 levels are 

already high, could have pushed concentrations above the threshold required for 

inhibiting or squelching, rather than activating downstream target gene promoters. This 

is a novel overexpression phenotype for PCEC-6, and is consistent with a model wherein 

Pax-6 expressed outside its normal domain leads to ectopic 3-crystallin, but when 

overexpressed within the normal Pax-6 expression domain, leads to repression of |3-

crystallins. We favor this model, because transcriptional assays performed in vitro have 

demonstrated that increasing concentrations of PaDc-6 can inhibit, rather than activate, 

downstream target gene transcription (Czemy and Busslinger, 199S; Duncan et al., 1998). 

Alternatively, Pax-6 overexpression could imeifere with an eariier aspect of lens 

differentiation, for which the reduction of lens crystallin proteins could be an indirect 

consequence. A third imerpretation is that unusual tissue relations produced by the 

observed expansion of the retina could interfere with the tissue interactions required for 

lens differentiation or maimenance. This is less likely, however, because of the 

microinjected animals we analyzed, not all animals with a reduced lens also have an 

expanded retina. 

3. Overexpression of Pax-6 causes an expansion of retinal tissue 

Many animals injected with PCDC-6 were found to have retinas that are expanded 

when compared with control retinas on their contra-lateral uninjected side. Cell size 



appears normal in these expanded retinas, but the overall number of cells comprising the 

retina is increased relative to controls. Increased cell numbers would cause the retina to 

expand in size, then fold or wrinkle under anatomical constraints, consistent with the 

morphology observed in animals overexpressing Pax-6. One possible explanation for this 

ceil number increase is that Pax-6 overexpression could increase transcription rates of 

downstream target genes that promote cell proliferation. Another is that an excess of 

Pax-6 protein could inhibit target genes, as described above. Inhibition of target genes 

that control retinal differentiation could prevent the retinal precursor cells from exiting 

the cell cycle and differentiating, resulting in a cell number increase. Pax-6 has been 

implicated in directing and maintaining the differentiation of individual cell types, both in 

the retina and the brain (Hirsch and Harris, 1997; Walther and Gruss, 1991). 

Alternatively, the increase in cell number could result from recruitment of additional 

retinal cells from surrounding tissues, rather than through an effect on cell proliferation. 

A similar retinal phenotype has been observed in the mouse, resulting from an 

artificial increase in copy number of the murine Pax-6 gene (Schedl et al. 1996). 

Overexpression of the Rx homeobox gene in Xenopus produces a similar retinal 

phenotype as well, which is thought to result from increased production of retinal 

precursor cells (Mathers et al., 1997). Since Pax-6 and Rx overexpression produce 

similar defects in the retina, it is possible that they influence retinal development by 

functioning in the same pathway. 
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4. Multiple Pax-6 loci in Xenopus Utevis 

Since two novel phenotypes were obtained foUowing overexpression of Xenopus 

A, in addition to those previously published using A7ar>tf, we performed microinjection 

experiments using the XPax-6 construct as well to determine whether any fimctional 

differences exist between the two clones. Eleven amino acid substitutions exist between 

the Xenopus A sequence used in these functional studies and the XPax-6 sequence 

previously reported. The XPax-6 construct also contains a nonsense peptide fused to a 

myc tag at the carboxy terminus (Hrsch and Harris, 1997). Additionally, the sequence 

analysis we performed suggests that the XPax-6 and Xenopus A constructs used here 

derive from separate loci. This is not surprising, since Xenopus laevis is a polyploid 

organism (Graf and Kobel, 1991), and multiple copies of other genes such as NCAM 

(Krieg and Tonissen, 1993) and MyoD (Harvey, 1990) exist in Xenopus as well. Despite 

these differences in sequence, all four phenotypes discussed here including ectopic p-

crystallin, reduced or absent lens tissue, expanded retinas, and ectopic eyes have been 

observed in animals injected with Xenopus A as well as XPax-6. This indicates that the 

XPax-6 and Xenopus A clones are fimctionally similar, and the two gene copies have not 

diverged in detectable fimction. 
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5. What is the signifiaiiice of Xeiu^us Bt 

Since the only difference between Xenopus A and Xent̂ ms B proteins exists in 

their transcriptional activation domains, the most obvious interpretation would be that 

Xenopus B functions as a negative regulator of Xenopus A activity. Alteration of the 

carboxy-terminal domain has been shown to cause loss of fiincticn phenotypes in humans 

(Glaser et al., 1994) and produce dominant negative mutants (Singh et al., 1998). 

Expression patterns obtained using RT-PCR show that both the conserved Xenopus A and 

novel Xenopus B transcripts are expressed in tissue isolated from the developing brain 

and retina. This, along with the protein expression pattern obtained in the retina, 

indicates that the two proteins may function together since they are expressed in at least 

some of the same cells. 

Although we would expect a dominant negative transcription factor to function in 

the nucleus, we have found that the majority of Xenopus B protein is localized in the 

cytoplasm. This was unexpected, but finding transcription factors outside the nucleus is 

not uncommon. The MAB-18 isoform of C. elegans Pcoc-6 was recently found localized 

in the cytoplasm (Zhang et al., 1998). While MAB-18 is unlike ourXent^ws B in that it 

is truncated in its 5' region, it still suggests that some Pax-6 proteins may serve a 

functional purpose outside of the nucleus. At least one transcription faaor, bicoid, has 

been shown to function in the cytoplasm. In Drosophila embryos, bicoid functions by 

binding directly to the 3' region of the caudal transcript (Dubnau and Struhl, 1996). 



96 

Other transcription factors have been shown to localize outside the nucleus as well, 

including dorsal and extradenticle (Rushlow et al., 1989; Rieckhoff et al., 1997). 

Altering the amino acid sequence in the carboxy-terminal donaain, as found in our 

Xenopus B, could disiupt signals required for nuclear localization. The possibility 

remains, however, that a small amoum of Xenopus B is able to co-localize in the nucleus, 

but is below the threshold of detection of our antibodies. Therefore, a direct interaction 

between Xenopus A and Xenopus B at the target promoter cannot be ruled out. 

Experiments conducted with the Pax-6 homeodomain have determined that the 

homeodomain is capable of binding to DNA as a dimer (Wilson et al., 1993), although 

this result has not been shown for the complete protein. Additional experiments would 

be necessary to confirm whether Xenopus A and Xenopus B function through a direct 

interaction with each other, or whether they function independently. 

Interestingly, only animals injected with either Xenopus A, alone or in 

combination with B, are capable of producing ectopic >9-crystallin. Ectopic ^-crystallin is 

never observed in animals injected with Xent̂ ms B alone. Both Xenopus A and Xenopus 

B, however, reduce endogenous lens crystallin expression when injected alone or in 

combination. This supports the hypothesis that Xenopus A is capable of activating 

downstream target gene expression (Altmann et al., 1997; Cvekl et al., 199Sa,b), but the 

novel Xenopus B may function differently in this context. IfXent^ms B functions in the 

nucleus, it may activate transcription of target genes with different efficiency than 

Xenopus A, may activate different gene promoters than Xenopus A, or may inhibit rather 



than activate target gene transcription. Xenopus B could also interact with additional 

factors, either inside or outside the nucleus, affecting target gene regulation. 

Xent̂ ms B does not produce the same phenotypes when overexpressed as the 

Pax-6JCT construct that completely lacks its carboxy-terminal PST domain (Chow et al., 

1999). Overexpression of PCDC-6ACT results in a complete loss of eye structures, whereas 

overexpression of Xenopus B results in a retinal expansion. Therefore Xenopus B does 

not function in the same manner as a PST deletion when overexpressed. Co-injection of 

Xenopus A with Xenopus B reduced toxicity observed in embryos injected with high 

concentrations of either A or B alone. The expanded retina phenotype is also more 

prevalent in animals co-injected with both A and B transcripts. This suggests that 

overexpression of the A and B Pax-6 variants may produce synergistic efifects, but 

additional experiments are necessary to confirm these types of interactions. 

6. Summaiy 

In conclusion, these results indicate that overexpression of Pax-6 disnipts normal 

eye development in at least two ways. First, ectopic expression of Pax-6 protein can 

produce regions of ectopic >9-crystallin expression in tissues competent to respond to lens 

inducing signals, and less fi'equently, can produce ectopic retinal tissue as well. The 

Xenopus B variant used in these overexpression studies is incapable of producing these 

phenotypes. Second, overexpression of Pax-6 in the endogenous retina and lens, tissues 

that normally express Pax-6, results in an expansion of the retina and a reduction of lens 



tissue. We hypothesize that in the lens, this drastic increase in overall Pax-6 protein may 

inhibit, rather than activate, downstream target gene transcription in that tissue. These 

combined results suggest functional differences between proteins produced from A and B 

transcripts, and reveal that overexpression of Pax-6 can have differential effects on retina 

and lens development in Xenopus. 
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CHAPTER ni: OVEREXPRESSION OF PAX-6 AFFECTS XENOPUS 

OLFACTORY SYSTEM DEVELOPMENT 

INTRODUCTION 

Information obtained through expression patterns and mutational analysis has 

indicated that Pax-6 functions in the developing olfactory system. In the mouse for 

example, Pax-6 is expressed in the olfactory system (Davis and Reed, 1996), and Sey 

mutant mice have defects in both their olfactory bulb and olfactory epithelium (Hill et al., 

1991; Schmahl et al., 1993). While much is known with respect to Pax-6 in the 

developing visual system, the precise role that Pax-6 plays in the developing ol&ctory 

system remains unclear. 

Two alternate Pax-d transcripts, XenopusA and Xermpus B, have been isolated 

from a Xenopus cDNA library as discussed in Chapter II. These two transcripts produce 

proteins with identical DNA binding domains, but different carboxy-termiiud 

transcriptional activation domains. The Xenopus A transcript is nearly identical to the 

XPax-6 transcript previously characterized (Hirsch and Harris, 1997), but is derived from 

a different genetic locus, and contains several amino acid substitutions (see Chapter U). 

The experiments presented in this chapter are intended to determine whether the  ̂and B 

transcripts are expressed and fiinction differently in Xentjpus olfactory system 

development. Expression patterns for Xenopus A were obtained using antibodies that 
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specifically recognize this form of Pax-6. Xenopus A protein is expressed in the 

developing olfactory bulb, in regions that overlap completely with expression patterns 

obtained through in situ hybridization. No Xenopus B protein was detected in the 

olfactory system. 

Olfaaory system morphology was analyzed following overexpression of each 

Pczx-6 transcript in early embryos. Overexpression of Xenopus A, Xenopus B, and XPcoc-

6 transcripts result in a reduction of the developing olfiKtoiy placode. This reduction was 

quantified by counting olfactory placode cells on both the uninjected and control sides of 

embryos in which Pax-6 was overexpressed. Cells were also counted in the forebrains of 

a few animals in which Pax-6 was overexpressed to determine whether overexpression 

affects forebrain cell numbers, but no significant difference was observed. These results 

confirm that overexpression of Xenopus A, Xenopus B, and XPax-6 constructs can 

infiuence olfactory system development, and suggest that the concentration of Pax-6 

protein is critical for normal olfactory placode formation. 
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MATERIALS AND METHODS 

1. In situ hybridization and immunocytociieniistiy 

Expression patterns obtained through in situ hybridization were conducted using 

an 818 base pair fragment of a Xenopus Pax-6 cDNA. Antibody staining was performed 

using anti-peptide antibodies specific to the Xenopus A protein. The same experimental 

protocols were followed as outlined in Chapter II, with the exception that sections were 

counter-stained with Hoechst instead of DAPI. 

2. Pax-6 overexpression, morphological analysis, and ceU number quantification in 

olfactory placodes and forcbrains 

Overexpression of Pax-6 transcripts was conducted through microinjection of 

sense mRNAs into single blastomeres at the two-cell stage, as described in Chapter n. 

Pax-6 mRNAs were injected at SO pg, 125 pg, and 175 pg for Xent̂ nts A and Xenopus B, 

and 50 pg for XPax-6. All embryos were co-injected with 50 pg of ̂ galactosidase 

mRNA. Embryos were allowed to develop to stage 37-38, when they were fixed and 

stained for P-galactosidase activity. Animals exhibiting robust 3-galactosidase staining 

in their anterior structures were embedded in paraffin, sectioned at 10 ^m, and stained 

with DAPI so that a more detailed morphological analysis could be performed. These 

sectioned animals were originally scored for visual system defects as discussed in 
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Chapter U. Animals having readily identifiable defects in their visual system were 

subsequently analyzed for olfactory system defects. Individual nuclei in olfiu:tory 

placodes were counted from every other section, starting with the most ventral section. 

The olfactory placode on both the injected and uninjected control sides of the same 

animals were counted, allowing for a direct comparison between both placodes in the 

same animal. 

Forebrain nuclei were counted in four of the same animals overexpressing XPax-6 

in which retina and olfactory placode cell number was affected. Nuclei from every other 

section, ventral to dorsal, were counted. The first lateral extensions of the presumptive 

ventricle were used as a boundary marker for the rostral ford)rain (see Fig. 3.4), and all 

cell nuclei located anterior to this boundary were counted. Forebrain nuclei from both 

the injected and contra-laterai control sides of the same animals were counted, allowing 

direct comparison between the two sides. 
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RESULTS 

1. Pax-6 is expressed in the developing olfactory system of Xemopiu laevis 

Expression patterns for Pax-6 have been obtained in a wide range of species and 

coincide with the development of many neural structures, including parts of the brain, eye 

and olfactory system (CaUaerts et al., 1997). In Xenopus, Pax-6 expression begins during 

gastrulation, first appearing in two domains flanking the dorsal lip of the blastopore, and 

eventually in a region that coincides with the presumptive anterior neural ectoderm (Fig. 

3.1 A). This region includes areas fated to become the eyes, ol&ctoiy placodes, and the 

forebrain. As development proceeds, the expression pattern for Pax-6 becomes more 

restricted, but remains localized in neural structures including the developing eye, 

olfactory bulb, and ol&ctory placode (Fig. 3. IB). By stage 38, Pax-6 expression remains 

strong in the developing olfactory bulb and eye, and continues to be expressed in the 

olfactory placode, although placode expression appears weak (Fig. 3. IC). After 

metamorphosis is complete, Pax-6 expression remains in the olfactory bulb, mainly in the 

granule cell layer and also in the mitral cell layer (Fig. 3. ID). While these expression 

patterns obtained through in situ hybridization indicate that Pax-6 is expressed in the 

developing olfactory placode, they do not distinguish between \heXenoptis A and 

Xenopus B Pax-6 variants. 

Antibodies have been generated that differentiate between proteins produced fi'om 

the Xenopus A and B transcripts. These antibodies were used to determine whether 



Xenopus A and Xenopus B proteins are differentially expressed in the developing 

olfactory system. Xenopus A protein is expressed in the devdoping forebrain, in cells 

that are adjacent to the developing olfactory placode (Fig. 3.2B). At later developmental 

stages, Xenopus A protein is expressed in the olfiictory bulb (Fig. 3.2D), and in other 

discrete regions of the developing brain including the ventral thalamus. After 

metamorphosis is complete. Xenopus A protein continues to be expressed in the ol&ctory 

bulb (Fig. 3.3). Xenopus A is found primarily in cells located within the granule cell 

layer, but some cells located within the mitral cell layer have Xenopus A protein as well. 

Staining patterns obtained using antibodies that recognize the Xenopus A protein overlap 

completely with Pax-6 expression patterns obtained through in situ hybridization. No 

Xenopus B protein was detected in the developing olfactory system. 
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Figure 3.1 Pax-6 is expressed in the developing olfiictoiy system, as shown through in 

situ hybridization. (A) Pax-6 is expressed in presumptive anterior neural ectoderm (a) 

during neural plate stages. (B) Later in development, Pax-6 is expressed in anterior 

neural structures, mainly the eye (e), forebrain (f), and olftctory placode (op). At stage 

38 (C), Pax-6 is expressed in the eye, olfiunofy bulb (ob). other areas of the forebrain (not 

shown), and lightly in the olf^ory placode. (D) Pax-6 is expressed in cells adjacent to 

the ventricle and in cells that line the lateral ventricles (V), and primarily within the 

granule ceil layer (GR) and mitral cell layer (ML) of the stage 66 olfactory bulb. Whole-

mount photographs are dorsal-anterior views. Sections are horizontal, with anterior up. 

Medial is to the left in (D). These images were obtained by Jennifer Swiergiel (A, C), 

Gail Burd (B) and Michael Pape (D). 
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Figure 3.2 Pax-6 protein is expressed in the developing oifiKtory bulb. (A, C) 

Horizontal sections stained with Hoechst to visualize nuclei. (B, D) The same sections 

shown in (A) and (C), stained with antibodies that recognize Xenopus A protein. (B) 

Xenopus A protein is observed in nuclei of forebrain cells (arrowheads) located adjacent 

to the developing ol&ctory placode of a stage 38 embryo. (D) Xenopus A protein is 

found in the developing olftctory bulb and ventral thalamus of a stage 45 embryo. All 

sections are anterior up. (op) olfactory placode, (f) forebrain, (r) retina, (oe) olfactory 

epithelium, (ob) olfactory bulb, (vt) ventral thalamus. Scale bar is 0.2 mm. 
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Figure 3.3 Pax-6 protein expression in the post-metamorphic olflKtory bulb. 

(A. C) Horizontal sections through the dorsal (A) and ventral (C) olfiictory bulb of a stage 

66 juvenile, stained with Hoechst. The olfiictory bulb is divided into three cell layers, the 

granule cell layer (GR), the mitral cell layer (ML), and the glomerular cell layer (G). 

(B, D) Xenopus A protein is expressed primarily in the granule cell layer, and also in a 

few cells within the mitral cell layer. All sections are anterior up, medial left. (V) 

ventricle. Scale bar is O.Smm. 
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2. Ovcrcxpressioa of Pax-6 impacts the developing oUactoiy system 

Xenopus A, Xenopus B, and XPCBC-6 transcripts were overexpressed in Xenopus 

embryos to determine what effects overexpression of these transcripts would have on 

olfactory system development. Overexpression was accomplished by microinjecting 

sense mRNAs into single blastomeres oiXenopus embryos at the two<eU stage. These 

embryos were co-injected with fi'galactosidase mRNA, which served both as an injection 

control as well as a marker for construct localization. Animals overexpressing PCDC-6 

mRNA were scored for visual system defects in Chapter Q. Olfactory placode 

morphology appeared disrupted in some of these same animals that were scored for 

visual system defects, warranting a more detailed analysis of ol&ctory structures in these 

microinjected animals. These animals possessing morpholo^cal defects always 

exhibited robust P-galactosidase activity in their anterior neural structures. 

Olfactory placodes appear to be reduced in embryos microinjected with Xent̂ ms 

A, Xenopus B, and XPax-6 mRNAs (Fig. 3.4). Direct comparisons were made between 

olfactory placodes on the injected side of each animal versus the contra-lateral, 

uninjected control placode. Reduced olfactory placodes were observed in animals 

injected with either 125 or 175 pg o{ Xenopus A mRNA, 50, 125, or 175 pg of Xenopus B 

mRNA, and 50 pg of XPCDC-6 mRNA. No morphological defects were observed in 

olfactory placodes injected with fi-gal alone. Olfactory placode reduction is always 

associated with robust fi-gal staining in the placode itself^ suggesting that the mechanism 

for placode reduction is autonomous in tissue containing overexpressed Pax-6. 
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Figure 3.4 Overexpression of/Vxr-^ reduces the olftctory placode. Horizontal section 

(anterior up) through a stage 38 embryo injected with 125 pg ofXenopusA mRNA. 

Arrowhead marks the predicted location of the ol&ctory placode on the injected side of 

the embryo. Dotted line indicates the location of the lateral extensions of the 

presumptive ventricle, which served as the boundary for forebrain nuclei quantification. 

All forebrain nuclei located anterior to this boundary were counted as part of the 

forebrain quantification data presented in Figure 3.6. (op) olfi^tory placode, (r) retina, 

(f) forebrain. 
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Cells in the olfactory placode were counted to determine whether the observed 

reduction results from a loss in cell number. Cells were counted from every other section 

(ventral - dorsal) on both the injected and control (uninjected) sides of embryos 

overexpressing P-galactosidase (n = 5), Xenopus (n = 5), Xenopus S (n = 6), and XPax-

6 (n = 5) mRNAs. Results indicate that overexpression of Pax-6 causes a reduction in 

cell number in the developing olfactory placode (Fig. 3.5). Cell number reduction is 

observed in animals in which Xenopus A, Xenopus B, and XPax-6 mRNA was injected, 

but not in animals only injected with fi-galactosidase mRNA. The differences in cell 

number observed are statistically significant for the Pax-6 mRNAs, but not for ̂ gal 

alone (see Appendix I for statistical analysis). 

Cells in the for^rains of four animals injected with XPCDC-6 were also counted to 

determine whether overexpression of Pax-6 mRNAs produce a difference in forebrain 

cell number in addition to placode cell number. Animals injected with XPax-6 were 

chosen for this quantification because the observed olfiictory placode defects appeared 

the most dramatic when compared with the other Pax-6 variants. Cells from every other 

section (ventral - dorsal) of the developing forebrain were counted using the first lateral 

extensions of the presumptive ventricle as a boundary (demonstrated in Fig. 3.4). Every 

nucleus rostral to the boundary formed by this lateral extension was counted and included 

as part of the "forebrain." The ventricle was also used as a midline to separate cells on 

the injected side of the animal from those on the control (uninjected) side. Results from 

this quantification do not reveal any significant differences between cell numbers on the 

control and injected sides of these animals (Fig. 3.6). 
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Figure 3.5 Overexpression of PcDi-6 reduces cell numbers in the developing olfi^tory 

placode. Each pair of data points connected with a line denotes the cdl numbers obtained 

from the injected and control (uninjected) sides of a single animal. Differences in cell 

number are statistically significant for animals iiqected with Xenopus A , Xenopus B, and 

XPax-6 mRNAs (see Appendix I). 
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Figure 3.6 Overexpresston ofXPax-6 does not affect cell numbers in the stage 37-38 

forebrain. Forebrains from four animals (1 - 4) injected with SO pg oiXPax-6 were 

counted. The mean values are also indicated. Error bars represent Standard Error of the 

Mean. 
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DISCUSSION 

1. PtDC-6 is expressed in the Xemopus olfactory system throughout developincnt. 

Pax-6 transcripts are found in the presumptive anterior neural ectoderm, including 

the regions fated to become the olfactory placode and the olfactory bulb. As the olfactory 

system differentiates, Pax-6 is expressed continually in both the developing ol£ictory 

placode and the olfactory bulb. The expression pattern in the olftctory bulb becomes 

restricted to specific cell types later in development, and is found primarily in cells 

located within the granule cell layer and the mitral cell layer. 

Expression patterns obtained in the developing fordirain using antibodies that 

specifically recognize the Xenopus A protein overlap completely with those observed 

using in situ hybridization. This indicates that iheXent^nis B protein, if expressed in the 

developing olfactory system, is found in at least some of the same locations as the 

Xenopus A protein. Even though no Xenc^ms B protein was detected in these 

experiments, presence of low levels of this protein cannot be niled out. RT-PCR 

experiments performed on mRNA isolated fi'om Xenopus brain tissue indicate that the 

Xenopus B transcript is present in the developing brain (Fig. 2.3). It is possible that 

Xenopus B protein exists in the olfactory system, it simply cannot be detected using these 

methods. 

Neither Xenopus A nor Xenopus B antibodies stain tissue in the olfactory placode, 

although results from in situ hybridization experiments indicate that PCK-6 mRNA is 
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expressed in the devdoping placode. Pax-6 expression in the olfiictory placode does not 

appear strong at eariy developmental stages, indicating that sufficient protein may not be 

present in the tissue to allow detection using standard immunocytochemistry methods. 

2. Overexprcssion of Pax-6 reduces olfactory placode cell number 

Since our expression patterns reveal that Pax-6 is expressed in the developing 

olfactory system, we performed microinjection experiments to determine what effects 

overexpression of Pax-6 would have on olfiictory system development. Results from 

these experiments indicate that Pax-6 represses the development of the olfactory placode 

following overexpression. This phenotype was not expected, since Pax-6 has been 

shown to direct ectopic expression of neural tissues (Chow et al., 1999), but not 

unreasonable. Phenotypes observed in the developing lens following overexpression of 

Pax-6 (see Chapter H), and the in vitro transactivation results obtained by others (Czemy 

and Busslinger, 199S; Duncan et al., 1998), both suggest that Pax-6 can function as a 

transcriptional repressor when expressed at high levels. The reduction in olftctory 

placode cell number could represent an in vivo consequence of high levels of Pax-6. 

These experiments do not reveal any functional differences between XenopusA, 

Xenopus B and XPax-6 transcripts. Both A and B variants as well as XPax-6 elicit the 

same phenotype in the olfiictory placode when overexpressed. While it is possible that 

Xenopus A and Xenopus B perform a similar functional role in olfactory system 

development, results obtained from overexpression experiments do not necessarily reflect 
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the normal functional significance for these proteins. It is possible that Xenopus A 

functions normally as a transcriptional activator to direct the development of olfactory 

structures, but it can function as a repressor when overe}q)ressed at high concentrations. 

Xenopus B, on the other hand, may function as a transcriptional repressor normally (see 

Chapter V), and this repression is only enhanced following overexpression. 

Results obtained in the developing forebrain following overexpression of these 

Pax-6 constructs do not provide insight into the functional role Pax-6 plays in the 

development of this tissue. The forebrain is not clearly defined in Xenopus at stage 37-

38, and it is difficult to determine which cells specifically comprise the olfactory bulb. 

One possible result would have been a reduction in forebrain cell number following Pax-

6 overexpression. This reduction could have been due to one of two possible 

mechanisms. Phenotypes obtained in the developing forebrain could mimic those 

observed in the developing olfactory placode and lens, whereby a higher concentration of 

Pax-6 could repress, rather than activate downstream target gene transcription. A 

reduction in the forebrain could also be caused by a loss of sensory input fi'om the 

olfactory epithelium. Since the ol&ctory placodes have reduced total cell numbers 

following overexpression of Pax-6, the number of olftctory receptor neurons should 

likewise be reduced, therefore reducing the amount of sensory input received by the 

developing oifactory bulb. A reduction in sensory input resulting fi'om a reduction in 

olfactory axon number has been shown to decrease the number of mitral cells that form in 

the developing olfactory bulb in Xenopus (Byrd and Burd, 1991a). Loss of sensory input 

resulting fi'om a reduction in the number of olfiictory receptor neurons should therefore 
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yield a similar reduction in olfactory bulb ceil number. On the other hand, stage 38 may 

be too early to see an olfiwtory bulb defect due to a reduction in sensory afiferents, since 

synapses from the ol&ctory axons are really just beginning to form at this stage (Byrd 

and Burd, 1991a). Using these methods of overexpression and cdl number 

quantification, we would not be able to distinguish between a direct action of Pax-6 on 

the bulb and an indirect action of Pax-6 through the olfactory receptor cells. 

Overexpression of Par-<^ could increase cell numbers in the developing forebrain as well. 

This increase would mimic the increase in cell number observed in the developing retina 

following overexpression of Pax-6. 

The observation that for^rain cell number is not affected is preliminary and 

further studies, perhaps using later-staged animals, would be necessary to draw 

significant conclusions. It is possible that overexpression of Pax-6 does not exert any 

function that would affect cell number in the developing ol&ctory bulb. Another 

possibility is that autonomous effects in the for^rain that promote an increased cell 

number would cancel out non-autonomous effects resulting from a reduction of the 

placode. This would result in unchanged cell numbers in the olfactory bulb as well. The 

delicate interplay between the forebrain and the overlying sensory organs would make 

cell number quantifications in the brain following Pax-6 overexpression difficult to 

interpret. Results from these experiments indicate that overexpression of both A and B 

variants of Pax-6 impact development of the Xenopus olfactory system, resulting in a 

reduction of cell number in the olfactory placode. 
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CHAPTER IV: OVEREXPRESSION OF X-DLL3 AFFECTS VISUAL AND 

OLFACTORY SYSTEM DEVELOPMENT IN XENOPUS lAEWS 

INTRODUCTION 

The homeobox-containing transcription fasxoT X-dll3 was originally isolated from 

a Xenopus cDNA library based on its sequence similarity to the Drosophila Distal-less 

(Plf) gene (Papalopulu and Kintner, 1993). Much is known about the role Distal-less 

plays in Drosophila, where it fiinctions as a transcriptional activator and is primarily 

associated with the development of legs, wings, and antennae (Cohen et al., 1989; 

Gorfinkiel et al., 1997; Campbell and Tomlinson, 1998). While Distal-less has been 

shown to play an important role in vertebrate limb development (reviewed in Bendall and 

Abate-SheTs 2000), the functional significance of vertebrate Distal-less genes in neural 

development remains less clear. Five Dll homologues have been isolated in Xenopus 

laevis, referred to asX-dlll-S (Papalopulu and Kintner, 1993), where at least six murine 

homologues (Dte) are known to exist (Acampora et al., 1999). Comparison of nucleotide 

sequences and expression data indicate that X-dll2 is most similar to the murine DbcS 

(Bendall and Abate-Shen, 2000). All murine Dlx genes, with the exception of Dlx3, are 

expressed in anterior neural structures and are associated with patterning of the anterior 

nervous system (Bendall and Abate-Shen, 2000). 
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X-<ttl3 is expressed in anterior neural structures in Xenopus, including the 

developing olfactory bulb, sense plate, and olfiurtory placode (Papalopulu and Kintner, 

1993; Burd et al., 199S). The research presented in this chapter is intended to determine 

what effects overexpression of X-dll3 in Xenopus has on the development of anterior 

neural structures. Michael Pape performed a few preliminary overexpression 

experiments, suggesting that overexpression of X-eOIS might produce an expansion of 

olfactory structures. Brian Madigan, an undergraduate in the laboratory, and I resumed 

these overexpression studies, and began to investigate phenotypes obtained following X-

dJl3 overexpression in more detail. I have determined that overexpression of X-cOlS 

impacts both visual and olfactory system development. 

Defects in the developing eye are easily observed following overexpression of X-

dll3. Several animals overexpressing X-dU3 have eyes that are either reduced in size or 

completely absent. Sectioning and subsequent DAPI staining of these animals has 

allowed a closer examination of the developing ol&ctory system as well. These results 

demonstrate that the developing forebrain and olfiictory placode appear to be expanding 

in size, while the neural retina appears to be reduced in size, and this reduction is more 

prevalent in the anterior portion of the retina. Using Pax-6 as a marker for neuronal 

differentiation, I have determined that neuronal differentiation in both the retina and 

forebrain appears to be occurring normally. While these results are preliminary, and 

greater experimental numbers need to be obtained to draw significant conclusions, they 

indicate that overexpression of X-dU3 can influence the development of anterior neuronal 

structures. These results also support a model in which overexpression of X-<U13 causes 
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an expansion of tissue &ted to give rise to the forebrain and olfactory placode, and this 

expansion occurs at the expense of tissue fitted to form the retina, particulaily the anterior 

portion of the retina. 
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MATERIALS AND METHODS 

1. X-dUS in situ hybridizatioB 

Digoxigenin-RNA probes were synthesized from linearized DNA templates using 

either T3 or T7 RNA polymerase. A partial-length X'dllS clone containing base pairs +1 

to +7S3 was obtained from Dr. Nancy Popalopulu (The Salic Institute, La JoUa, CA) and 

subcloned into pBluesricpt (Stratagene). X-dU3 antisense probe was obtained by EcoRI 

digestion and subsequent transcription with 17 RNA polymerase in the presence of 

digoxigenin-labeled UTP following recommended protocols (Boehringer Mannheim). X-

dll3 sense probe was obtained as above using BamHI and T3 RNA polymerase. Probes 

were hydrolyzed in 40 mM sodium bicarbonate/60 mM sodiimi carbonate at 60''C. 

Whole-mount in situ hybridization using digoxigenin-RNA probes was performed 

as primarily described by Harland (1991). Briefly, embryos were fixed in MEMPFA (0.1 

M MOPS; pH 7.4, 2 mM EGTA, 1 mM MgS04, 3.7% formaldehyde) for 1-2 hours. For 

storage, embryos were kept at -20''C in 100% EtOH and then rehydrated by washes in 

75% EtOH, 50% EtOH and 25% EtOH in PBS-T (PBS, 0.1% Tween 20) for immediate 

use. Embryos were then incubated for 10-15 min in 10 ^g/ml proteinase K (Fisher), 

washed in 0. IM TEA (triethanolamine, pH 7-8) and incubated in 0.1 M TEA, 0.25% 

acetic anhydride. Embryos were then washed in PBS-T and prehybridized for at least 6 

hours at 60''C in 50% formamide, 5X SSC, I mg/ml torula RNA, 100 ^g/ml heparin, IX 

Denhardts, 0.1% Tween 20, 0.1% CHAPS, 5 mM EDTA. The hybridization was carried 
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out at 60°C and overnight in the prehybridization solution containing 0.5-1 ^g/ml 

digoxigenin-labeled probes. Following hybridization, embryos were washed at in 

prehybridization solution, rinse at 60°C in 2X SSC, treated at ST'C in 20 ^g/ml RNAse A 

and lO^g/ml RNAse T1 in 2X SSC and rinse at WC in 0.2X SSC. For the digoxigenin 

revelation, embryos were pretreated in maleic acid buffer (MAB; lOOmM maleic acid, 

150 mM NaCl pH 7.5), treated in blocking solution (MAB, 20% heat-inactivated lamb 

serum, 2% blocking reagent, Boehringer Mannheim) at room temperature for 2 hours and 

then incubated overnight in the same solution containing a sheep alkaline phosphatase-

conjugated anti-digoxigenin antibody (1:2000 dilution of the Fab fragment, Boehringer 

Mannheim). For the colorimetric detection, embryos were rinsed in MAB and washed 3 

times in alkaline phosphatase (AP) buffer (100 mM Tris-HCl pH 9.5, 50 mM MgCh, 100 

mM NaCl, 0.1% Tween 20 and 5 mM Levamisol). The colorimetric reaction was done 

using either 0.34^g/ml nitro blue tetrazolium (NTB, Sigma) and 0.18|ig/ml 5-bromo-

4chloro-3indolyl-phosphate (BCIP, Sigma) or Purple XXX (Boehringer Mannheim) as 

substrate. The staining reaction was stopped with several washes in AP buffer. Embryos 

were then photographed, refixed in MEMPFA and stored in methanol at 20''C. Stained 

embryos were then parafiBn sectioned by fixation for 1-2 hours in MEMFA (0.1 M 

MOPS, 2 mM EGTA, 1 mM MgS04, 3.7% formaldehyde), followed by parafiBn 

embedding and sectioning into 10-12 ^ sections ("820" Microtome, Spencer). 
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2. Overexprcssion of X-dttS mRNA in Xenopus bbutomercs 

Capped, polyadenylated X-dll3 sense mRNAs were generated by digestion of the 

pCS2+ plasmid containing a full-length X-dlI3 clone with Apa I, and following protocols 

outlined in the mMessage mMachine kit (Ambion). Single blastomeres of two-cell 

staged embryos were injected with SO pg of P-galactosidase mRNA and either 75 or 125 

pg of X-dllS mRNA Embryos injected with only fi-gcd mRNA served as a control. 

Injected animals were allowed to develop to stage YI-1%, stage 42, or stage 48. Stage 37-

38 embryos were fixed and stained with magenta-gal as described in Chapter n. 

Embryos exhibiting robuse magenta-gal staining were embedded in paraffin and 

sectioned at 10 ^m, followed by de-waxing and staining with DAPI. Stage 42 tadpoles 

were either stained with X-gal as described in Chapter n, or fixed in 4 % 

paraformaldehyde overnight, followed by 30 % sucrose infiltration and cryostat 

sectioning at 14 Cryostat sections were stained for 2 hours with a 1:200 dilution of 

the afiBnity-purified wA-Xenopus A Pax-6 antibodies, washed in 0.1 M phosphate buffer, 

stained for 1 hour with goat anti-rabbit Cy3 conjugated secondary antibodies, washed 

again, and stained with DAPI following the methods described in Chapter II. I have 

found that the anti-Pax-6 antibody is ineffective if the tissue has been fixed in MEMFA 

and stained with either X-gal or magenta-gal. 
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RESULTS 

1. X-dns is expressed in the developing olfactory system 

Expression patterns obtained using in situ hybridization reveal that X-dlI3 is 

expressed in the developing Xerx^ms ol&ctory system. During neurulation, X-dII3 is 

expressed along the anterior neural ridge (Fig. 4.1 A) in a domain that overlaps with 

tissue fated to comprise the developing olftctory placode and olftctory bulb (Reiss and 

Burd, 1997). After the neural plate closes to form the neural tube, X-eOlS expression is 

found in the developing sense plate and ol&ctoiy placodes (Fig. 4.1 B, C). X-dll3 

expression continues to be strong in the placodes as th^ thicken and differentiate 

throughout larval stages, and its expression domain expands to include the developing 

forebrain, including the olfiictory bulb (Fig. 4.1 D). These expression patterns reveal that 

X-dII3 is expressed in the developing anterior neural tissues, and is associated with 

patterning and differentiation of the ol&ctory system. X-dU3 expression patterns also 

indicate that it is not expressed in the developing visual system, suggesting that this gene 

might not function in normal eye development. 



Figure 4.1 X~cUi3 expression in the developing Xenopus embryo. (A) Whole-mount in 

situ hybridization of a stage IS embryo showing expression in the anterior neural 

ridge. (B) Whole-mount in situ hybridization of a stage 25 embryo showing X-dlli 

expression in the developing sense plate and olfiKtory placodes. (C) Horizontal section 

through a stage 26 embryo also indicates that X-dU3 is expressed in the developing sense 

plate and olfactory placodes. (D) Horizontal section through a stage 35 embryo 

hybridized with an X-dII3 probe indicates that X-dll3 expression becomes restricted to the 

developing olfactory placodes and forebrain. (a) anterior neural ridge, (op) olfiictory 

placode, (eg) cement gland, (sp) sense plate, (f) ford>rain. Whole-mount images are 

anterior views, sections are anterior up. All of these images were obtained by Gail Burd. 
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2. Overexpression of XHUU disrupts visual and olfactory system devdopment 

Overexpression of transcription fiictors can be achieved in Xenoptis by 

microinjecting sense mRNA constructs in early-staged embryos. A functional analysis 

can then be performed through identification and characterization of any resulting 

changes in downstream gene expression or morphology (Turner and Weintraub, 1994). 

75 pg of X-dll3 mRNA was microinjected into Xenopus embryos at the two-cell stage, 

along with SO pg of fi-galactosidase mRNA which serves as both a molecular marker as 

well as an injection control. The injected embryos were allowed to develop to stage 37-

38, when they were subsequently fixed with MEMF.A and stained with magenta-gal. 

Animals displaying robust 3-galactosidase activity (n = 10) were screened for 

morphological variance to determine whether overexpression would impact the 

development of anterior structures. The most prominent defect associated with 

overexpression of X-dllS is a reduction of the developing eye (Fig. 4.2), which is found in 

five of the ten animals analyzed at this stage. Defects in the developing eye are easily 

observed in whole-mount embryos because of the dark pigmentation that surrounds the 

developing retina. Animals displaying this phenotype were sectioned and stained with 

DAPI so that morphological defects could be investigated in more detail. Both the 

pigmented and neuronal layers in the retina appear to be reduced when compared with 

control animals, and the reduction appears to be specific for the anterior portion of the 

eye. Lens tissue in these animals does not appear to be altered. 



133 

The developing forebrain and olfactory placodes are separate structures in control 

animals (Fig. 4.2 B), although by stage 37-38 axons from olfiictory receptor neurons have 

innervated the forebrain (Reiss and Burd, 1997). In contrast, the rostral forebrain appears 

to have expanded in aninuds overexpressing X-dU3, and a defined boundary between the 

olfactory placode and the forebrain does not appear to exist (Fig. 4.2 E, H). These 

defects are always associated with magenta-gal staining in the rostral forebrain (Fig. 4.2 

F, I), which suggests that the effect is cell autonomous. 

A few animals that were injected with 125 pg X-cBl3 were analyzed for 

morphological defects after being allowed to develop to stage 42 (n = 7) and stage 48 (n 

= 2). These animals exhibited defects in their developing eyes and forebrains as well 

(Fig. 4.3). The eyes on the injected sides of these animals are clearly reduced when 

compared directly with their contra-lateral control eyes. Forebrain and olfiKtory 

placode/nasal pit defects appear to exist as well, but it is more di£5cult to visualize these 

defects in whole-mount preparations. The nasal pit and ol&ctory bulb appear to be 

expanded and fused in the animal shown in Fig. 4.3 A. These defects are similar in 

nature to those observed at stage 37-38. 
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Figure 4.2 Overexpression of X<UI3 appears to reduce the eyes and alter the forebrains 

of stage 37-38 embryos. (A, D, G) Whole-mount photographs of animals injected with 

either 50 pg of P-gaktctosidase mRNA (A), or 75 pg X-cUl3 mRNA along with 50 pg fi-

gal mRNA (D, G). Morphology of the eye appears to be altered in animals injected with 

X-dllJ. Horizontal sections of the same animals are shown both stained with DAPI (B, E, 

H) and in bright-field (C, F, I). These sections indicate that the neuronal and pigmented 

layers of the retina are affected, and that the defect appears to be the most severe in the 

anterior portion of the eye. The ford>rains of these animals appear altered as well, with a 

loss of distinction between the rostral forebrain and the olfiictory placode. Anterior is to 

the left in all photographs. Sections are medial down, (r) retina, (f) for^rain, (op) 

olfactory placode, arrowhead indicates lens. Scale bar =100 ^m. 
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Figure 4^ Xenopus larvae injected with 125 pg XHUIS mRNA at the two-cell stage 

have defects in their anterior structures. (A) Stage 48 tadpole with a reduced eye and 

enlarged nasal pit and olfactory bulb on the side injected with X-dU3. (B, C) Stage 42 

tadpoles injected with A'-c/f/i and subsequently stained with X-gal (blue, see *) also 

demonstrate reduced eyes and possible olfactory defects on their injected sides. All 

photographs are whole-mount images, anterior up. (np) nasal pit, (ob) olf^ory bulb, (e) 

eye, asterisk indicates X-gal staining in the forebrain. 



137 

A · 

·B. c 



Two stage 42 animals injected with X-DU3 were processed for Pax-6 

immunocytochemistiy and stained with DAPI to allow a more thorough investigation of 

the morphology within the developing eye, forebrain, and ol&ctory placode. The retinas 

on the injected sides of these animals are stratified imo the different neuronal cell layers, 

but the anterior portion of the retina is tnincated (Fig. 4.4). The lens does not appear to 

be disrupted. These sections were stained with antibodies that recognize the Pax-6 

Xenopus A protein (described in Chapter II), which in this case serves as a marker for 

neuronal differentiation. The retinas overexpressing XHOIS express Pax-6 in two cell 

layers, which correspond to the ganglion cells and amacrine cells (Hirsch and Harris, 

1997). Both the morphology of the stratified cell layers, as well as expression of Pax-6 

protein in the ganglion cell layer and the inner nuclear layers, indicate that neuronal 

differentiation is occurring normally in these retinas, even though they are truncated in 

their anterior region. Overexpression of X-dll3 results in an anterior truncation of the 

retina, but otherwise development of the eye appears normal. 
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Figure 4.4 Overexpression of X-dU3 truncates the anterior portion of the retina, but lens 

morphology and neuronal di£ferentiation ^pear normal. Horizontal sections through 

retinas on both the control (A, B) and injected (C, D) sides of a stage 42 Xenopus larvae. 

Staining with DAPI (A, C) indicates that the retina still divides into three nuclear layers, 

but is truncated in the anterior r^on, while the lens appears normal. Pax-6 is expressed 

in the ganglion cell layer (g) and inner nuclear layer (i) in the same sections (B, D) 

indicating that retinal neuron differentiation still occurs in the animals overexpressing X-

dll2. All sections are anterior up, medial left, (n) optic nerve, (r) retina, Ge) lens. Scale 

bar = 0.4 mm. 
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Overexpression of X-dll3 also afifects development of the olfiictory system, as 

indicated with sections through the olfactory system from the same stage 42 larvae shown 

in Figure 4.3. The primary defect in the ol&ctory system of these animals is that the 

distance between the olfactory epithelium and the olftctory bulb is greatly reduced on the 

side of the animal overexpressing X-DUS (Fig. 4.S). Normally, the olftctoiy epithelium 

and olfactory bulb are located several hundred microns away from each other and are 

connected by the olfactory nerve (Byrd and Burd, 1991a). Overexpression of X-dll3 

appears to reduce this distance significantly. The forebrain appears to be expanded in 

these animals, and the overlying epidermis including the olfiKtory epithelium appears to 

be pulled more caudally towards the developing olfiictory bulb (most easily observed in 

Fig. 4.3 A). Pax-6 expression in these olfactory bulbs is located primarily within the 

granule cell layer, which indicates that neuronal differentiation is still occurring in these 

enlarged forebrains. Apart from the extreme rostral end, the remainder of the ford>rain 

and midbrain does not appear to be affected by overexpression of X-cBl3 (Fig. 4.6). 

Horizontal sections through the entire brain do not reveal any significant differences in 

morphology or Pax-6 expression. 



Figure 4.5 Overexpression of X-dllS alters oifiictoiy system development in stage 42 

Xenopus larvae. Horizontal sections through the olfactory epithelium and rostral 

ford)rain of a stage 42 larvae. (A, C) DAPI-stained sections indicate that the ol&ctory 

epithelium is located more proximal to the olftctoiy bulb following overexpression of X-

dll3. (B, D) Pax-6 {Xenopus A) staining is located primarily in the granule ccU layer of 

the olfactory bulb (arrowheads), indicating that neuronal diffisrentiation is still occurring 

in the bulb. All sections are anterior up. The olfiictory bulb on the control side of these 

animals is not visible in these sections, (ob) olfactory bulb, (oe) olfiictory epithelium. 

Scale bar = 0.4 mm. 
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Figure 4.6 Overexpression of X-cUlS does not afifect brain structure or Pax-6 expression 

elsewhere in the ford)rain and midbrain. Horizontal sections through a stage 42 Xenopus 

larvae injected with X-dU3 and subsequently stained with DAPI (A, C) and Pax-6 

(Xenopus A) antibodies (B, D). No significant differences in Pax-6 staining or 

morphology are observed. All sections are anterior up. (ob) olftctory bulb, (vt) ventral 

thalamus. Scale bar = 0.4 mm. 
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DISCUSSION 

Expression patterns obtained for X'dllS using in situ hybridization indicate that it 

is expressed in anterior neural structures, consistent with the hypothesized role in 

patterning the anterior nervous system (Papalopulu and Kintner, 1993). The expression 

pattern for X-dll3 begins with expression all along the anterior neural ridge, but 

eventually becomes more restricted to discrete structures in the neural ectoderm. At stage 

2S, X-dllS is expressed throughout the developing sense plate and olftctory placodes. By 

stage 35, staining has been lost in the sense plate, but X-dll3 remains expressed 

throughout the developing olfactory placode and olfactory bulb. X-cUl3 is not expressed 

in the developing eye. These expression patterns imply that X-dll3 could function to 

regulate the expression of genes that are specific to olftctory system development. 

The most readily observed phenotype associated with overexpression of X-dllS is 

a reduction of the eye. This reduction is observed in approximately half of the animals in 

which X-dll3 is overexpressed. Reduction of the developing eye is not an expected 

phenotype, especially since X-dll3 is not expressed in the eye, but it could result fi'om a 

number of possible causes. 

Overexpression of X-dil3 could be affecting the normal function of a closely 

related X-dll3 paralogue, X-dU4. X-cUl3 and 4 are nearly identical in their homeodomains, 

where only six amino acids differ between them, although more significant differences 

exist outside of the homeodomain (Papalopulu and Kintner, 1993). This close sequence 

similarity could allow overexpression of X-dlI3 to interfere with X-dli4, either by 
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squelching its promoter, or by competing for downstream target gene activation with X-

dll4. X-dll proteins may be capable of binding and activating their own promoters, as is 

the case with many homeodomain proteins including Pax-6 (Plaza et al., 1993). The 

significant differences existing outside of the DNA binding domain suggest that X-dll3 

and 4 could interact with different trans-regulatoiy elements, possibly differentiating 

between those found in the developing visual and ol&ctory tissues. While this proposed 

mechanism could explain why overexpression of X-dll3 disrupts eye development, it does 

not explain why the anterior part of the eye is more often affected. 

Another possible explanation for the eye reduction is that it could be a side effect 

of the apparent olfactory system expansion. Significant ford)rain defects exist in animals 

microinjected with X-dll3. Although none of these defects have been quantified, two 

morphological trends exist in the animals analyzed in this study. The first is that the 

forebrain, including the olfactory bulb, appears to be expanded. The overall area that the 

forebrain occupies appears to be larger on the injected sides of the animals. The Pax-6 

staining observed in these apparently enlarged olfactory bulbs seems normal, indicating 

that neuronal differentiation is still occurring. The second consistent defect is that the 

distance between the olfactory bulb and the olfactory epithelium is reduced. It appears 

that along with olfactory bulb expansion, the olfactory epithelium is being constrained to 

a more caudal location. One possible explanation for this is that overexpression of X-dIl3 

could be affecting the migration of neural crest cells. Mice lacking DIx5, the ortholog of 

X-dll3, have severe cranio&cial defects associated with disrupted neural crest migration 

(Acampora et al., 1999). Although the mouse phenotypes result fi'om Dll knockouts, and 
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this Xenopus study involves Dll overexpression, a link between Dll and neual crest 

migration has been established. Additional evidence for DH function in neural crest and 

mesenchyme migration is reviewed in Bendall and Abate-Shen (2000). 

These combined phenotypes in the developing eye and forebrain support a model 

in which overexpression of X-dil3 disrupts patterning of anterior neural structures. X-dllS 

is thought to function in patterning of the forebrain, but not the midbrain (Papalopulu and 

Kintner, 1993). In this model, overexpression oiX-dlli shifts neural precursor ceUs 

towards a more anterior &te. The apparent expansion of the forebrain occurs at the 

expense of the retina. The identity of cells normally &ted to form the anterior portion of 

the retina appears to be shifted rostrally, becoming included in the developing ford)rain. 

This explains why the forebrain appears to be expanded, and the eye appears to be 

reduced, with tnmcations occurring specifically in the anterior retina. While these resuhs 

are extremely preliminary, they support the hypothesis that XHHIS plays an important role 

in the patterning of anterior neural structures in Xenopus, and encourage further 

investigation. 
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CHAPTER V: GENERAL DISCUSSION AND FUTURE DIRECTIONS 

GENERAL DISCUSSION 

1. Two variants of Pax'6 are expressed in Xemopus laevis 

Isolation of multiple Xenopus Pax-6 cDNAs has revealed the presence of variant 

transcripts that produce different amino acid sequences in the carboxy-teminal domains 

of the resulting proteins. Transcripts encoding a highly conserved carboxy-terminal 

domain are referred to as Xent^nts A variants, whereas those transcripts which encode a 

unique carboxy-terminal domain are referred to as Xenopus B variants. I have 

determined that both A and B variant transcripts are produced from each of at least two 

genes in the Xenopus genome, and arise from an alternate splicing event. 

Presence of more than one copy of the Pax-6 gene in the Xenopus genome is not 

surprising since Xenopus laevis is a polyploid organism (Graf and Kobel, 1991). 

Multiple copies of other genes such as NCAM (Krieg and Tonissen, 1993) and KfyoD 

(Harvey, 1990) also occur in Xenopus laevis. Both A and B variant transcripts are 

produced from each of the two genetic loci identified through parsimony analysis (Fig. 

2.3). This suggests that the alternate splicing event that gives rise to Xenopus B variant 

transcripts evolved before the genomic duplication event that distinguishes Xent̂ ms 

laevis from its diploid relatives, such as Xenopus tropicalis (Graf and Kobel, 1991). This 
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increases the likelihood that other species, at least closely related ones, produce both A 

and B variant transcripts as wdl. An alternate splicing event that produces a transcript 

similar to our Xeiu^pus B has been reported in the newt (Mizuno et al., 1997), which 

confirms that at least other amphibians produce ^-variant transcripts. 

Whenever fimctional experiments are performed using transcripts or proteins 

produced fi-om duplicated loci, it is important to identify which locus is being tested. 

This is because the random accumulation of mutations following gene duplication events 

can result in a divergence of protein fiinction. Parsimony analysis has revealed that the 

Xenopus A clone used in these fimctional studies is derived from a differem genetic locus 

as the previously characterized XPax-6. No significam phenotypic differences were 

observed following overexpression of Xenopus A and XPca-6, suggesting that they have 

not diverged functionally. Subtle differences could exist, however, since there is a 

threonine to proline transition at amino acid 36S, which is within the transcriptional 

activation domain of the protein. Both murine Pax-6 and XPax-6 have a threonine at this 

position, but Xenopus A has replaced the threonine with a proline. Since proline residues 

are cyclic, and often associated with a change in protein secondary structure (Stryer, 

199S), this transition could significantly alter the structure of the activation domain, and 

possibly impact its function. Experiments that allow detection of subtle changes in 

transcriptional activation properties would be necessary to determine if any fimctional 

differences exist between APar-tf and Xenopus A. 
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2. Pax^6 and X-dUS are both expressed throughout devdopment in the Xemopus 

nervous system 

Expression patterns have been obtained for both PaocS and X-cBl3 mRNAs using 

in situ hybridization. Both are expressed beginning at mid-late gastrula stages, in 

presumptive anterior neural tissue. As development proceeds, the expression patterns for 

both Pax-6 and X-dlI3 become more spatially restricted. By the time Xenopus completes 

metamorphosis, Pax-6 and X<UI3 are confined to specific cell types within the nervous 

system. These expression patterns suggest that both Pax-6 and X-dII3 could serve a dual 

purpose in nervous system development. Both appear to be involved in patterning the 

early nervous system, similar to other homeobox transcription factors such as Xotxl and 2 

(Blitz and Cho, 1995; Kablar et al., 1996). Later in development, however, these proteins 

could be directing the differentiation of specific cell types, and possibly maintaining their 

identity, as proposed by Stoykova and Gniss (1994), and Hirsch and Harris (1997). 

Anti-peptide antibodies have been generated that differentiate between the 

proteins produced fi'om Xenopus A and Xent^ms B transcripts. Expression patterns 

produced using these antibodies indicate that Xenopus A and B variant proteins are 

expressed differentially in the Xenopus visual and olfactory systems. The first significant 

finding in these immunocytochemistry experiments was that both Xenopus A and 

Xenopus B proteins are indeed translated into proteiiL RT-PCR experiments performed 

by Jennifer Swiergiel and Michael Pape have shown that both transcripts are produced 

throughout development, but they do not confirm production of both proteins. Although 
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RT-PCR results indicate that both transcripts are present in Xenopus embryos as early as 

stage 25, no Xenopus B protein was detected until stage 42. This could mean that 

Xenopus B protein is not produced until later in development, or that the protein is 

present in such low quantities that immunocytochemistry is not an adequate technique for 

its detection. Xenopus B transcripts were also found in the developing brain, although no 

protein was ever detected in the brain using these antibodies. 

Cytoplasmic localization of the Xenopus B protein was unexpected, since Pax-6 is 

a homeodomain transcription factor, and Xenopus A is localized in the nucleus. 

Cytoplasmic localization could indicate that the signals required for proper nuclear 

localization of Pax-6 are located within the carboxy-terminal domain of the protein. Zhu 

and McKeon (1999) recently proposed a mechanism for nuclear export and import of 

transcription factors utilizing alternate phosphorylation sites within the polypeptide chain. 

Replacing the amino acid sequence in the caiboxy-terminal domain of Pax-6 could 

disrupt the phosphorylation sites necessary for nuclear import. Another possibility is that 

altering this domain could affect protein-protein interactions with other fiictors required 

for transport and dispersal within the nucleus. 
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3. Results obtained following overezprcssion of PaxF-6 provide insight into its 

functional role in Xenopus visual and olfactory system devdopment 

Previous experiments have demonstrated that targeted misexpression of Pax-6 can 

produce complete ectopic eye structures in Drost^ila (Haider ct al., 199S). While this 

result led many to consider Pax-S as a "master control gene" for eye development, 

several other genes have since been identified that are also capable of inducing ectopic 

eyes in Drosophila. The second Drosophila Pax-6 homologue, twin of eyeless (toy% 

shares greater sequence homology with vertebrate Pca-6 than the eyeless gene (Czemy et 

al., 1999). Twin of eyeless is expressed earlier than eyeless in Drosoplnla development, 

and can induce ectopic eyes when misexpressed, but only in the presence of a fiinctional 

eyeless gene. This indicates that toy is both expressed earlier and is located genetically 

upstream of eyeless. The eyes absent {eya) gene, which encodes a novel type of nuclear 

protein involved in the development of both the visual system as well as somatic gonadal 

precursors, can also induce ectopic eyes when misexpressed in Drosophila (Bonini et al., 

1993). Another nuclear protein, dachsund (dac), is capable of inducing ectopic eyes and 

is required for both the differentiation of ommatidia, as well as limb development (Shen 

and Mardon, 1997). Although so many genes are capable of inducing the formation of 

complete ectopic eyes, Pax-6 is still a predominant factor controlling visual system 

development. This is because Pax-6 is one of the earliest genes expressed that has clearly 

been shown to direct eye development, and because of the extremely high degree of 

sequence and functional conservation throughout the metazoan lineage. 
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I have conducted a thorough analysis of downstream phenotypes produced 

following overexpression of both A and B variam transcripts ofXenopus Pax-6. In these 

experiments, I have succeeded in duplicating the ectopic 3-crystallin and ectopic eye 

overexpression phenotypes obtained by others (Altmann et al., 1997). Additionally, I 

have characterized three novel phenotypes resulting from Pax-6 overexpression, a 

reduction of the endogenous lens, an expansion of the retina, and a cell number reduction 

in the olfactory placode. These phenotypes support a model wherd>y overexpression of 

Pax-6 at the two-cell stage influences patterning of the visual and olftctory systems (Fig. 

S. 1). According to this model, all of the phenotypes observed result from patterning 

events that occur during original establishment of the nervous system at neural plate 

stages. 

The results obtained from the Pax-6 overexpression studies provide two 

significant contributions to our understanding of Pax-6 fiinction. The first is that I have 

provided evidence that Pax-6 can serve a dual purpose in the direction of downstream 

target gene activation in vivo. Previous in vitro studies have demonstrated Pax-6 

activates downstream target genes in a concentration-dependent manner (Czemy and 

Busslinger, 199S; Duncan et al., 1998). Lower concentrations of Pax-6 will activate 

reporter gene constructs, whereas higher concentrations repress, or squelch, the same 

promoter sequences. Since overexpression of Pax-6 can both induce ectopic 3-crystallin 

expression and repress endogenous lens formation in the same animal, the most likely 

interpretation is that Pax-6 is capable of both activating and repressing downstream target 

gene expression in vivo. 
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The second contribution resulting from these overexpression experiments is that 

we now know that both A and B variants of Pax-6 protein are expressed in the developing 

eye, and that both can impact visual and olfactory system development when 

overexpressed. While a precise mechanism for the fiinction of Xenopus B remains 

unclear, overexpression results suggest that Xenopus B does not function as a 

transcriptional activator in the same manner as Xenopus A. Three of the phenotypes 

scored in this overexpression analysis, lens reduction, olfactory placode reduction, and 

retina expansion, were obtained following microinjection of both Xencpus A and Xenopus 

B. The other two phenotypes, ectopic 3-crystallin expression and ectopic eyes, were only 

obtained following overexpression of Xenopus A. Interestingly, these two phenotypes are 

the only ones scored that clearly result from some kind of target gene activation. 

Reduction of the endogenous lens and olfactory placodes suggest a loss-of-function 

efifect. The only phenotype that remains ambiguous is the expansion and i^>parent 

disorganization of the retina. 

The increase in cell number observed in the retina could result from an increase in 

proliferation, which would indicate either an activation of genes that promote 

proliferation or a repression of genes that control terminal differentiation. The apparent 

disorganization observed in the retina could result from altering the levels of cell 

adhesion molecules present in the retina. Pax-6 has been shown to interact with the 

promoter for cell adhesion molecules such as LI (Chalepakis et al., 1994) and NCAM 

(Edelman and Jones, 1995; Hoist et al., 1997). If Pax-6 can function to repress lens 

crystallin genes as suggested above, then it could possibly repress the promoters of cell 



156 

adhesion molecules, as well as genes that control proliferation and differentiation, when 

present in excess. It is possible that the disorganization and increased cell numbers 

observed in the retina result from a loss of transcriptional activation of downstream target 

genes. If this is true, then all of the phenotypes observed following overexpression of 

Xenopus B result from a loss of Pax-6 function. Therefore, based on these results, it is 

likely that Xenopus B does not function as a transcriptional activator, but as a negative 

regulator of downstream target gene transcription. 

Predictions about the functional significance of Xenopus B can be derived from 

both the expression pattern and microinjection results. Pcoc-6 expression patterns support 

a dual function for Pax-6^ with an early role in patterning the nervous system, and a later 

role in defining and maintaining individual cell types (Stoykova and Gruss, 1994; Hirsch 

and Harris, 1997). Results of these overexpression experiments demonstrate that the 

concentration of Pax-6 present in a given tissue can significantly alter the downstream 

effects produced. Since Xenopus B is expressed later in development, and in at least 

some of the same cells as Xenopus A, it is possible that Xenopus B functions to moderate 

the downstream effects of Xenopus A. Slight alterations in Xenopus A function, resulting 

from the presence of Xenopus B, could help define subtle differences in cell identity. 

This could influence differentiation programs that distinguish individual cell types, such 

as the ganglion cells and amacrine cells found in the vertebrate retina. 
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4. Overexprcssion of X-dU3 supports a functional role in patterning the Xemopus 

nervous system 

Unlike the visual system, no single gene has been dubbed the "master control 

gene" for olfactory development. Microinjection of cerberus mRNA imo single 

blastomeres of an eight-cell staged embryo, which was ventralized by treatment with 

ultraviolet radiation, results in the formation of a head-like structure possessing multiple 

olfactory organs associated with brain tissue (Bouwmeester et al., 1996). Cerberus is 

also the only gene known to induce ectopic olfiKtory tissue when overexpressed in 

animal caps. While no ectopic structures were observed following overexpression oiX-

dllS, it is clear that it can influence the development of anterior neural structures. 

X-<U13 has already been implicated in early patterning of the nervous system in 

Xenopus, primarily based on its expression in the rostral portion of the neural plate and 

later in the forebrain (Papalopulu and Kintner, 1993). I have performed preliminary 

overexpression experiments using X-d!l3 mRNA, and together with Marie-dominique 

Franco and Brian Madigan, have analyzed downstream morphological changes that result 

from X-dll3 overexpression. I have determined that overexpression of X-dll3 can alter the 

morphology of developing anterior structures. The two phenotypes that I have 

characterized are an expansion of the forebrain, and a reduction of the retina. The 

reduction of the retina appears to result from a truncation that is most apparent in the 

anterior retina, but can affect other parts of the retina as well. 
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Results from these X-dlli microinjection studies contrast with those obtained 

following overexpression of Pax-6 and support a model whereby overexpression oiX-

dllS expands the amount of tissue fated to become the rostral forebrain including the 

olfactory bulb, and olfactory placodes (Fig. S. 1). Expansion of the domain ftted to 

become rostral forebrain detracts from the amount of tissue available that can eventually 

form the retina. This shift towards the rostral forebrain and away from the eye field is 

very different from the proposed changes following overexpression of Pax-6. 

Overexpression of PCDC-6 also seems to influence patterning of anterior neural structures, 

but in this case, the presumptive retina is expanded while the presumptive lens and 

olfactory placode are reduced. According to this model, ectopic lens and retina tissue 

primordial resulting from overexpression of Pax-6 are also established by stage IS, even 

though they do not differentiate until later in development. While this model is 

speculative, overexpressed mRNAs are likely degraded within several hours following 

microinjection, and therefore the morphological defects observed are established by the 

time the nervous system is patterned. 
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Figure S.l Model proposed for altered patterning of the early Xent̂ nts embryo 

following overexpression of Paoc-6 and X-dll3. Presumptive retina, lens, ol&ctory bulb, 

and olfactory placode tissue is defined at stage IS based on regions proposed by Grainger 

(1992) and Reiss and Burd (1997). Changes in this presumptive fiue map are based on 

the phenotypes observed following overexpression of Pax-6 and X-dll3 mRNAs in single 

blastomeres at the two-cell stage. 
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SUMMARY AND FUTURE DIRECTIONS 

Results obtained from overexpression of Pax-6 and X-dllS indicate that they are 

both involved in patterning of the Xenopus nervous system, but they each serve a 

different functional purpose. Overexpression of both Pax-6 and X-dU3 can influence 

both visual and ol&ctory system structures. Pax-6 predominantly influences the 

development of eye structures, whereas X-dll3 affects the olfactory bulb and placode as 

well as the retina. These results open the stage for a wide range of experiments that 

would contribute to our understanding of Pax-6 and X-€U13 function. 

I would like to test the proposed nuxlel for patterning of anterior neural structures 

(Fig. S. 1) by microinjecting Pax-6 and X-dII3 mRNAs and subsequently staining neural 

plate staged embryos for markers that are specific for the fields described in the model. 

One appropriate marker for the presumptive retina field is the 76: transcription factor, 

which is expressed in the eye field as early as stage 1S (Mathers et al., 1997). Based on 

the proposed model, overexpression of Pax-6 would reduce the normal Rx expression 

domain and also produce ectopic Rx expression in other locations, whereas 

overexpression oiX-dU3 would only reduce the Rx domain. Expression domains for 

markers for the presumptive forebrain, such as Xotx2 (Kablar et al., 1996), and olfactory 

placode, such as XFKH4 (Dirksen and Jamrich, 199S), could be used as well. Ford)rain 

markers could be used to alleviate the ambiguities associated with quantifying ol&ctory 

bulb neurons following Pax-6 overexpression, as discussed in Chapter m. According to 

the proposed model, expression domains for Xotx2 and XFKH4 would be expanded 
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following overexpression of X-dIl3 and possibly reduced following overexpression of 

Pax-6. These proposed experiments would determine whether the altered morphology 

observed following overexpression of Pax-6 and X-dlI3 result from changes in the 

expression domains of early patterning genes. 

Since Pax-6 and X-dll3 are expressed in several of the same tissues, it is possible 

that the two transcription factors function in the same genetic pathway, and could even 

influence each other directly. It would therefore be interesting to overexpress Pax-6 and 

subsequently stain the embryos with X-dll3, and vice-versa. This could determine 

whether Pax-6 and X-dll3 fiinction in the same genetic pathway, and if so, would allow 

an epistatic relationship to be determined. I predict that overexpression of Pax-6 and X-

dll3 will each influence the downstream expression pattern of the other. I also predict 

that a similar relationship would exist between Pax-6 and X-dll4, since X-dlN is 

expressed in the developing eye (Papalopulu and Kintner, 1993). 

Further experimentation is clearly needed to assign a definitive function to 

Xenopus B. One method for accomplishing this would be to optimize in vitro assays that 

directly measure the ability of Xenopus A and Xem^ms B to activate downstream target 

promoter sequences, similar to those performed by Czemy and Busslinger (199S) and 

Ehincan et al. (1998). These experiments have been attempted by Marie-dominique 

Franco and Matt Woods in our laboratory over the past year, but have been inconclusive. 

Further optimization would be necessary if this assay were pursued. 

Another attractive option for testing the function of Xenopus B would be to insert 

the Xenopus B coding sequence into the Drosophila enhancer trap assay used by Walter 
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Gehring and colleagues to generate ectopic eyes using the eyeless gene (Haider et al., 

199S). This assay has been used to determine that Pax-6 sequences isolated from other 

species as divergent as the squid Loligo opcdescens (Tomarev et al., 1997) and the 

ascidian Phallusia mammillata (dardon et al., 1997) can induce ectopic eyes in 

Drosophila as well, indicating that they are functional homologues. This assay would 

determine whether Xetwpus B could direct the formation of ectopic eye structures in 

Drosophila. Formation of ectopic eyes would suggest that Xenopus B functions as a 

transcriptional activator directing expression of genes specific for eye development. 

Reduction of the endogenous eye, however, would indicate that Xenopus B functions as a 

dominant negative, repressing the expression of eye development genes. If no effect is 

observed, it would suggest that either Xenopus B has no function, or that the appropriate 

cofactors necessary for Xenopus B activity are not presem in Drost^hila. Any result 

obtained using this assay would be informative towards assigning a more concise 

function to the Xen(^ms B protein. 

Ultimately, the goal of these experiments is to understand the functional 

significance for Pax-6 and Distal-less in the development of the visual and olfactory 

systems. This would involve the comprehensive analysis of all molecular components 

that function both upstream and downstream. Since both Pax-6 and Distal-less are 

transcription factors, it would be necessary to determine what cis and /ronr-acting 

elements control their expression and, in turn, all of the downstream target genes they 

influence. Once the human genome is completely sequenced, it would be useful to 

identify all of the conserved regulatory sequences in their promoters, as well as all of the 
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experiments could then be performed that would identify all of the genes that are 

potentially up and down-regulated following overexpression of Pax-6 and Distal-less. 

These microarray experiments would be particulariy useful in determining whether Pax-6 

and Distal-less activate or repress the transcription of individual genes, since results 

presented in this dissertation indicate they can likely do both. Completion of the 

microarray experiments would then open the door to potential combinatorial chemistry 

and genetic approaches to better control the function of these proteins. This might 

eventually lead to therapeutic treatments for individuals who have genetic defects in their 

visual and olfactory systems. The research presented in this dissertation is only a small 

step towards accomplishing these broad goals, but it does provide a significant 

contribution to our understanding of Pax-6 and Distal-less function in visual and 

olfactory system development. 



APPENDK I: STATISTICAL ANALYSIS OF CELL COUNT DATA 

A statistical analysis was performed on numbers obtained from cell counts 

conducted on embryos iiyected with Xenopus A, Xenopus B, and XPax-6 mRNA, along 

with embryos injected with fi-ga! mRNA alone. This analysis was performed to 

determine whether there is a significant difiference between cell numbers obtained from 

the uninjected and injected sides of animals overexpressing their respective mRNAs. 

Cell numbers from both the retina and the olfiictory placode (OP) were analyzed, and 

three different tests were performed on the obtained cell numbers. The first test was a 

Brown and Forsythe's test for homogeneity of variance. The second was a mixed design 

ANOVA comparing uninjected versus injected across the four genes. The ANOVA 

analysis was followed up with a Bronferroni post hoc test in order to determine whether 

differences in observed cell number are statistically significant. The combined results of 

these tests indicate that significant differences exist in the cell numbers obtained 

following overexpression of these mRNAs. 

1. Brown and Forsythe*s test 

A Brown and Forsythe's analysis was performed on the cell numbers obtained to 

determine whether the cell number variance between groups is significam. This test was 

conducted because there is a fair amount of variance in the samples obtained, and the 

number of samples is low. Results of this analysis are as follows: 
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Uninjected retina cell numbers: F (3, 17) = 0.94, p = 0.4425 

Injected retina cell numbers: F (3, 17) = 2.06, p = 0.1442 

Uninjected OP cell numbers: F (3, 17) = 1.41, p = 0.2738 

Injected OP cell numbers: F (3, 17) = 0.17, p = 0.9123 

Since the F-test is significant at an alpha level of 0.05, we reject the null hypothesis and 

conclude that the variation observed in cell number between groups is not significant. 

2. Mixed-design ANOVA 

A mixed design ANOVA analysis was performed u^g the SAS software 

package to determine whether any significam differences exist when comparing the 

injected and uninjected cell numbers across the four different overexpressed genes. 

Results of this test are as follows: 

Retina cell numbers: F (3, 17) = 6.55, p = 0.0038 

OP cell numbers: F (3, 17) = 7.42, p = 0.0022 

Since the F-test is significant at an alpha level of 0.05, we conclude that a statistically 

significant difference exists between both the retina and OP cell numbers obtained on the 

injected and uninjected sides of our animals. 



167 

3. Bronferroni post hoc test 

The mixed design ANOVA was followed up with a Bronferroni post hoc test, 

performed using the SPSS software package. Four contrasts were run in this analysis, 

one for each of the four genes overexpressed. This test allows for a direct comparison 

between the injected and uninjected cell numbers obtained from each overexpressed 

gene. The four contrasts produced the following results: 

Retina Cell Numbers: 

P-gal (injected) vs. fi-gal (uninjected): t (17) = -0.227, p = 0.823 

Xen A (injected) vs. Xen A (uninjected): t (17) = -4.011, p = 0.001 

Xen B (injected) vs. Xen B (uninjected): t (17) = -6.789, p = 0.000 

XPax-6 (injected) vs. XPax-6 (uninjected): t (17) = -3.842, p = 0.001 

Olfactory Placode Cell Numbers: 

P-gal (injected) vs. P-gcd (uninjected): t (17) = 0.084, p = 0.934 

Xen A (injected) vs. Xen A (uninjected): t (17) = 4.182, p = 0.001 

Xen B (injected) vs. Xen B (uninjected): t (17) = 5.040, p = 0.000 

XPax-6 (injected) vs. XPax-6 (uninjected): t (17) = 6.553, p = 0.0(X) 

Bonferroni's Procedure was used to control potential inflation problems resulting from 

Type I errors, changing the alpha level to 0.0125 for this analysis. Based on these results. 



168 

three of the four contrasts from both the retina cell numbers and the OP cell numbers 

(Xen A, Xen and XPaxS) were found to be significantly different, while one contrast 

(fi-gat) was not. 

Results of these three statistical tests indicate that both retina and olfiictory 

placode cell numbers obtained following overexpression of Xenopus A, Xenopus B, and 

XPax-6 mRNAs (injected side) are significantly different from numbers obtained from 

their contralateral controls (uninjected side). Overexpression of fi-galactosidase mRNA, 

in contrast, does not significantly affect cell numbers in either the retina or the olfactory 

placode. The observed increase in retina cell number, and decrease in olfactory placode 

cell number, are significant and result from overexpression of Pax-6 mRNAs in the 

developing Xenop$ts embryos. 

The statistical analyses presented in this chapter were conducted by Jianhua Jian 

and Patricia Jones from the University of Arizona Center for Computing and Information 

Technology. 



Table 1 Cell numbers obtained from retinas and olftctoiy placodes following 

overexpression of fi-gal, Xenopus A, Xenopus B, and XPax-6 mRNAs at the two-cell 

stage. Both the injected and control sides of each animal were coumed. Animal number 

corresponds with the location of that individual animal in microtiter plates stored at 4°C. 



170 

RETINA CELL NUMBERS 

mRNA 
injected 

Animal 
# 

Control 
side 

Injected 
side 

fi-gal 
alone 

A2-1 3215 3109 

fi-gal 
alone 

A7-1 3114 3230 
fi-gal 
alone A9-1 3223 3460 fi-gal 
alone 

Al-b 3414 3382 

fi-gal 
alone 

A6-b 3721 3869 

mRNA 
injected 

Animal 
# 

Control 
side 

Injected 
side 

Xenopus 
A 

Fl-1 2606 3237 

Xenopus 
A 

F4-1 2002 3707 Xenopus 
A F5-1 2899 3707 Xenopus 
A 

FlO-1 2008 3548 

Xenopus 
A 

ElO-l 1996 3728 

XPax-6 

H3 3111 3840 

XPax-6 
H5 2862 4819 

XPax-6 HIO llAl 4165 XPax-6 
H9 3100 4489 

XPax-6 

H7 809 1462 

Xenopus 
B 

E5-b 2222 3884 

Xenopus 
B 

E4-b 3559 6983 
Xenopus 

B 
Cl-2 1809 3710 Xenopus 

B C6-2 2358 3820 
Xenopus 

B 
B2-3 1146 1498 

Xenopus 
B 

G3 3363 6457 

OLFACTORY PLACODE CELL NUMBERS 

mRNA 
injected 

Animal 
# 

Control 
side 

Injected 
side 

p-gal 
alone 

A2-1 824 837 

p-gal 
alone 

A7-1 963 823 p-gal 
alone A9-1 660 727 
p-gal 
alone 

Al-b 1199 1264 

p-gal 
alone 

A6-b 931 894 

mRNA 
injected 

Animal 
# 

Control 
side 

Injected 
side 

Xent̂ fus 
A 

Fl-l 899 595 

Xent̂ fus 
A 

F4-1 670 298 Xent̂ fus 
A F5-1 617 298 

Xent̂ fus 
A 

FlO-1 540 243 

Xent̂ fus 
A 

ElO-l 648 339 

XPax-6 

H3 804 77 

XPax-6 
H5 977 621 

XPax-6 HIO 844 462 XPax-6 
H9 1251 551 

XPax-6 

H7 687 343 

Xenopus 
B 

E5-b 497 222 

Xenopus 
B 

E4-b 976 204 
Xenopus 

B 
Cl-2 205 187 Xenopus 

B C6-2 681 425 
Xenopus 

B 
B2-3 507 172 

Xenopus 
B 

G3 1178 720 
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Table 2 Statistical means and standard deviations calculated from cell numbers in the 

retina and olfactory placode following overexpression of P-gaktctosidase, Xenofms A, 

Xenopus B, and XPax-6 mRNAs. 



172 

RETmA Uninjected Side Injected Side 

mRNA 
Injected 

Number of 
Animab 
Counted 

Mean Standard 
Deviation 

Mean Standard 
Deviation 

P-gal alone 5 3337.4 240.3 3410.0 290.2 

Xenopus A 5 3302.2 423.9 3585.4 207.8 

Xenopus B 6 2409.5 919.2 4392.0 2020.1 

XPax-6 5 2525.8 972.3 3755.0 1332.7 

OLFACTORY 

PLACODE 

Uninjected Side Injected Side 

mRNA 
Injected 

Number of 
Animab 
Counted 

Mean Standard 
Deviation 

Mean Standard 
Deviation 

/3-gal alone 5 915.4 197.8 909.0 207.3 

XenopusA 5 674.8 134.6 354.6 138.7 

XenopusB 6 674.0 353.4 321.7 216.2 

XPax-6 5 912.6 215.7 410.8 213.6 



173 

APPENDIX n: NUCLEOTIDE SEQUENCES 

OF MICROINJECTED CONSTRUCTS 

Two constructs (Xenopus A, Xenopus B) were generated in order to accomplish 

the overexpression experiments presented in this dissertation. Both of these constructs 

were generated by sub-cloning full-length cDNA sequences isolated from a stage 28-30 

cDNA library (Hemmati-Brivanlou et al., 1991) into the pCS2+ vector (Turner and 

-Weintraub, 1994) obtained from David Turner at the Fred Hutchinson Cancer Research 

Center (Seattle, WA). The P-galactosidase clone used in these overexpression 

experiments was obtained from David Turner as well, and was already cloned into the 

pCS2+ vector. The XPax-6 clone obtained from W. Harris was also previously cloned 

into the pCS2+ vector. The X-dll3 clone was isolated and subcloned into the pCS2+ 

vector by Michael Pape. 

Full-length Xenopus A and Xenopus B cDNAs were excised from plasmids 4-1^ 

and S-1 (generated by Jennifer Swiergiel) using the restriction enzymes Bam HI and 

E£O RV. ECO RV is a blunt-cutting enzyme, allowing the cDNA fragment to be ligated 

into pCS2+ digested with Bam HI and Stu I (also a blunt-cutter). This destroys both the 

Eco RV and Stu I restriction sites. Therefore, excision of the full-length Xenopus A 

(148S base pairs) and Xenopus S (131S base pairs) cDNAs can be accomplished by 

digestion with Bam HI and Xho I. These clones can then be linearized for in vitro 

transcription by digesting the Xenopus A, Xenopus B, plasmids with Not I. The fi-

galactosidase plasmid should also be linearized using Not I for in vitro transcription. 
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The following full-length Xenopus A and Xenopus B sequences were obtained 

from J. Swiergiel (Swiergiel, 1992). Start and Stop codons are in bold text, as are the 

Bam HI and Eco RV restriction sites used for sub-cloning into the pCS2-t- vector. 



XENOPUSA 

OAXTTCCATA CATAGACCAC 
AGACATOCAG AACAGTCACA 
GGAGTGTTTG TCAACGGCCG 
GACAGAAGAT CGTGGAACTA 
CTGCGACATT TCTCGGATTC 
GTCAGTAAGA TCTTAGGCAG 
TCCGACCTC6 GGCGATCGGT 
CACCCCAGAA GTGGTTAACA 
GAGTGCCCTT CTATCTTTGC 
TGCTTTCTGA CGGAGTCTGT 
TGTGTCATCA ATAAACCGAG 
GAGAAGCAGC AGATGGGCTC 
TTAGGATGCT TAACGGACAA 
GCCAGGGTGG TACCCGGGCA 
GCACAGGAAG GGTGTCAGCC 
ACACTAACTC AATTAGCTCC 
GGCCCAGATG AGGCTTCAGC 
AACAGGACAT CTTTTACCCA 
AAAAAGAATT TGAACGGACA 
CAGGGAAAGA TTAGCTGCCA 
AGAATACAGG TTTGGTTCTC 
GAAGGGAGGA AAAACTTCGG 
TAACACACCC AGCCACATTC 
ACGAGTGTCT ACCAGCCAAT 
TGTCCTCATT CACATCGGGT 
CACAGCATTG TCAAACTCTT 
CCTAGTTTTA CAATGGGCAA 
CTGTACCCAG CCAGCCATCC 
CACAAGTCCA TCTGTGAATG 
ACACCTCCCC ACATGCAGAC 
TGGGCACATC TGGCACCACC 
TGGAGTGTCA GTCCCAGTTC 
GACATGTCTC AGTACTGGCC 
GTTAATTTAA CCAATGACTT 
TCAGCAGTAT TTTATAAAGA 
CTTGTGCCAA GCAGATGTGC 
GAAGGAACTG CATCATGGAC 
TATATCAGTT GGAACAAATC 

GTGGGATCCG GCAGCGACTT 
GCGGAGTAAA TCAACTCGGG 
ACCCCTGCCC GACTCGACCA 
GCGCACAGTG GCGCGCGACC 
TGCAGGTGTC CAACGGCTGC 
ATATTACGAG ACCGGATCGA 
GGCAGCAAAC CCAGAGTAGC 
AGATAGCCCA GTATAAGAGA 
ATGGGAAATC CGAGACAGGT 
ACCAACGACA ATATCCCCAG 
TGCTGCGCAA CCTGGCGAGC 
GGATGGGATG TACGACAAGC 
ACTGGCACTT GGGGGGCACG 
CCTCAGTACC TGGCCAACCA 
ACAAGAAGGA GGAGCAGAAA 
AATGGTGAAG ACTCAGACGA 
TGAAGAGAAA ACTACAAAGA 
GGAACAAATA GAGGCGCTAG 
CATTATCCCG ACGTGTTTGC 
AAATCGACTT ACCAGAAGCA 
CAACAGAAGA GCAAAGTGGA 
AACCAGAGAA GGCAGGCCAG 
CTATTAGCAG TAGTTTCAGT 
CCCACAGCCT ACCACACCAG 
TCCATGCTGG GCAGAACGGA 
ACAGTGCTCT GCCACCTATG 
CAATCTACCT ATGCAACCCC 
TCCTACTCAT GCATGCTGCC 
GGCGGACGTA TGACACATAC 
ACATATGAAC AGCCAGCCAA 
TCTACAGGTC TCATTTCCCC 
AAGTACCCGG CAGTGAACCT 
AAGACTACAG TAAAAACCGT 
TATGGAAAAC AGTTGGATGT 
CGGGGAGACT GAGGAAAGGA 
GTAAGATACA TGGGCTGTTG 
TTTTTGCACA CAGAAGGCGT 
TTCATTTTOA TATC 



XENOPUSB 

OOATCCGGCA GCGACTTA6A 
GAGTAAATCA ACTCGGGGGA 
CCTGCCCGAC TCGACCA6AC 
CACAGTGGCG CGCGACCCTG 
AGGTGTCCAA CGGCTGCGTC 
TTACGAGACC GGATCGATCC 
AGCAAACCCA GAGTAGCCAC 
TAGCCCAGTA TAAGAGAGAG 
GGAAATCCGA GACAGGTTGC 
AACGACAATA TCCCCAGTGT 
TGCGCAACCT GGCGAGC6AG 
TGGGATGTAC GACAAGCTTA 
GGCACTTGGG GGGCACGGCC 
CAGTACCTGG CCAACCAGCA 
AGAAGGAGGA GCAGAAAACA 
GGTGAAGACT CAGACGAGGC 
AGAGAAAACT ACAAAGAAAC 
ACAAATAGAG GCGCTAGAAA 
TATCCCGACG TGTTTGCCAG 
TCGACTTACC AGAAGCAAGA 
CAGAAGAGCA AAGTGGAGAA 
CAGAGAAGGC AGGCCAGTAA 
TTAGCAGTAG TTTCAGTACG 
ACAGCCTACC ACACCAGTGT 
ATGCTGGGCA GAACGGACAC 
GTGCTCTGCC ACCTATGCCT 
TCTACCTATG CAAGTCTCAT 
CAGTTCAAGT ACCCGGCAGT 
CTGGCCAAGA CTACAGTAAA 
TGACTTTATG GAAAACAGTT 
TAAAGACGGG GAGACTGAGG 
ATGTGCGTAA GATACATGGG 
ATGGACTTTT TGCACACAGA 
CAAATCTTCA TTTTOXTXTC 

CATOCAGAAC AGTCACAGCG 
GTGTTTGTCA ACGGCCGACC 
AGAAGATCGT GGAACTAGCG 
CGACATTTCT CGGATTCTGC 
AGTAAGATCT TAGGCAGATA 
GACCTCGGGC GATCGGTGGC 
CCCAGAAGTG GTTAACAAGA 
TGCCCTTCTA TCTTTGCATG 
TTTCTGACGG AGTCTGTACC 
GTCATCAATA AACCGAGTGC 
AAGCAGCAGA TGGGCTCGGA 
GGATGCTTAA TGGACAAACT 
AGGGTGGTAC CCGGGCACCT 
CAGGAAGGGT GTCAGCCACA 
CAAACTCAAT TAGCTCCAAT 
CCAGATGAGG CTTCAGCTGA 
AGGACATCTT TTACCCAGGA 
AAGAATTTGA ACGGACACAT 
GGAAAGATTA GCTGCCAAAA 
ATACAGGTTT GGTTCTCCAA 
GGGAGGAAAA ACTTCGGAAC 
CACACCCAGC CACATTCCTA 
AGTGTCTACC AGCCAATCCC 
CCTCATTCAC ATCGGGTTCC 
AGCATTGTCA AACTCTTACA 
AGTTTTACAA TGGGCAACAA 
TTCCCCTGGA GTGTCAGTCC 
GAACCTGACA TGTCTCAGTA 
AACCGTGTTA ATTTAACCAA 
GGATGTTCAG CAGTATTTTA 
AAAGGACTTG TGCCAAGCAG 
CTGTTGGAAG GAACTGCATC 
AGGCGTTATA TCAGTTGGAA 
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Chordate Development. Cambridge University Press, Cambridge. 

Panganiban, G., Sdiring, A, Nagy, L., and Carroll, S. (1995). The development of 
crustacean limbs and the evolution of arthropods. Science 270, 1363-1366. 

Papalopulu, N., and Kintner, C. (1993). Xent̂ us Distal-less related homeobox genes are 
expressed in the developing ford)rain and are induced by planar signals. Development 
117, 961-975. 

Piatigorsky, J. (1981). Lens differentiation in vertebrates: A review of cellular and 
molecular features. Differentiation 134-153. 

Plaza, S., Dozier, C., and Saule, S. (1993). Quail Pax-6 (PAX-QNR) encodes a 
transcription factor able to bind and transactivate its own promoter. Cell Growth and 
Differentiation 4, 1041-1050. 

Plaza, S., Dozier, C., Turque, N., and Saule, S. (1995). ()uail Pax-6 (Pax-QNR) mRNAs 
are expressed from two promoters used differentially during retinal development and 
neuronal differentiation. Molec. and Cell. Biol. 15, 3344-3353. 

Piischel, A. W., Gruss, P., and Westerfield, M. (1992). Sequence and expression pattern 
ofpax-6 are highly conserved between zebrafish and mice. Development 114, 643-651. 

Quiring, R., Walldorf, U., Kloter, U., and Gehring, W. J. (1994). Homology of the 
eyeless gene of Drosophila to the Small eye gene in mice and aniridia in humans. 
Science 265, 785-789. 

Reh, T. A. (1991). Determination of cell fate during retinal histogenesis: intrinsic and 
extrinsic mechanisms. Development of the Visual System, Lam, D. M. and Shatz, C. J., 
eds.. The MIT Press, Cambridge, MA. 



184 

Reiss, J. O. and Burd, G. D. (1997). Cellular and molecular interactions in the 
developmentoftheA!eiicyntfolfiictory system. Sem. Cell Dev. Biol. 8, 171-179. 

Richardson, J., Cvekl, A., and Wistow, G. (1995). Pax-6 is essential for lens-specific 
expression of ^-crystallin. Proc. Natl. Acad. Sci. 92, 4676-4680. 

Rieckhof; G. E., Casares, F., Ryoo, H. D., Abu-Shaar, M., and Mann, R. S. (1997). 
Nuclear translocation of extradenticle requires homothorax, which encodes an 
extradenticle-related homeodomain protein. Cell 91, 171-183. 

Rushlow, C. A., Han, K., Manley, J. L., and Levine, M. (1989). The graded distribution 
of the dorsal morphogen is initiated by selective nuclear transport in Drosophila. Cell 
59, 1165-1177. 

Saha, M., Spann, C. L., and Grainger, R. M. (1989). Embryonic lens induction: more 
than meets the optic vesicle. Cell Differ. Dev. 2S, 153-172. 

Servetnick, M., and Grainger, R. M. (1991). Changes in neural and lens competence in 
Xenopus ectoderm; Evidence for an autonomous developmental timer. Development 
112, 177-188. 

Schedl, A, Ross, A., Lee, M., Engelkamp, D., Rashbass, P., van Heyningen, V., and 
Hastie, N. D. (1996). Influence of Pax-6 gene dosage on development: overexpression 
causes severe eye abnormalities. Cell 86, 71-82. 

Schmahl, W., Knoedlseder, M., Favor, J., and Davidson, D. (1993). Defects of neuronal 
migration and the pathogenesis of cortical malformations are associated with Small eye 
iSey) in the mouse, a point mutation at the Pax-6-\ocas. Acta. Neur<^Kahol. 86, 12^135. 

Shen, W., and Mardon, G. (1997). Ectopic eye development in Drost̂ hila induced by 
directed ^C/LSV/K/expression. Development 124,45-52. 

Shepherd, G. M. (1972). Synaptic organization of the mammalian olfactory bulb. 
Physiol. Rev. 52, 864-917. 

Singh, S., Tang, H. K., Lee, J. Y., and Saunders, G. F. (1998). Truncation mutations in 
the transactivation region of PAX6 result in dominant-negative mutants. J. Biol. Chem. 
273, 21531-21541. 

Spemann, H. (1901). Uber Correlationien in der Entwicklung des Auges. Verh. Anat. 
Ges. 15, 61-79. 



18S 

Str^e, U., Blader, P., Adam, J., and Ingham, P. W. (1994). A simple and efiBcient 
procedure for non-isotopic in situ hybridization to sectioned material. Trends Genet. 10, 
75-76. 

Stryer, L. (1995). Biochemistry. W. H. Freeman and Company, New Yoric. 

Swiergiei, J. J. (1995). Expression of Pax-6 in the developing olActory system of 
Xenopus laevis. Ph.D. Dissertation, Univeresity of Arizona. 

Swiergiei, J. J., Oishi, K. K., and Burd, G. D. (1994). Expression of Pax-6 in the 
developing olfactory system of Xenopus laevis. Chem. Senses 19, 562. 

Swoflford, D. L. (1993). PAUP: Phylogenetic Analysis UsingParsimor ,̂ Version 3.1. 
Illinois Natural History Survey, Champaigne, IL. 

Tomarev, S. I., Callaerts, P., Kos, L., Zinoveiva, R., Haider, G., Gehring, W., and 
Piatigorsky, J. (1997). Squid Pax-6 and eye development. Proc. Natl. Acad. Sci. 94, 
2421-2426. 

Ton, C. C. T. et al. (1991). Positional cloning and characterization of ti paired box- and 
homeobox-containing gene from the anaridia region. Cell 67,1059-1074. 

Turner, D. L. and Cepko, C. L. (1987). A common progenitor for neurons and glia 
persists in rat retina late in development. Nature 32S, 131-136. 

Turner, D. L., and Weintraub, H. (1994). Expression of achaete-scute homolog 3 in 
Xenopus embryos converts ectodermal cells to a neural &te. Genes Dev. 8, 1434-1447. 

Walther, C. and Gruss, P. (1991). Pax-6, a murine paired box gene, is expressed in the 
developing CNS. Development WZ, 1435-1449. 

Walther, C., Guenet, J. L., Simon, D., Deutsch, U., Jostes, B., Goulding, M D., Plachov, 
D., Balling, R., and Gruss, P. (1991). Pax: a murine multigene family of/MiireJ box-
containing genes. Genomics 11, 424-434. 

Wassle, H., and Boycott, B. B. (1991). Physiol. Rev. 71, 447-480. 

Wetts, R. and Fraser, S. E. (1987). Multipotent precursors can give rise to aU major cell 
types of the frog retina. Science 239, 1142-1145. 

Wilson, D., Guenther, B., Desplan, C., Kuriyan, J. (1995). High resolution crystal 
structure of a paired (Pax) class cooperative homeodomain dimer on DNA. Cell S2, 702-
719. 



186 

Wilson, D., Sheng, G., Lecuit, T., Dostatni, N., and Despian, C. (1993). Cooperative 
dimerization of Paired class homeo domains on DNA. Genes Dev. 7, 2120-2134. 

Xu, W., Rould, M.A., Jun, S., Desplan, C., and Pabo, C.O. (1995). Crystal structure of a 
paired domain-DNA complex at 2.5 A resolution reveals structural basis for Pax 
developmental mutations. Cell SO, 639-650. 

Yntema, C. L. (1955). Ear and nose, la Analysis of Develoftment. (ed. Willier, B. H., 
Weiss, P. A., and Hamburger, V.), 415-428. W. B. Saunders, Philadelphia. 

Zhang, Y., and Emmons, S.W. (1995). Specification of sense-organ identity by a 
Caenorhabditis elegans Pax-6 homologue. Nature yjl, 55-59. 

Zhang, Y., Ferreira, H. B., Greenstein, D., Chisholm, A., and Emmons, S. W. (1998). 
Regulated nuclear entry of the C. elegans Pax-6 transcription factor. Kfech. Dev. 78, 
179-187. 

Zhu, J., and McKeon, F. (1999). NF-AT activation requires suppression of Crm 1-
dependent export by calcineurin. Nature 398, 256-260. 

Zwilling, E. (1940). An experimental analysis of the development of the anuran 
olfactory organ. J. Exp. Zool. 84, 291-323. 


