
Expression of Pax-6 in the developing
olfactory system of Xenopus laevis.

Item Type text; Dissertation-Reproduction (electronic)

Authors Swiergiel, Jennifer Joan.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:20:22

Link to Item http://hdl.handle.net/10150/187103

http://hdl.handle.net/10150/187103


INFORMATION TO USERS 

This manuscript ,has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photograp~ print bleedtbrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

UMI 
A Bell & Howellinformalion Company 

300 NorthZeeb Road. Ann Arbor. MI48106-1346 USA 
3131761-4700 800:521-0600 





EXPRESSION OF Pax-6 IN THE DEVELOPING OLFACTORY SYSTEM OF 

XENOPUS LAEVIS 

by 

Jennifer Joan Swiergiel 

Dissertation Submitted to the Faculty of the 

DEPARTMENT OF MOLECULAR AND CELLULAR BIOLOGY 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1995 



UMI Number: 9531122 

OMI Microform 9531122 
Copyright 1995, by OMI Company. All right6 reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

2 

read the dissertation prepared by _____ J~en~n~~~·f_e~r __ J_o_a_n~s~w~~~·e~r~g~i~e~l~ ________ __ 

entitled ____ E_x:.,p_r_e_s_si_o_n __ o_f __ p_a_x_-_6 __ i_n __ t_h_e __ D_e_v_e_l_o....:p'-i_n...:g:...-O-=l:..:f:...:a:...:c:...:t:....:o~r....:y __ s....:y...:.:s-=t:..:e-=m~o...:.:f __ _ 

Xenopus Laevis 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of ______ D_o_c_t~o~r~o_f __ p_h_i_l_o:...:s:...:o....:p:...:h....:y~ ____________ ___ 

Ga~l D. Bura 

JJ 7i~ f?owd'~ 
G. Tim Bowden 

~ .f tu2>< 

~
Anne E cress--===-

. ---"7c::...,. 
-U~ 

Thomas J. Lindell 

Date i 

~)I/o /1S 
Date 

DatT 7 

Cf-/tD( c; r 
Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

LL./R 1), &~ 
Dissertation Director 
Gail D. Burd 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of the requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library to 
be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgement of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when in his 
or her judgment the proposed use of the material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the author. 

SIGNED: ~~r S~t~ 



4 

ACKNOWLEDGEMENTS 

This dissertation work would not have been possible without the support and 
encouragement of many people. I would like to thank Gail for believing in me and my 
scientific potential when I very much needed for someone to believe in me. I am thankful for 
the independence she gave me to pursue a project that took the lab in new directions than had 
been planned. In her lab, I learned a lot about science, independent thinking, writing and 
public speaking that I will use throughout my scientific career. I would like to thank my 
committee members: Anne Cress, Tom Lindell, Tim Bowden and Karen Oishi for steering me 
in the right direction throughout my graduate career. Words are not enough to thank Karen 
for her guidance, her fiiendship, comments on many drafts of papers, proposals and chapters, 
her constant encouragement, her overwhelming optimism and her infectious joy of doing 
science. 

There are many lab members, past and present, to whom I am grateful: Chris and 
Steve were always there to explain neurobiology to me one more time; Jim was willing to take 
as much abuse as I could give him (as long as there was a chocolate reward); Michael made 
endless changes in figures and drawings; John always had the right reference at the perfect 
moment in my times of crisis; Mary was always willing to listen, advise and cheer me up with 
her humor and her kindness. Anne, Joel, Elena, Jill, Laura, Bob, Teri, Cathy, Jeffs and Betsy 
were cheerful faces that tried to keep me from being such a graduate student. All of these 
people made the lab an enjoyable place to do science. 

I am grateful to Dan for getting me started on the right track; Ti for convincing me 
that I was still cut out for science; and Mike for performing per reactions in my time of need. 
I would like to thank R. Harland for his Xenopus library, ill situ protocol and expertise; M. 
Westerfield for his Pax-6 probe; C. Kintner for his ellgrailed probe; and B. Fritzsch for 
labeling tadpole nerves. 

I would like to thank Robert and my parents for their constant love and support, even 
when they were not quite sure what frog noses and PhDs had to do with each other. Lastly, 
I thank my true friends Kristin, Kathy, Whitney and Julie for their friendship, many laughs, 
scientific advice, swimming, crossword puzzles, movies and chocolate. I could not have done 
this without them. 

Jennifer J. Swiergiel 



5 

TABLE OF CONTENTS 

LIST OF ILLUSTRATIONS ..... 6 

LIST OF TABLES . . . . . . . 8 

LIST OF ABBREVIATIONS .. 9 

ABSTRACT ......... . .10 

CHAPTER 1: INTRODUCTION .12 

CHAPTER 2: SPATIAL AND TEMPORAL EXPRESSION PATTERN OF Pax-6 
THROUGHOUT XENOPUS DEVELOPMENT . .26 

Materials and Methods. .29 
Results. . . .35 
Discussion . . . . . . . .40 

CHAPTER 3: MOLECULAR ANALYSIS OF XENOPUS Pax-6 ........... 87 
Materials and Methods. .89 
Results. . . .92 
Discussion . . . . . . . .95 

CHAPTER 4: UNPUBLISHED OBSERVATIONS - PLACODE REMOVALS. . 121 
Materials and Methods . . 122 
Results and Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . 122 

CHAPTER 5: GENERAL DISCUSSION AND FUTURE DIRECTIONS. . 130 

APPENDIX A- ANIMAL SUBJECTS APPROVAL . . 140 

REFERENCES. . . . . . . . . . . . . . . . . . . . . 141 



6 

LIST OF ILLUSTRATIONS 

FIGURE 2.1 Schematic of Xenopus Pax-6 cDNA clones . . . . . . . . . . . . . . .50 

FIGURE 2.2 DNA sequence and predicted amino acid sequence for the Xenopus Pax-6 
cDNA probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .52 

FIGURE 2.3 Amino acid comparison of Xenopus Pax-6 with the Pax-6 sequences of 
chick, quail, human, mouse and zebrafish . . . . . . . . . . . . . . . . . . . . 54 

FIGURE 2.4 Whole mount in situ hybridization analysis ofSt. 12 and 13/14 .56 

FIGURE 2.5 Whole mount ill situ hybridization analysis ofSt. 15/16 and 21 .58 

FIGURE 2.6 Whole mount ill situ hybridization analysis of St. 25 and 32. . .60 

FIGURE 2.7 Whole mount in situ hybridization analysis of St. 31 (Pax-6 and engraileci) 
and 37/38 (Pax-6) . ................................... 62 

FIGURE 2.8 Whole mount in situ hybridization analysis ofSt. 41 and St. 47/48 brain.64 

FIGURE 2.9 Whole mount in situ hybridization analysis ofSt. 53/54 and 65 brains .. 66 

FIGURE 2.10 Whole mount in situ hybridization analysis of control tadpoles St. 23 and 
30. . . . . . . . . . . . . . . . . . . . . . .68 

FIGURE 2.11 Sections ofSt. 18119 and 22 .70 

FIGURE 2.12 Sections of St. 26 and 30. . .72 

FIGURE 2.13 Sections ofSt. 34 and St. 43/44 eye .74 

FIGURE 2.14 Section ofSt. 38 .76 

FIGURE 2.15 Section ofSt. 43 .78 

FIGURE 2.16 Section ofSt. 50 . .80 

FIGURE 2.17 Section of St. 53/54. .82 

FIGURE 2.18 Section ofSt. 58/59. .84 



7 

LIST OF ILLUSTRATIONS - Continued 

FIGURE 2.19 Section ofSt. 65 . . . . . . . . . . . . . . . . . .86 

FIGURE 3.1 Schematic of seven Xenopus Pax-6 cDNA clones . 101 

FIGURE 3.2 DNA sequence comparison of seven Xenopus Pax-6 cDNA clones. . 103 

FIGURE 3.3 Predicted amino acid sequence comparison of four Xenopus Pax-6 cDNA 
clones to mouse Pax-6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 

FIGURE 3.4 Schematic of changes in predicted paired domain and carboxy terminal 
amino acid sequences . . . . . . . . . . . . . . . . . . . . . . . . 114 

FIGURE 3.5 Summary of all Xenopus Pax-6 amino acid changes. . 116 

FIGURE 3.6 Polymerase chain reaction amplification of RNA isolated from Xenopus 
Stages 0-60 with primers 1 and 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 

FIGURE 3.7 Polymerase chain reaction amplification of RNA isolated from Xenopus 
Stages 0-60 with primers 1 and 3 ........................... 120 



LIST OF TABLES 

TABLE 2.1 Developmental Stages of Xenopus laevis . 

TABLE 4.1 Summary of Placode Removals ..... . 

8 

. .48 

. 126 



LIST OF ABBREVIATIONS 

AP = alkaline phosphatase 
BCIP = 5-bromo-4-chloro-3-indolyl-phosphate 
cDNA = complementary deoxyribonucleic acid 
CNS = central nervous system 
DNA = deoxyribonucleic acid 
MAB = maleic acid buffer 
MEMPF A = MOPS, EGT A, magnesium sulfate, paraformaldehyde 
NBT = nitro blue tetrazolium 
OB = olfactory bulb 
OP = olfactory placode 
PBS = phosphate-buffered saline 
PCR = polymerase chain reaction 
PST-rich = enriched in proline, serine and threonine residues 
PTw = PBS-Tween-20 
RNA = ribonucleic acid 
SSC = standard saline citrate 

9 



10 

ABSTRACT 

The expression of the transcription factor Pax-6 in the developing olfactory system 

of the Afiican clawed frog Xenopus laevis was examined using the Xenopus Pax-6 homolog. 

Pax-6 cDNA clones were isolated from a Xenopus cDNA library with a zebrafish Pax-6 

probe. Using a Xenopus Pax-6 sequence that spans the paired box and a majority of the 

paired-type homeobox, I performed whole mount ill situ hybridization analysis on unfertilized 

eggs and on animals ranging from stages 1 through 66 (i.e., through metamorphosis). Pax-6 

is expressed in Xenopus beginning at the late gastrula stage and continuing through 

metamorphosis. Expression is detected in the olfactory system, the developing eye and 

regions of the forebrain, hindbrain and spinal cord. The expression pattern of Pax-6 is 

consistent with a role for Pax-6 in influencing developmental signaling between the olfactory 

placode and the developing olfactory bulb. Pax-6 is detected in the frog olfactory system 

from the earliest indication of the olfactory system, the olfactory placode, at stage 23. Light 

expression of Pax-6 remains in the developing nose as the olfactory axons contact and 

synapse on the developing olfactory bulb, and throughout fonnation of the layers of the 

olfactory bulb. The olfactory bulb primordium expresses Pax-6 from its earliest detection and 

throughout its development. Therefore, it appears that Pax-6 may play a role in the 

development and maturation of the olfactory system, as well as the eye and several regions 

within the central nervous system of Xenopus. 

Six additional cDNA clones were sequenced and compared at the nucleotide level and 
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predicted amino acid level. Comparisons between Xenopus Pax-6 and other known Pax-6 

sequences reveal a striking degree of sequence similarity. The Xenopus Pax-6 sequence 

encodes two DNA binding regions: the paired domain and the paired-type homeodomain. 

Greater than 90% sequence identity exists among the paired domains, and there is 100% 

identity among the paired-type homeodomains. Unlike other Pax-6 sequences reported, 

some Xenopus Pax-6 cDNAs differ in their predicted carboxy termini. One type of Xenopus 

Pax-6 cDNA sequence encodes a predicted carboxy terminus nearly identical to Pax-6 

sequences reported in other animals. The second type of Xenopus Pax-6 cDNA sequence 

encodes a predicted protein with an altered carboxy terminal end due to the absence of 151 

bp in the 3' end and a consequent downstream change in the reading frame. Based on peR 

analysis of RNA from animals at different stages, these two sequences each are expressed in 

a unique and developmentally significant manner. 
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CHAPTER 1: INTRODUCTION 

Development of the Fl'og Olfactory System 

The peripheral olfactory system consists of a sensory epithelium lining the nasal cavity. 

Olfactory receptor neurons within this sensory epithelium bind odorants and transmit 

information about the bound odorant to the olfactory bulb (OB) through the axon bundles of 

the olfactory nerve. The OB is the most rostral portion of the telencephalon which transmits 

odor information to cortical centers of the brain for additional information processing. 

The frog olfactory epithelium develops from a region of the early embryo called the 

primitive placodal thickening, first identified at the neural plate stage in Rana pipiens (Knouff, 

1935). At neural tube closure, the primitive placodal thickening segregates into the anterior 

sense plate region (Goette, 1875). At stage 23 in Xenopus laevis, paired cranial ectodermal 

thickenings called the olfactory placodes (OP) (Knouff, 1935) are identified within the sense 

plate (Nieuwkoop & Faber, 1956; Klein & Graziadei, 1983). Axonal processes sprout from 

young olfactory receptor cells in the OP and contact the underlying undifferentiated neural 

tube by stage 29/30 (Klein & Graziadei, 1983; Byrd & Burd, 1991). At this stage, placodal 

sensory cells have developed with the morphological characteristics of mature olfactory 

neurons (Klein & Graziadei, 1983). The OP develops into a pseudostratified columnar 

epithelium composed of basal cells, olfactory neurons (also called olfactory receptor cells) and 

the supporting or sustentacular cells (for review, see Scalia, 1976; BlUnjes & Frazier, 1986; 

Greer, 1991). The basal cells are olfactory neuron precursors; the olfactory receptor cells are 
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mature neurons that respond to odorant molecules; and supporting cells secrete material that 

is added to the mucus layer and provide protection for the sensory neurons from the 

environment. Olfactory neurons receive sensory information through their dendrites which 

extend between supporting cells to the surface of the olfactory epithelium. Unlike most 

neurons, olfactory receptor cells undergo continuous turnover throughout life (Moulton et 

aI., 1970; Farbman, 1992). After the olfactory axons contact the undifferentiated neural tube 

at stage 32 in Xenopus, neurons in the rostral neural tube begin to differentiate (Byrd & Burd, 

1991). The first synapses of olfactory axons on the processes of these neurons are seen at 

stages 36~38 (Byrd & Byrd, 1991). All layers of the OB (the olfactory nerve layer, 

glomerular layer, mitral cell/plexiform layer and granule cell layer) are present by stage 44. 

The mature layering of the OB is present at stage 48/49, the mature structure (with right and 

left sides fused) is present at stage 52, and the histology of the OB remains constant 

thereafter, changing only in size. 

The mature frog OB is a multilayered structure which coordinates, processes and 

relays odorant information from the olfactory epithelium to higher centers in the brain 

(reviewed by Brunjes & Frazier, 1986). The olfactory nerve layer contains a wide array of 

olfactory axons sent from the receptor cells of the olfactory epithelium in the form of the 

olfactory nerve. These axons terminate in neuropil structures called glomeruli that form the 

glomerular layer. The glomeruli consist of aggregates of numerous olfactory nerve terminals 

and the dendrites of mitral/tufted cells, the principal output neurons of the OB. The 

glomerular layer is the first processing point for information from the olfactory epithelium, 
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i.e., axons from the olfactory receptor cells first form synapses in the glomerular layer. 

Located beneath the glomerular layer in the OB of Xenopus is the mitral cell/plexiform layer 

which contains the cell bodies of mitral/tufted cells and the dendrites of these cells and the 

granule cells. Mitral/tufted cells are the only neurons of the OB whose projections extend 

outside of the bulb. These cells receive and process information from the olfactory axons and 

send that information to higher centers of the brain for additional processing. Granule cells 

are inhibitory intemeurons which lie within the granule cell layer beneath the mitral 

cell/plexiform layer. 

In Xenopus, mitral/tufted cells are the first OB neurons that are born (Fritz, Gorlick 

& Burd, unpublished observations). This occurs in the ventral OB as early as neurulation 

(stage 11112) and continues through metamorphosis. Beginning at stage 41, granule and 

periglomerular cells are born in the ventral OB. In contrast, mitral/tufted, periglomerular and 

granule cells of the dorsal OB all are born at the onset of metamorphosis (stage 54). 

Coincident with the birth of dorsal OB neurons at metamorphosis is the innervation of the 

dorsal OB by the sensory axons of the neurons in the principal cavity (Weiss, 1986). This 

supports the hypothesis that the neurons of the principal cavity are responsible for inducing 

development of the dorsal OB. 

Evidence from several other sources also suggests that developmental signals are 

transmitted between the OP and the OB. In the mouse (Hinds, 1972) and in Xenopus (Byrd 

& Burd, 1991), the OB begins to differentiate and young neurons appear in the OB soon after 

contact is made between the olfactory axons and the underlying neural tube. Deafferentation 
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and transplantation studies indicate that, not only does the OP stimulate the growth of the 

OB, but it also influences the continued development of the OB. For example, in the chick 

(Venneman et aI., 1982) and the mouse (Giroud et aI., 1965) the development of the OB is 

disrupted by lack of innervation from olfactory axons. In Xenopus, removal of a single OP 

early in development results in formation of the bulb only on the innervated side or formation 

of a significantly reduced midline OB (Stout & Graziadei, 1980; Graziadei & Monti

Graziadei, 1992; Byrd & Burd, 1993). Studies in which OPs were transplanted in Xenopus 

show an early increase in OB volume over the normal situation (Stout & Graziadei, 1980), 

but this difference is not maintained throughout later stages of larval development (Byrd & 

Burd, 1993). Not only does information flow from the OP to the OB, but this communication 

may be reciprocal. In Byrd & Burd (1993), it was proposed that the OB might regulate the 

number of afferent fibers that project to the bulb. Establishing whether Pax-6 expression is 

consistent with a role in influencing this developmental signaling between the OP and the OB 

was one goal of this work. 

Genes Involved in Patterning the Nervous System 

The vertebrate nervous system is induced by a number of factors, such as noggin 

(Lamb et aI., 1993), follistatin (Hemmati-Brivanlou et aI., 1994) and a truncated activin 

receptor (Hemmati-Brivanlou & Melton, 1994). The signals necessary for patterning within 

the nervous system once this induction has taken place currently are under investigation by 

several laboratories. Early genes that are expressed in the developing vertebrate nervous 



16 

system include Xotch (the Xenopus homolog of the Drosophila Notch gene), Wnt family 

members, dorsalin and hedgehog (for review, see Kessler & Melton, 1994). These genes 

have been implicated in neural competence within the neural plate (Xotch. Coffman et aI., 

1990; Coffman et aI., 1993), regulation of proliferation within specific regions of the neural 

tube (Wnt, McMahon & Bradley, 1990; Thomas & Capecchi, 1990; Dickinson et aI., 1994), 

and differentiation of dorsal (dorsalin) versus ventral (hedgehog) cells within the neural tube 

(Echelard et aI., 1993; Krauss et at., 1993; Riddle et aI., 1993; Roelink et aI., 1994). 

The family of genes that has been studied most extensively for patterning of the 

posterior nervous system in vertebrates is the Hox family. The Hox genes, homologs of the 

Drosophila HOM-C homeotic complex, are transcription factors that contain a homeobox, 

a consensus sequence that encodes a DNA binding domain (for review, see Scott et aI., 

1989). Hox genes are arranged in clusters on the chromosomes, and each Hox gene cluster 

is expressed in a different domain along the anterior-posterior axis. The Hox genes are 

segment identity genes whose disruption often results in homeotic transformations of spinal 

cord and hindbrain regions (for review, see Krumlauf, 1994). That is, disruptions of Hox 

genes result in homeotic transformations of one segment of the body into a copy of another 

segment or to deletions of parts of the body pattern. For example, homeotic mutations 

created by transgenesis or targeted disruption in embryonic stem cells have been found that 

transform Drosophila antennae into legs (Amp) and a mouse skull bone into a cervical 

segment (Hox-d4) (see reviews by Gehring, 1993; Keynes & Krumlauf, 1994). 

The regulation of Hox genes and the identity of the downstream targets of these genes 
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are areas of intense investigation by several laboratories. Retinoic acid is a candidate for 

regulation ofHox genes since both have marked effects on development of the CNS. In cell 

culture, Hox genes are activated by retinoic acid, and a retinoic acid receptor binding site has 

been identified in the Hox-al gene (for review, see Keynes & Krumlauf, 1994). Retinoic acid 

has been shown to induce changes in the pattern of Hox gene expression and lead to homeotic 

transformations (Kessel & Gruss, 1991). Many downstream targets of HOMIHox genes have 

been identified. These target genes encode transcription factors, such as distal-less (or Dlx, 

in vertebrates) and empty spiracles (or Emx, in vertebrates); proteins involved in signal 

transduction pathways, such as decapenlaplegic and wingless; and proteins important in cell 

adhesion, such as cOllllectin and NCAM (reviewed by Botas, 1993). 

Although many genes have been identified which are expressed in the developing 

vertebrate forebrain, no clear neuromeric boundaries comparable to those in the hindbrain and 

spinal cord have been found. Macdonald et aI., (1994) suggest that there is a link between 

radial boundaries delimited by the expression of Pax, Eph, Forkhead and Wilt gene family 

members in zebrafish and sites of neuronal differentiation and axon extension. Alteration of 

these boundaries in cyclops mutants or with lithium treatment results in a concomitant 

disruption in neuronal patterning. Alternatively, expression patterns of genes, such as the 

Dlx, O/x, Nkx, hedgehog and Pax family members have led to a proposed 'prosomeric model' 

of forebrain development based on homologies with segment identity genes in Drosophila 

head development (puelles & Rubenstein, 1993; Rubenstein et aI., 1994). In this model, 

members ofthese families are responsible for specific patterning via six "prosomeres" or units 
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of segment identity in the vertebrate forebrain. Since some domains have homogeneous levels 

of expression, whereas other domains have gradients of expression, there is, as yet, no simple 

explanation for the complex expression of any given gene. However, these gene family 

members are proposed to be expressed along defined alar-basal and transverse or longitudinal 

boundaries. The results of these divisions are forebrain regions with distinct fates. These fates 

are defined by the combination of genes expressed in these regions. The validity of these 

models awaits testing with the ever-increasing number of genes identified in the forebrain. 

The Transcription Factor Pax·6 

One gene shown to play a role in specifying anterior neural structures is Pax-6. 

Expression patterns and mutations of the gene indicate that Pax-6 is important for 

development of eyes, nose and other neural tissues (see below). Pax-6 first was identified in 

the mouse based on its sequence homology with the paired family of Drosophila 

segmentation genes (Walther & Gruss, 1991). The paired gene encodes a transcription factor 

and is involved in building the metameric body plan of the fruit fly (Bopp et aI., 1986). The 

paired gene contains two conserved sequence motifs, the paired box, which encodes a 

protein domain of 128 amino acids and the paired-type homeobox, which encodes a 61 amino 

acid domain. Both protein domains are predicted to fold into helix-tum-helix structures 

which bind DNA (Bopp et aI., 1989; Treisman et aI., 1989; Treisman et aI., 1991; Epstein et 

aI., 1994a; Epstein et aI., 1994b). The paired nucleotide sequence is referred to as the paired 

box, while the amino acid sequence is referred to as the paired domain. 
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The family of genes which contain paired box sequences is called the Pax family, of 

which 8 members have been identified in vertebrates (for review, see Chalepakis et aI., 1993; 

Stoykova & Gruss, 1994). Pax-I, 2, 5 and 8 genes contain the paired box alone, whereas 

Pax-3, 4, 6 and 7 genes contain the paired box and the paired-type homeobox. Pax-6 

contains the most divergent paired domain, exhibiting only 75% in common with Pax-2, its 

closest Pax family member. In addition, a 14 amino acid insert is found in the most conserved 

region of the paired domain in mouse Pax-6 (Walther & Gruss, 1991). The genomic 

structure of Pax-6 is also much more complicated than any other Pax family member 

identified. Pax-6 is composed of 14 exons in the human spanning over 18 kb of sequence 

(Glaser et aI., 1992). All ofthePax genes, with the exception of Pax-I, are expressed in the 

developing nervous system in a spatially and temporally restricted manner during 

embryogenesis, suggestive ofa regulatory role in vertebrate development. Unlike the region

specific homeobox genes, the expression of Pax genes extends along the length of the 

anterior-posterior axis in the neural tube (Kessel & Gruss, 1990). Also, unlike other Pax 

genes, Pax-6 is not expressed in segmented mesodermal structures, but is found throughout 

the developing nervous system. 

The Pax-6 gene has been isolated and sequenced from a number of animals, including 

Drosophila (Quiring et aI., 1994), zebrafish (Puschel et aI., 1992; Krauss et aI., 1991 b), quail 

(Martin et aI., 1992), chick (Goulding et aI., 1993), rat (Matsuo et aI., 1993), mouse (Walther 

& Gruss, 1991) and human (Ton et aI., 1991). The characteristic paired box and paired-type 

homeobox are present in all Pax-6 members identified, as is a region 3' of the paired-type 
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homeobox which encodes an amino acid sequence rich in proline, serine and threonine (45% 

PST -rich). The PST domain is similar to transcriptional activation domains described 

previously (Mermod et at., 1989; Theill et at., 1989; Glaser et at., 1994). At the amino acid 

level, the paired domains of all Pax-6 sequences in vertebrates and Drosophila exhibit greater 

than 93% identity, and the paired-type homeodomains exhibit more than 90% identity 

(Quiring et at., 1994). 

Developmental Expression of Pax-6 

Pax-6 is conserved not only at the amino acid level, but also in terms of its spatial and 

temporal expression pattern. In the mouse, no expression is detected during gastrulation or 

early neurulation (Walther & Gruss, 1991). Pax-6 expression is detected first at day 8 post

conception in the ventral neural tube prior to neural differentiation. Pax-6 is expressed in the 

developing brain, spinal cord, pituitary, olfactory epithelium and throughout the eye, including 

the optic stalk, optic cup, lens, cornea and retina of the mouse. Within the brain, expression 

was noted in the OB, thalamus and cerebellum. The expression pattern remains essentially 

the same throughout development. Expression is detected both in mitotically active and in 

post-mitotic cells within the eye and brain. No expression is detected in the midbrain at any 

time. This expression pattern is nearly identical to that found in other animals. In the 

zebrafish, Pax-6 is present in the early neurula in the presumptive diencephalon and part of 

the telencephalon, hindbrain and spinal cord (Krauss et at., 1991 b; Puschel et at., 1992). At 

later stages, Pax-6 is observed in the zebrafish OB, pituitary and throughout the eye. In the 
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quail (Martin et a1., 1992), Pax-6 is detected in the eyes, the hindbrain and, as in other 

species, it is not detected in the midbrain. Pax-6 is seen in the neuroretina during and after 

neuronal differentiation in the quai1. In Drosophila, Pax-6 is expressed in the brain and the 

primordia of the eye discs (Quiring et aI., 1994). Expression is even reported to be present 

in the eye spots of flatworms, suggesting an important role in processing light and visual 

information (Quiring et a1., 1994). The expression pattern in these animals suggests a role 

for Pax-6 in early brain regionalization and in the development of the eye. Since Pax-6 is 

expressed in mitotically active and inactive cells, it is likely that Pax-6 is responsible for 

influencing differentiation at early stages and also plays a role in the further refinement of 

these structures once they have differentiated. Since Pax-6 is detected first during late 

neurulation in the mouse, it was presumed unlikely to playa role in inductive influences that 

guide eye formation (Walther & Gruss, 1991). Subsequently, Pax-6 was detected in the early 

neural plate stage in the quail (Li et aI., 1994), which suggests that Pax-6 may indeed act on 

these early inductive steps in eye determination in vertebrates. In addition, recent work in 

Drosophila has shown that insertion of the Drosophila Pax-6 sequence into imaginal disc 

primordia results in the appearance of fully formed, apparently functional ectopic eye 

structures (Halder et a1., 1995). 

Many Pax-6 mutations have been identified in the mouse, rat, human and Drosophila 

(Hill et a1., 1991; Ton et a1., 1991; Jordan et a1., 1992; Matsuo et a1., 1993; Glaser et a1., 

1994; Quiring et a1., 1994). These mutations include: chromosomal deletions of entire Pax-6 

genes, deletions and nucleotide additions within the paired box and paired-type homeobox, 
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truncations of the PST-rich carboxy tenninus and a number of splicing errors (for review, see 

Chalepakis et aI., 1993). Mice heterozygous for Pax-6 defects exhibit a reduction of both eye 

cups and lens diameters, irregular folding of the iris, cataracts, reduction of the pigment layer 

and abnormal folding of the retina (Hogan et aI., 1986; Schmahl et aI., 1993). There is 

aberrant migration of neurons within the cortical plate, where postmitotic cells are impeded 

developmentally, and their processes are found degenerating within the subcortical layers 

(Schmahl et aI., 1993). Humans and mice homozygous for defects in Pax-6 exhibit aplasia 

ofthe eye (Hogan et aI., 1986; Hogan et aI., 1988; Hodgson & Saunders, 1980; Glaser et aI., 

1994). There is no apparent growth and development of the presumptive lens in 

homozygotes. Well developed optic stalks are present but fail to grow into optic cups upon 

contact with the ectoderm (Schmahl et aI., 1993). In addition, the cortical plate remains 

disorganized and at an early state of differentiation due to the failure of neurons to migrate 

through the intermediate zone. In Drosophila, the loss of functional Pax-6 in the eyeless 

mutation also results in the absence of eyes Quiring et aI., 1994). 

Aniridia, the human heterozygous Pax-6 mutant phenotype, is characterized by 

specific defects in the eye: the total or partial absence of the iris, associated with any or all of 

the following: comeal opacification, cataracts, lens dislocation, foveal dysplasia, optic nerve 

hypoplasia and glaucoma (Shaw et aI., 1960). Homozygous Pax-6 mutations result in 

complete aplasia of eye structures (Hodgson & Saunders, 1980). 

Pax-6 mutations also affect the formation of the olfactory system. In the olfactory 

system of heterozygous small eye mice, the olfactory epithelium is arranged, in part, in 
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polypous nodules, although nonnal axonal connections are made with the olfactory bulbs 

(Schmahl et aI., 1993; Heinzmann et aI., 1991). Enlargement of the nasal cavity and well

developed OBs are observed also. In homozygous Pax-6 mutant mice, there is aplasia of 

nasal structures (Schmahl et aI., 1993; Heinzmann et aI., 1991). No OP or OB is present. 

The OB region contains undifferentiated genninal epithelium of the ventricular lumen. No 

obvious differences in the olfactory system of aniridia patients with single Pax-6 defects have 

been noted. On the other hand, a possible homozygous defect of Pax-6 results in aplasia of 

the OB and no obvious external olfactory structures (Hodgson & Saunders, 1980). 

Studies on these defects in the mouse, human and rat suggest that Pax-6 is necessary 

for the nonnal development ofthe eye, the brain and olfactory system from very early stages. 

The discovery that Pax-6 is the gene responsible for the genetic defects small eye in the 

mouse (Hill et aI., 1991) and aniridia in humans (Ton et aI., 1991), more specifically, that 

Pax-6 defects result in the complete absence of the olfactory system, prompted me to examine 

its effects on the olfactory system in more detail. 

Goals of this Dissertation 

Upon examination of the expression pattern of Pax-6 in the mouse (Walther & Gruss, 

1991) and zebrafish (puschel et al., 1992) and the role of Pax-6 in small eye (Hill et aI., 1991) 

and aniridia (Ton et aI., 1991) defects, I became interested in the expression of Pax-6 in the 

early olfactory system. The goals of my dissertation were to try to elucidate the role of Pax-6 

in the developing olfactory system by determining whether Pax-6 expression coincides with 
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the development ofthe OP and the OB. Therefore, I chose to examine the expression pattern 

of Pax-6 in the developing frog using whole mount in situ hybridization. To determine if 

Pax-6 expression coincides with developmental landmarks in the olfactory system, i.e., if Pax-

6 expression is coincident with communication that occurs between the OP and the OB, I 

focused on stages when this developmental signaling is known to occur. However, I also 

examined stages throughout embryonic and larval development and through metamorphosis. 

For my study, it was necessary to isolate the Xenopus homolog of Pax-6 to rule out 

any complications that could have arisen in hybridization between Xenopus RNAs in situ and 

the Pax-6 sequences that had been identified previously. In this way, no ambiguous results 

were obtained from in situ hybridization reactions. Additionally, PCR analysis would have 

been less definitive without the Xenopus Pax-6 sequence since there are a number of 

differences at the nucleotide level in the Pax-6 sequences from other species. 

Upon isolation and sequence analysis of Pax-6, it became clear that there were at least 

two types of Xenopus Pax-6 transcripts. Therefore, it was necessary to examine the 

expression ofthese different transcripts using PCR analysis. I pooled animals from every ten 

stages of development and extracted RNA from these stages to determine the pattern of 

expression of transcripts that contained a 3' 151 bp sequence compared to those that did not. 

The expression pattern indicates that these two types of sequences are regulated differentially 

throughout development. 

Considering the obvious importance of Pax-6 in the development of the olfactory 

system in small eye and aniridia defects, I chose to examine Pax-6 expression in the olfactory 
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system extensively. The expression pattern in other vertebrates led me to propose and test 

the following hypotheses: Pax-6 expression is consistent with a role for Pax-6 in specification 

of the OP, influencing formation of the OB from the undifferentiated neural tube and 

developmental signaling between the OP and the OB. In addition, I determined the sequence 

of several Pax-6 cDNAs to test the hypothesis that possible differences in Pax-6 sequence 

may be at least partially responsible for the variety of roles proposed for Pax-6 and the 

complicated expression pattern that Pax-6 exhibits. Xenopus is an ideal system for such 

studies on the olfactory system for a number of reasons: animals are bred easily in the 

laboratory, albino frogs are available so pigment does not interfere with detection of 

hybridization, and frogs have been used in developmental studies for more than half of a 

century so much is known about the early stages of Xenopus development. 



CHAPTER 2: SPATIAL AND TEMPORAL EXPRESSION OF Pax-6 
THROUGHOUT XENOPUS DEVELOPMENT 

ABSTRACT 
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Amphibians have been used extensively to understand the development of the 

vertebrate brain. Molecular processes underlying some of these cellular changes have been 

characterized, but less thoroughly. For that reason, I have isolated and examined the 

expression pattern of the transcription factor Pax-6 in the frog, Xenopus laevis. I find that 

Pax-6 is expressed in the frog during late gastrulation, shortly after induction of the nervous 

system by involuting dorsal mesoderm. Pax-6 continues to be expressed throughout specific 

regions of the forebrain, hindbrain and spinal cord through metamorphosis, including the 

olfactory bulb, eye, thalamus, cerebellum and medulla oblongata, indicative of a role in 

induction and further specification of structures throughout the development of the nervous 

system. 

INTRODUCTION 

The development of the vertebrate nervous system is a complex process involving 

intricate cell movements, cellular interactions and molecular signals. Early studies on 

amphibians established that the nervous system originates at gastrulation upon involution of 

the dorsal mesoderm which induces overlying ectoderm to form nervous system tissue (Eyal-
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Giladi, 1954). Experimentally, this neural induction can be achieved in a number of ways, for 

example, by treatment of competent ectoderm with a medium of high or low pH or using high 

molecular weight nucleoprotein fractions of isolated chick embryos (for review, see 

Nieuwkoop, 1985). Recently, more specific signals have been implicated in this dorsalizing 

event in vertebrates. For example, in Xenopus iaevis, embryonic tissue can be induced to a 

neural fate in the presence of noggin (Lamb et aI., 1993), follistatin (Hemmati-Brivanlou et 

aI., 1994) or a truncated activin receptor (Hemmati-Brivanlou & Melton, 1994). The 

identification of these gene products provides a starting point for understanding the events 

involved in the initial induction of the nervous system. 

While numerous studies have provided a detailed analysis of the tissue interactions 

involved in the initial formation of the vertebrate· nervous system, and signals have been 

identified which may be responsible for this early event, relatively few genes have been 

analyzed which may regulate further regionalization of the nervous system. The best 

characterized aspect of nervous system organization is the specification of the hindbrain and 

spinal cord. One group of genes that has been studied for this purpose is the Hox family. In 

the hindbrain and spinal cord, the expression ofthe Hox genes specifies the differentiation of 

the anterior-posterior axis in discrete neuromeric divisions (for review, see Scott et aI., 1989). 

In vertebrates, alteration of individual Hox gene family members often results in severe 

phenotypic changes. That is, disruptions of Hox genes result in homeotic transformations of 

one segment of the body into a copy of another segment or to deletions of parts of the body 

pattern. The ways in which the Hox genes are predicted to specifY the anterior-posterior axis 
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in vertebrates are severalfold, including a role in the control of cell migration (Niehrs et aI., 

1993). 

In comparison to the hindbrain, the molecular factors involved in the specification of 

the forebrain are not as well characterized. For example, unlike the hindbrain and spinal cord, 

there are no obvious neuromeric divisions in the forebrain. However, intriguing patterns of 

expression of a number of genes are emerging that may provide insight into the regional and 

cellular specification of the forebrain (Puelles & Rubenstein, 1993; Macdonald et aI., 1994). 

Members of the zebrafish (Akimenko et aI., 1994) and Xenopus (Dirksen et aI., 1993) dista/

less family are proposed to function in combination much like the Hox genes, to specify 

particular brain regions. Mammalian POll domain (He et aI., 1989) and Xenopus Wnt (Moon, 

1993) gene family members also have been proposed to function in regional specification and 

subsequent development of the forebrain and other structures. 

One of the earliest genes expressed in the anterior region of the developing vertebrate 

CNS is Pax-6 (Walther & Gruss, 1991), a member of the Drosophila paired gene family. 

Pax-6, along with other Pax genes, contains a paired box, and it is expressed throughout the 

developing nervous system (for review, see Chalepakis et aI., 1993). Expression of Pax-6 has 

been detected in many animals, including the mouse (Walther & Gruss, 1991), human (Ton 

et aI., 1991), zebrafish (puschel et a1., 1992), quail (Martin et aI., 1992) and chick (Li et aI., 

1994). Based on its expression pattern in these animals, Pax-6 is an excellent candidate gene 

for specifying regions within the vertebrate forebrain. 

Interpretation of the complex pattern of expression of the relatively few genes 
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identified in the developing forebrain requires a thorough understanding of the events that 

occur during early stages of development. The most thoroughly studied vertebrate system 

for the determination of early patterning in the nervous system is the African clawed frog, 

Xenopus laevis. To address the role of Pax-6 in forebrain development, I isolated a Pax-6 

cDNA sequence from Xenopus, and I performed in situ hybridization using an antisense probe 

of Pax-6. The expression pattern of Pax-6 during development in Xenopus is similar to 

patterns of expression reported in other species, but appears to occur at earlier stages of 

development and to extend throughout periods of neuronal remodeling that occur during 

metamorphosis. 

MATERIALS AND METHODS 

General Comments 

Studies on the developmental morphology of the olfactory system discussed in 

previous chapters were performed using a variety of techniques, including electron 

microscopy, light microscopic observation and transplantation and deafferentation studies. 

To understand the development of the olfactory system on a more molecular level, I have 

employed a variety of molecular techniques. The two most important of the molecular 

techniques used to elucidate development in Xenopus for this study are: detection of gene 

expression using whole mount in situ hybridization and amplification of nucleotide sequences 

using the polymerase chain reaction (PCR). Amplification using the PCR technique will be 
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discussed in Chapter 3. 

Prior to the development of whole mount in situ hybridization, two other methods 

commonly were used to analyze gene expression within Xenopus: tissue microdissection 

combined with RNA extraction (Mohun et a1., 1984) and immunocytochemistry on sectioned 

tissue and whole animals (Dent et aI., 1989; Hcmmati-Brivanlou & Harland, 1989). Both of 

these techniques have serious drawbacks. Microdissection and RNA extraction provide 

information about general locations of a particular RNA, but do not allow resolution at the 

single cell level. In addition, RNAs that are in low abundance require fine tissue dissection 

for their detection. Immunocytochemistry requires considerable time and effort to raise and 

purity appropriate antibodies. In addition, gene products present in low abundance may not 

be detected. 

Nonradioactive whole mount ill situ hybridization was developed to localize specific 

RNAs within the tissues of Drosophila embryos for resolution at the single cel\ level (Tautz 

& Pfeifle, 1989). Subsequently, this technique was modified for use in Xenopus (Dent et a1., 

1989; Hemmati-Brivanlou et a1., 1990; Harland, 1991). In this technique, large numbers of 

embryos are analyzed for patterns of gene expression at stages throughout development. 

Whole mount in situ hybridization relies upon the recognition ofa specific RNA species by 

a labeled antisense RNA probe. The RNA probe is labeled via incorporation of 

ribonucleotides tagged with a digoxigenin moiety. This recognition occurs in the cells in 

which the target RNA is synthesized and/or stored. Enzymatically-tagged antibodies 

recognize the labeled antisense RNA probe, and a color reaction indicates the location of the 
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hybridization within the animal. The three-dimensional pattern of expression is preserved in 

this way. Sense strand RNA serves as a negative control in this hybridization technique. In 

addition, combined with paraffin embedding and sectioning of the tissue, whole mount in situ 

hybridization allows for detection of RNAs at the level of individual cells. In situ 

hybridization has been lIsed successfully to detect a number of genes expressed in the 

olfactory system, including, east in the fruit fly (Vijayraghavan et aI., 1992), Mash-} in the 

mouse (Guillemot et aI., 1993) and Pax-6 in the mouse (Walther & Gruss, 1991) and 

zebrafish (puschel et at., 1992). Whole mount in situ hybridization was used in this study to 

examine the expression pattern of Pax-6 in developing Xenopus embryos and tadpoles. Due 

to the increase in background that occurs using the whole mount in situ hybridization 

technique in animals at later stages in larval development, ill situ hybridization on sectioned 

tissue was performed also (courtesy ofM. Pape) for better cellular resolution. 

Isolation of XenoplIs Pax-6 DNA 

Two partial cDNA clones encoding Pax-6 were isolated from a cDNA library from 

the heads of stage 28-30 Xenopus embryos (Hemmati Brivanlou et aI., 1991) using a 32p_ 

labeled (Feinberg & Vogelstein, 1983; Feinberg & Vogelstein, 1984) 1035 bp EcoRI-NdeI 

restriction fragment of the zebrafish Pax-6 cDNA clone pn 108 (Puschel et aI., 1992). 

Approximately 600,000 phage were screened at low stringency (40% formamide, 33°C). 

Two cDNA clones were found to contain partial Pax-6 cDNA sequences as determined by 

DNA sequence analysis (Sanger et aI., 1977). The clone representing the 5' sequence of 
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Xenopus Pax-6, including the paired box and the majority of the paired-type homeobox, was 

used as the probe for in situ hybridizations. 

Animals 

Albino Xenopus /aevis embryos were used for all of the studies described with the 

exception of animals stage 45 and greater. Animals were staged according to Nieuwkoop and 

Faber (1956). See Table 2.1 for staging and a summary of olfactory development. 

Probe Synthesis 

The digoxigenin-Iabeled antisense probe was synthesized from linearized plasmid 

DNA at 37°C under the following conditions: 40 mM Tris-HCI, pH 8; 6 mM MgCI2; 10 mM 

dithiothreitol; 2 mM spermidine; trace 32p_CTP; RNAse inhibitor; 2 mM each ofCTP, GTP 

and ATP; 1.5 mM UTP; 0.7 mM digoxigenin-UTP (Boehringer-Mannheim); and SP6, T7 or 

T3 RNA polymerase (Boehringer-Mannheim). Incorporation of digoxigenin-Iabeled UTP was 

measured indirectly by radioactive counts. RNase-free DNase I was added to the RNA 

synthesis reaction to remove the template DNA. The probe size was reduced by hydrolysis 

in 40 mM sodium bicarbonate/60 mM sodium carbonate at 60°C. 

In sit" Hybridization 

Whole mount in situ hybridization was carried out using a digoxygenin-Iabeled 

antisense RNA probe, primarily as described by Harland (1991). A digoxigenin-Iabeled sense 
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RNA probe was used to control for nonspecific staining at all developmental stages. Briefly, 

animals were fixed in MEMPFA (0.1 M MOPS, pH 7.4; 2 mM EGTA; 1 mM MgS04; 4% 

paraformaldehyde) for 1-2 hours. Fixative solution was replaced with 100% EtOH, and 

animals were either stored at -20oe for later use or were rehydrated by washes in 75% EtOH, 

50% EtOH and 25% EtOHl7S% PBS with 0.1% Tween-20 (PTw) for immediate use. Whole 

mount tissue was incubated for 10-15 min in 10 flg/ml proteinase K (Fisher), followed by 

rinses in O.lM triethanolamine (pH 7-8) and in triethanolamine with acetic anhydride. Tissue 

was washed with PTw and refixed with para formaldehyde. The fixed tissue was washed in 

PTw and prehybridized for at least 6 hours at GOoe in 50% formamide, SX sse, 1 mg/ml 

Torula RNA, 100 J.lg/ml heparin, IX Denhardt's solution, 0.1 % Tween 20, 0.1 % eHAPS and 

5 mM EDT A. The prehybridization solution was replaced by the same solution containing 

0.5-1 J.lg/ml digoxygenin-labeled probe, and the hybridization was carried out at 600 e for at 

least 8 hours. After the hybridization, the tissue was washed at 600e in prehybridization 

solution, followed by rinses in 2X sse at 60oe. Treatment in 20 J.lg/ml RNase A and 10 

J.lglml RNase T1 in 2X sse at 37°e for 30 minutes was followed by a room temperature rinse 

in 2X sse, washes at 600e in 0.2X sse and washes at room temperature in maleic acid 

buffer (MAB: 100 mM maleic acid/ISO mM Nael, pH 7.5). The tissue then was incubated 

in 2% blocking reagent (Boehringer-Mannheim) in MAB for 1 hour, followed by a 1-2 hour 

incubation in 2% blocking reagent/20% heat-inactivated lamb serum. A sheep alkaline 

phosphatase-conjugated anti-digoxygenin antibody (Fab fragment, Boehringer-Mannheim) 

was added to the previous solution at a 1 :2000 dilution, and the tissue was incubated for 
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several hours. Excess antibody was removed by washes in MAB, followed by washes in 

alkaline phosphatase (AP) buffer (100 mM Tris-HCI, pH 9.5; 50 mM MgCI2; 100 mM NaCI; 

0.1 % Tween 20 and 5 mM levamisol). The last wash was replaced with a solution containing 

0.34 J-lg/ml nitro blue tetrazolium (NBT) and 0.18 J-lg/ml of 5-bromo-4-chloro-3-indolyl

phosphate (BCIP) (Sigma). Once staining was apparent, tissue was rinsed in AP buffer and 

fixed in MEMPFA. The MEMPFA was replaced with ethanol, and the tissue was cleared in 

2: 1 benzyl benzoatelbenzyl alcohol for photography. Alternatively, the tissue was 

photographed uncleared. 

III situ hybridization on frozen, sectioned brain tissue was performed exactly as 

described by Strahle et at (1994). Briefly, brain tissue was fixed with paraformaldehyde (4% 

paraformaldehyde, 4% w/v sucrose, 0.12 mM CaClz, 0.1 M NaP04, pH 7.4) at 4°C overnight. 

Tissue was washed in the fixative solution without paraformaldehyde and embedded in 1.5% 

agar, 5% sucrose. Agar blocks were transferred to 30% sucrose overnight at 4°C. Cryostat 

sections at a thickness of 15-20 J-lm were cut and transferred to TESPA-coated slides (reagent 

from Sigma). Sections were air-dried at room temperature and stored at -20°C. The 

antisense RNA probe was prepared as described and diluted in hybridization buffer (0.3 M 

NaCI, 10 mM NaP04, 10 mM EDTA, 10 mM Tris-HCI, pH 7.5. 50% formamide, 10% 

dextran sulfate, 1 mg/ml rRNA, IX Denhardt's solution). Probe was added to each slide 

before coverslipping. Slides were placed on filter paper soaked with 50% formamide, 0.3 M 

NaCI, 10 mM NaP04, 10 mM EDTA, 10 mM Tris-HCI, pH 7.5 in a sealed box and 

hybridized at 55°C. Coverslips were removed in 50% formamide/2X SSC. Slides were 
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washed in 25% formamide, IX SSC, 0.5X PBS at 65°C and in PBS at room temperature. 

Slides were blocked in a solution of PBS, 0.2% w/v BSA, 0.1% Tween 20, anti-digoxigenin 

antibodies were added to the slides, and they were coverslipped. Slides were washed four 

times in IX PBS, 0.1 % Tween 20, and developed in NBT -BCIP as described above for whole 

mounts. Sections were dehydrated rapidly, cleared in xylenes and coverslipped. 

Paraffin Sectioning of Whole Mount Tisslie 

After the last fixation in MEMPF A, the whole mount tissue was dehydrated in a series 

of rinses in 50%, 70%, 95% and 100% EtOH, cleared in toluene and infiltrated with paraffin. 

The tissue was embedded in paraffin, cut into 10-12 ~m sections and mounted onto slides 

treated with Vectabond (Vector Labs). Slides were deparaffinized in xylenes and 

coverslipped in Pro-Texx (Baxter) mounting medium. 

RESULTS 

Isolation of Xenopus Pax-6 cDNA 

Two partial Pax-6 gene homo logs were isolated which span the highly conserved 

paired domain- and paired-type homeodomain-encoding regions. One of these clones 

represents the majority of the 3' coding region, and the second contains the 5' coding 

sequence of Pax-6 (Fig. 2.1). There is a 150 bp overlap between the two clones. No 

difference in expression was noted when in situ hybridization was performed with antisense 
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RNA made from either of these isolates. Therefore, the 5' sequence was used for all in situ 

hybridizations shown. 

The Xenopus Pax-6 partial cDNA sequence encodes a paired domain, a glycine-rich 

linker region between the DNA binding domains and a paired-type homeodomain, as do other 

Pax-6 homologs (Fig. 2.2). Amino acid sequence comparisons (Fig. 2.3) with known Pax-6 

sequences from mouse (Walther & Gruss, 1991), human (Ton et aI., 1991), zebrafish (Puschel 

et aI., 1992), quail (Martin et aI., 1992) and chick (Li et aI., 1994) reveal 96-99% sequence 

similarity in the paired domain using the GCG Package (1991). Overall sequence similarity 

ranges from 92-95% at the amino acid level. The 14 amino acid insert in the paired domain, 

which is the result of alternative splicing, is the most divergent region within Xenopus Pax-6 

when compared to the mouse (Walther & Gruss, 1991) and zebrafish sequences (Puschel et 

aI., 1992). Two nonconservative amino acid changes in the paired domain (excluding the 14 

aa insert) are located in helix 2 at amino acid positions 99 and 103, which may (Czerny et aI., 

1993) or may not be (Treisman et aI., 1989) important in DNA binding by the paired domain. 

In the paired domain, sequences of the 3 helices are more divergent, typically, than the 

nonhelical regions, indicative of highly specific protein-DNA interactions in these regions. 

Eight amino acid changes exist between the DNA binding domains, four of which are 

conservative changes, when compared to the Pax-6 sequences of other species. In contrast, 

at the amino acid level, the paired-type homeodomain of Pax-6 is identical in all species 

studied. 
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Expression of Pax-6 Throughout Development 

Analysis of il1 situ hybridization revealed Pax-6 expression at all stages ranging from 

gastrulation through the end of metamorphosis (Figs. 2.4-2.19). Sense RNA probes were 

used to control for nonspecific staining at all developmental stages (for example, Fig. 2.10). 

The earliest expression of Pax-6 is seen at stage 12 (mid to late gastrula). Under il1 situ 

hybridization conditions, it has been shown that paired box sequences do not cross-hybridize 

(Plachov et aI., 1990; Jostes et aI., 1991). Therefore, the expression pattern observed is 

specific for Pax-6. This expression at stage 12 is visible as paired patches of stain dorsal to 

and flanking the receding yolk plug (Fig. 2.4A). This region corresponds to the posterior 

sensory layer of the neuroectoderm (Nieuwkoop & Faber, 1956). By the neural plate stage 

(stage 13114), a dark semicircle of stain appears at the anteriormost end of the animal in the 

neural plate (Fig. 2.4B). Diffuse bilateral stripes of stain are seen at the lateral edges of the 

neural plate extending two-thirds of the way toward the posterior end of the animal. A gap 

in staining in the neural tube is observed that corresponds to the presumptive midbrain 

(Eagleson & Harris, 1989). As the neural fold becomes more defined at stages 15116, 

presumptive forebrain and eye anlagen continue to stain very intensely (Fig. 2.5A). The 

expression of Pax-6 in the neural fold of the presumptive hindbrain and spinal cord continues 

to be apparent as bilateral stripes, but each stripe is no longer continuous, i.e., there is a small 

region of stain at the anteriormost end of each stripe of stain in the presumptive hindbrain that 

is separated from the remainder of expression in the neural fold. 

During neurulation (stage 19/20; Fig. 2.5B) and through the early tailbud stages 
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(stages 20-25; Fig. 2.6A), staining in the midline of the prosencephalon becomes increasingly 

faint. Staining in the presumptive forebrain/eye region begins to bifurcate more distinctly into 

the prosencephalon and eye anlage (Fig. 2.5B & 2.11B). The presumptive mesencephalon 

continues to be free of stain (Figs. 2.5B & 2. 1 A). The presumptive hindbrain at these stages 

first exhibits staining in one pair of patches (Fig. 2.5A) and, later, contains stain in two short 

pairs of transverse patches anterior to the continuous bilateral stripes of stain throughout the 

remainder of the posterior neural groove (Fig. 2.5B & 2.11A). All layers of the eye exhibit 

Pax-6 expression (Fig. 2.11B). Expression is present also in the ectoderm overlying the 

optic vesicle. Light staining is present in the olfactory placodes from their earliest detection 

(Fig.2.6A). There is no staining evident in the nonsensory ectoderm during these stages or 

at any other time. 

By stages 25-30, significant expression is apparent in the eye and forebrain, and light 

expression is observed in the olfactory placode (Fig. 2.6A, 2.12A & 2.12B). The expression 

in the forebrain is extensive, however, Pax-6 is absent in most ventral regions, for example, 

the infundibulum. At these stages, Pax-6 still extends the width of the neural tube from the 

ventricle to the outer borders (Fig. 2.12). Lighter staining is present in specific paired 

segments in the hindbrain and in the spinal cord. 

Tadpoles examined at stages 30 to 35 exhibit light staining throughout the length of 

the spinal cord, and intermediate staining is seen in discrete patches in the hindbrain (Fig. 

2.6B). No staining is seen in the mesencephalon as defined by the midbrain marker en-2 (Fig. 

2.7A). Significant expression is detected in the differentiating neuronal layers of the eye and 
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in the lens epithelium (Figs. 2. 13 A). No expression is noted at these stages in the layer that 

gives rise to the rods and cones. Differentiating layers of the olfactory bulb and the 

ventricular cells in the forebrain express Pax-6 (Fig. 2.13A). Light staining is detected also 

in the olfactory placode (Fig. 2.6B). There is a visible arc of Pax-6 staining present between 

the eyes in the dorsal forebrain at this time (Fig. 2.6B). 

By stages 35 through 40, three broad sets of transverse stripes of stain are evident in 

the forebrain (Fig. 2.7B). Viewed in whole mount, the diamond-shaped pattern of staining 

is due to the shape of the ventricle at these stages (Fig. 2.7B). As tadpoles reach the late 

30s/early 40s stages, dark staining persists in the neuronal layers of the eye and the lens 

epithelium, exclusive of the lens fiber cells (Fig. 2.13B). Expression of Pax-6 in the hindbrain 

has decreased and is refined to a very distinctive sets of spots (Fig. 2.8A). Light staining 

persists in the spinal cord. Significant expression is present in the mitral cell layer of the 

olfactory bulb (Fig. 2.15). Lightly stained cells in the ventricular zone (Fig. 2.15) and cells 

caudal to the olfactory bulb in the rostral telencephalon are detected also (Fig. 2.14). The 

strongest staining that I see in the olfactory epithelium occurs during these stages of 

development (Fig. 2.14). Scattered cells, with a predominance of cells reaching into the 

intermediate and deeper neuronal-like layers of the olfactory epithelium are evident, however, 

it was not possible to determine which cell types in the epithelium were positive. 

There is little change in Pax-6 expression in the tadpole brain from stages 45 through 

53/54. Examination of the brains of these stages reveals long paired diagonal stripes in the 

diencephalon. These paired stripes are darkest rostral/laterally in the region of the habenuli 
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and the anterior thalamic nucleus and lighter as they progress medial/caudally in the thalamus 

toward the region ofthe posterior thalamic nucleus (Figs. 2.8B & 2.9A). Light lateral stripes 

of stain are observed at the base of the olfactory bulb which corresponds to the granule cell 

layer (Fig. 2.16). Expression of Pax-6 in the mitral cell layer of the accessory olfactory bulb 

is seen for the first time at stage 50 (Fig. 2.16). A large scattering of cells throughout the 

pallium express Pax-6 as do cells within the septum (Fig. 2.16). At stages 53/54, the 

cerebellum and the most rostral medial region of the dorsal medulla oblongata reveal Pax-6 

expression for the first time (Fig. 2.9A). Expression is detected also in a layer of cells 

surrounding the lateral ventricle, in the mitral cells of the OB and in the granule cells of the 

accessory olfactory bulb (AOB) (Fig. 2.17). Pax-6 expression changes little by stage 57/58, 

although a small number of scattered cells expressing Pax-6 are detected throughout the 

length of the brain (Fig. 2.18). By the time Xenopus reaches the froglet stage (stage 66), 

expression remains in the thalamus, the granule ceUlayer ofthe OB and AOB, the cerebellum, 

the medial pallium and in cells lining the lateral ventricle (Figs. 2.9B & 2.19). 

DISCUSSION 

Understanding the development of the vertebrate nervous system requires knowledge 

of the early inductive interactions in the vertebrate embryo, such as that provided by early 

work in the model system Xenopus laevis. These early interactions are dictated by the 

expression of a series of developmental control genes. In the vertebrate hindbrain and spinal 
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cord, for example, the family of Hox genes has been identified which plays a critical role in 

specitying particular eNS structures (Scott et aI., 1989). The genes that might control the 

development of the forebrain of vertebrates and the ways in which they may interact have 

begun to be identified only recently (see Puelles & Rubenstein, 1993; Macdonald et a1., 1994). 

Here I provide the first report of one such gene, Xenopus Pax-6, and I describe its 

developmental expression throughout the brain, spinal cord, eye and nasal cavity. 

The cDNA sequence of Pax-6 is highly homologous to Pax-6 sequences isolated 

previously in mouse, human, zebrafish, quail and chick as determined by DNA sequence 

analysis. At the amino acid level, Xenopus Pax-6 is 92-95% identical to other members of 

the Pax-6 family, encoding a paired domain and a paired-type homeodomain. 

Pax-6 is expressed in Xenopus as early as gastrulation. This is the earliest stage at 

which Pax-6 has been reported to be present in any vertebrate species. A recent report on 

chick Pax-6 (Li et a1., 1994) provides support for expression of Pax-6 during late 

gastrulation, although expression is first seen significantly later in the mouse, at the time of 

neural tube closure (Walther & Gruss, 1991). By mid to late gastrulation, when critical 

inductive interactions are taking place to establish the nervous system and specification of the 

eye region is occurring (Saha & Grainger, 1991), Xenopus Pax-6 is expressed in a very 

distinct pattern. Expression is detected first in the posterior end of the sensory layer of the 

neuroectoderm and is restricted to ectodermally-derived tissues throughout development. 

This pattern of expression spreads slightly after the involuting marginal zone cells migrate 

during gastrulation. These marginal zone cells migrate anteriorly at the onset of gastrulation 
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and participate in the induction of the overlying ectoderm into the nervous system (Eyal-

Giladi, 1954). As the nervous system is induced to form posteriorly to anteriorly, so proceeds 

the expression pattern of Xenopus Pax-6, with the exception of the future mesencephalon. 

Pax-6, like NCAM (Kintner & Melton, 1987), then may serve as a marker of early neural 

induction in Xenopus. 

Based on expression at early stages, the expression of Pax-6 at later stages in 

development closely parallels that predicted from the fate map established by Eagleson and 

Harris (1989). The neurula stage embryos stain strongly for Pax-6 in some regions destined 

to become telencephalic, diencephalic and rhombencephalic structures: i.e., olfactory bulb, 

eye, thalamus and cerebellum, as has been reported for other animals studied. These 

structures express Pax-6 continuously or at some time in their development. Therefore, it is 

likely that Pax-6 plays a role in early inductive interactions necessary to form the anterior 

nervous system, particularly the olfactory and visual systems. In addition, due to its persistent 

expression through metamorphosis, Pax-6 may be necessary for the maintenance of these 

interactions throughout development. Alternatively, Pax-6 expression may be indicative of 

newly generated cell types throughout development in the olfactory and visual systems, as 

well as in other regions of the CNS. According to a model proposed by Nieuwkoop and 

expanded by Servetnick and Grainger (1991), a single signal is responsible for induction of 

both neural and placodal tissues. This signal would induce neural tissue early (medially) and 

placodal tissue later (laterally). Xenopus Pax-6 satisfies the criteria to play a role in 

stimulating the production of such a factor in neural induction, with a role in specification of 
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the eye and olfactory placode, for example, and in subsequent regulation of neural cell fate. 

Xenopus Pax-6 continues to be expressed in the nelVous system throughout 

development, although the pattern of expression becomes refined and later restricted to 

particular neural regions and cell types. In particular, Pax-6 is found in tissues consistent with 

developing neuronal layers. Previous studies suggest a role for the Pax genes in the 

commitment of precursors to differentiated neuronal cell fates and maintenance of specific 

brain cell subtypes (Goulding, 1992; Stoykova & Gruss, 1994). This also appears to be the 

case in Xenopus. For example, there is expression of Pax-6 in the presumptive hindbrain 

region beginning at neurulation, and staining is apparent also in the hindbrain derivative, the 

cerebellum, during metamorphosis. In the bullfrog Raila catesbeialla, metamorphosis is the 

time in development of the cerebellum when the cells of the cerebellar external granular layer 

mature and migrate away from the pial surface to populate the inner granular layer (Hauser 

et aI., 1986). Therefore, Pax-6 expression is detected as the hindbrain is specified and later 

as the cell types within the developed hindbrain differentiate. 

In addition, the pattern of Pax-6 expression in the eye and the olfactory system from 

stagtls prior to placode induction and throughout the formation of the adult-like structures 

is consistent with a role for Pax-6 in the commitment of cells to particular cell fates and the 

maintenance of these cell types. In the olfactory system, Pax-6 is expressed in the olfactory 

placode and in the underlying, undifferentiated neural tube. In fact, Pax-6 defects in the 

mouse and human result in aplasia of nasal structures, the olfactory bulb and the eye (Hogan 

et aI., 1986; Hogan et aI., 1988; Heinzmann et aI., 1991; Hill et aI., 1991; Ton et aI., 1991). 
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In the complete absence of Pax-6, the inductive interactions that participate in the formation 

of the olfactory placode and the developing eye may not occur. Consequently, these 

structures do not develop. In the developing olfactory system, as the receptor cells of the 

olfactory placode extend axons toward the neural tube at stages 29/30 (Klein & Graziadei, 

1983; Byrd & Burd, 1991), cells of the ventricular zone express Pax-6. These ventricular 

cells eventually differentiate and migrate out to form the olfactory bulb. As synapses form 

between the olfactory axon terminals and the differentiating olfactory bulb neurons at stage 

35/36 (Klein & Graziadei, 1983; Byrd & Burd, 1991), maximum expression of Pax-6 is 

detected in the olfactory epithelium. After these synapses have started to form in the 

developing olfactory bulb, Pax-6 expression in the olfactory bulb is reduced in the ventricular 

zone and increases in the mitral cell layer, the location of the major output neurons of the 

bulb. Once the olfactory bulb has developed into a multilayered structure (stage 44, Byrd & 

Burd, 1991), expression of Pax-6 in the olfactory epithelium decreases sharply. Preliminary 

evidence from work by Pape and Burd (unpublished observations) indicates that, when the 

nasal capsule undergoes remodeling during metamorphosis, Pax-6 is expressed once more, 

in a newly generated region of sensory epithelium lining the middle cavity. The olfactory bulb 

continues to express Pax-6 throughout the maturation of the bulb, although this expression 

is apparent first in the undifferentiated neural tube, then in the mitral cell layer until all layers 

of the bulb are present and, lastly, in the granule cell layer of the mature olfactory bulb. Pax-6 

is detected not only in the main olfactory bulb, but also in the accessory olfactory bulb 

throughout its development. 
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Evidence from the mouse small eye mutant indicates that the Pax-6 defect also 

coincides with aberrant neuronal migration (Matsuo et aI., 1993; Schmahl et aI., 1993). 

Failure of neuronal migration from the ventricular zone to populate the olfactory bulb, for 

example, may contribute to the absence of olfactory bulbs in the homozygous small eye 

mutants. If Pax-6 is involved in the migration of developing neurons, perhaps Pax-6 regulates 

the transcription of cellular adhesion molecules, such as NCAM, L 1 and cadherin (Chuah et 

aI., 1991; Chung et aI., 1991; Miragall & Dermietzel, 1992). In addition, olfactory receptor 

cell axons may contact these ventricular cells early on, much as they do in mice (Hinds, 1972) 

and rats (Gong & Shipley, 1995) and provide inductive signals that stimulate differentiation 

of mitral cells. The role that Pax-6 might play in this inductive interaction is unknown at 

present. 

Many regions within the brain that express Pax-6, the olfactory bulb, pallium, septum 

and thalamus, are representative of several of the intermediate processing centers for sensory 

information from the olfactory and visual systems. Even the cerebellum and medulla 

oblongata are implicated in a sensorimotor system for the frog (Veenman et aI., 1989). 

In summary, I present the isolation and characterization of the first Pax gene in 

Xenopus. This eDNA sequence is expressed in various tissues of the nervous system 

throughout development, from gastrulation through metamorphosis. This early expression 

pattern is consistent with a role for Pax-6 in the specification of anterior nervous system 

structures and the maintenance of these structures throughout their 

development/differentiation. In particular, Pax-6 expression is consistent with the 
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specification and differentiation of the olfactory and visual systems, as well as the 

differentiation of many brain regions responsible for processing of sensory information 

throughout development. 
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Table 2.1 Development of Xenopus according to approximate age and stage with 

corresponding morphological criteria. Important events in development of the olfactory 

system are included at the appropriate stages. (Modified from Byrd & Burd, 1992). 

OP= olfactory placode; NT= neural tube; ON=olfactory nerve; ONL= olfactory nerve layer; 

GL= glomerular layer; OB= olfactory bulb; AOB= accessory olfactory bulb 



TABLE 2.1: DEVELOPMENTAL STAGES OF XENOPUS LAEVIS 

DAY STAGE 

0 1 

1 7-9 

10-12 

13-20 

21 

23 

29/30 

32 

2 34 

36 

3 36/38 

4 40 

5 44 

6 45 

Week 

2 47 

2/3 49 

6+ 54-66 

59 

66 

2years Adult 

GENERAL 
DEVELOPMENT 

Fertilization 

Blastula 

Gastrula 

Neurula 

Neural Tube Closure 

Tailbud 

Hatching 

Feeding 

Hindlimb Bud 

Metamorphosis 

Forelimbs Emerge 

Juvenile Frog 

Breeding 

OLFACTORY 
DEVELOPMENT 

Appearance ofOP 

Axons in NT 

Some Differentiation of NT 

Cells with Processes 

ON Obvious; ONL Present 

Synapses First Present 

GL Present 

All Layers ofOB Formed 

Basic Structure of Mature 
OB; AOB Obvious 

48 
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Figure 2.1 Schematic drawing of Pax-6 with the predicted paired domain and the paired-

type homeodomain in boxes. The start site is at the beginning of the figure, and the stop site 

is indicated by a vertical bar. The approximate locations of the two cDNAs are shown, as are 

their sizes in base pairs. The 818 bp cDNA was used for the in situ hybridization 

experiments in this study. 



51 eDNA 
31 eDNA 

50 

I Paired domain L paired-type 
~,-________ -,r~twr~; homeodomain 

818 bp 
-------- 489 bp 
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Figure 2.2 DNA sequence and predicted amino acid sequence for the Xenopus Pax-6 probe 

used in the in situ hybridization experiments. The paired box is the first box indicated, the 

paired-type homeobox is the second box. 
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90 
30 

91 CGACCCCTGCCAGATTCGACCCGACAGMGATTGTGGM TTAGCGCACAGCGGCGCGCGACCCTGCGACATTTCTCGGATTCTGCAGAGC 180 
31 ArgProLeuProA.pSorThrArgGlnLy.I leV. IGlul,oUAl alll.SorGlyAlaArgP roCy.A.pI leSerArgI loLeuGlnSor 60 

181 CAGGCAGAGGCAMAGTCCCAGGGCTGGATAGTCMMCGTGTCCAACGGCTGCGTGAGTMGATCTTGGGCAGATATTACGAGACCGGA 270 
61 GlnAlaGluAlaLy.VaIProGlyLeuA'pSerGlnA.nVaISerAsnGlyCysValSerLyslleLeUGlyArgTyrTyrGluThrGly 90 

271 TCGATCCGACCTCGGGCGATCGGTGGCACMMCCCAGAGTTGCCACCCCAGMGTGGTGMCMGATTGCCCACTATMGCGAGAGTGC 360 
91 So r1 leArg ProArgAla1 loGlyGlySorLysProArgVa lAlaThrProGluVa 1 Va lAsnLy.1 loAlaHlsTyrLy.ArgGluCy' 120 

361 CCTTCTATCTTTGCCTGGGAMTCCGAGACAGGTTGCTGTCTGAGGGAGTCTGTACCMCGACMTATCCCCAGTGTGTCATCMTAMC 4 50 
121 ProSerI 10 PhoAlaTrpGlu1 10ArgA.pArgLeuLouSorGI uGlyValCysThrA.nA.pAsn I leProSe rValSerSerI leAsn 150 

451 CGAGTTCTGCGCMCCT CMGCGATMGCMCAGATGGGATCGGMGGGATGTATGACAAOCTCAGGATOCTCAATGGACMACTOCA 540 
151 Ar ValLeuAr A.nLeu laSorA.pLy.GlnGlnMotGlysorGluGlyMetTyrA.pLysLouArgMetLeuA.nGlyGlnThrAla 100 

541 ACTTGGGGGTCGCGGCCAGGGTGGTACCCGGGCACCTCAGTACCTGGCCMCCAGCACAGGAGGGGTGTCAGCCACMGMGGAGTAGGA 630 
181 Th rT rpGlySorArg ProGlyT rpTyr I'roGlyThrSorVa 1 ProGlyGI n ProAl aGI nGluGlycysGln ProGlnGluGI yVa IGI y 210 

631 GAMACACAMCTCMTCAGCTCCMTGGTGMGACTCGGACGAGGCCCMATGAGGCTTCMCTGMGAGAM TAe AG C 720 
211 GluA.nThrA.nSerI 1 eSerSorA.nGlyGluA.pSorA.pGluAlaGlnMetArgLeuGlnLeuLysArgLy, LeuGlnAr A.nAr 240 

721 ACATCTTTTACCCAGGAACAMTAGAGGCACTAGMAMGMTTTGMCGAACACATTATCCCGATGTGTTTGCCCGGGMAGATTGGCT B 10 
241 Th rSorPhoThrGlnGluGI nr leGluAlaLouGluLysGI uPheGluArgThrHl.TyrP roAspVal PheAlaArgGluArgLeuAI a 270 

o 11 GCCiViiiiiT 0 18 
271 ~ 272 
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Figure 2.3 Predicted amino acid sequence of the partial Xenopus Pax-6 sequence compared 

with the Pax-6 sequences from chick, quail, human, mouse and zebrafish. The paired domain 

is indicated by the first box, and the paired-type homeodomain is indicated by the second box. 

The dotted line from amino acids 48-61 indicates an insert found in the paired domain of 

chick, quail and human Pax-6. The asterisks indicate amino acids at which Xenopus Pax-6 

differs from known Pax-6 sequences. 
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1 50 
Chick MQ LGGVFVNGRP LPDSTRQKIV ELAHSGARPC DISRILQ ... 
Quail MQ LGGVFVNGRP LPDSTRQKIV ELAHSGARPC DISRILQ ... 
Human MQ LGGVFVNGRP LPDSTRQKIV ELAHSGARPC DISRILQ ••. 
Mouse MQ LGGVFVNGRP LPDSTRQKIV ELAHSGARPC DISRILQTHA 

Zebrafish MQ LGGVFVNGRP LPDSTRQKIV ELAHSGARPC DISRILQTHA 
Xenopus MQ LGGVFVNGRP LPDSTRQKIV ELAHSGARPC DISRILQSQA .* 

51 100 
Chick .......... .VSNGCVSKI LGRYYETGSI RPRAIGGSKP RVATPEWSK 
Quail .......... .VSNGCVSKI LGRYYETGSI RPRAIGGSKP RVATPEWSK 
Human .......... .VSNGCVSKI LGRYYETGSI RPRAIGGSKP RVATPEWSK 
Mouse DAKVQVLDNE ~NSNGCVSKI LGRYYETGSI RPRAIGGSKP RVATPEWS!( 

Zebrafish DAKVQVLDNE NVSNGCVSKI LGRYYETGSI RPRAIGGSKP RVATPEWGK 
Xenopus EAKVPGLDSQ NVSNGCVSKI LGRYYETGSI RPRAIGGSKP RVATPEWNK 

• .. .. .. .. .. 
101 

Chick IAQYKRECPS IFAWEIRDRL LSEGVCTNDN IPSVSSINRV 
Quail IAQYKRECPS IFAWEIRDRL LSEGVCTNDN IPSVSSINRV LRNL 
Human IAQYKRECPS I FAWEI RDRL LSEGVCTNDN IPSVSSINRV LRNL 
Mouse IAQYKRECPS IFAWEIRDRL LSEGVCTNDN IPSVSSINRV LRNL 

Zebrafish IAQYKRECPS I FAWEI RDRL LSEGVC'l'NDN IPSVSSINRV LRNL 
Xenopus IAHYKRECPS IFAWEIRDRL LSEGVCTNDN IPSVSSINRV LRNL .. 

151 200 
Chick MGADGMYDKL RMLNGQTGTW GTRPGWYPGT SVPGQPAQDG CPQQEGGGEN 
Quail MGADGMYDKL RMLNGQTGTW GTRPGWYPGT SVPGQPAQDG CPQQEGGGEN 
Human MGADGMYDKL RMLNGQTGSW GTRPGWYPGT SVPGQPTQDG CQQQEGGGEN 
Mouse MGADGMYDKL RMLNGQTGSW GTRPGWYPGT SVPGQPTQDG CQQQEGGGEN 

Zebrafish MGADGMYEKL RMLNGQTGTW GTRPGWYPGT SVPGQPNQDG CQQSDGGGEN 
Xenopus MGSEGMYDKL RMLNGQT~TW GSRPGWYPGT SVPGQPAQ~G CQ~QEGyGEN *. .. 

201 250 
Chick TNSISSNGED SDEAQMRLQL FTQEQIEALE KEFERTHYPD 
Quail TNSISSNGED SDEAQMRLQL FTQEQIEALE KEFERTHYPD 
Human TNSISSNGED SDEAQMRLQL FTQEQIEALE KEFERTHYPD 
Mouse TNSISSNGED SDEAQMRLQL FTQEQIEALE KEFERTHYPD 

Zebrafish TNSISSNGED SDETQMRLQL FTQEQIEAJ,E KEFERTHYPD 
Xenopus TNSISSNGED SDEAQMRLQL FT E IEALE KEFERTHYPD 

251 300 
Chick VFARERLAAK IDLPEARIQV WFSNRRAKWR RNQRR QASNTPSHIP 
Quail VFARERLAAK IDLPEARIQV WFSNRRAKWR RNQRR QASNTPSHIP 
Human VFARERLAAK IDLPEARIQV WFSNRRAKWR RNQRR QASNTPSHIP 
Mouse VFARERLAAK IDLPEARIQV WFSNRRAKWR RNQRR QASNTPSHIP 

Zebrafish VFARERLAAK IDLPEARIQV WFSNRRAKWR RNQRR QASNSSSHIP 
Xenopus VFARERLAAK ......... . ......... . ... . ..... . .......... 
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Figure 2.4 Whole mount in situ hybridization analysis with the antisense Pax-6 probe. 

A) Posterior view, dorsal is up. St. 12 showing patches of stain (arrows) on either side of the 

yolk plug (y). Scale bar = 0.5 mm. 

B) Dorsal view, anterior is down. St. 13/14 showing anterior and lateral neural tube stain, 

exclusive of the presumptive midbrain (m). Scale bar = 0.5 mm. 
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Figure 2.5 Whole mount in situ hybridization analysis with the antisense Pax-6 probe. 

A) Dorsal view, anterior is down. St. 15/16. 

B) Anterior view, dorsal is up. St. 21. 

Staining is present in the presumptive forebrain (t), hindbrain (h), spinal cord (s) and eye 

anlagen (e). In B), note the decrease in staining in the midline of the prosencephalon 

(asterisk). Scale bar = 0.5 mm. 
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Figure 2.6 Whole mount in situ hybridization analysis with the antisense Pax-6 probe. 

A) Anterior view, dorsal is up. St. 25. 

B) Dorsal view, anterior is down. St. 32 

Staining is present in the presumptive forebrain (f), hindbrain (h), eye anlagen (e) and 

olfactory placode (arrowheads). In A), note the decrease in staining in the midline of the 

prosencephalon (asterisk). Scale bar = 0.5 mm. 
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Figure 2.7 Whole mount in situ hybridization analysis with the antisense Pax-6 probe. 

A) Dorsal view with anterior to the right. St. 31 comparing expression of the midbrain marker 

el1-2 (top) to Pax-6 (bottom). Note the absence of Pax-6 staining in the midbrain (m). Scale 

bar = 1 mm. 

B) Dorsal view, anterior is down. St. 37/38 showing stain in the eyes (e) and stripes of stain 

in the forebrain around the lateral ventricle (v). Scale bar = 0.5 mm. 
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Figure 2.8 Whole mount in situ hybridization analysis with the antisense Pax-6 probe. 

A) Dorsal view, anterior is down. St. 41 pigmented tadpole showing stain in the olfactory 

bulb (arrow) and other areas of the forebrain (£). Background staining is detected in the ear 

cavity (ec), Stain in the eye (e) is masked by the pigment. Scale bar = 0,5 mm, 

B) Isolated brain tissue with the dorsal surface showing, St. 47/48 brain showing stain in the 

thalamus (t), Very pale staining is present also in the olfactory bulb (arrow), but it is difficult 

to see in this photograph. Scale bar = 0,5 mm, 
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Figure 2.9 Whole mount in situ hybridization with the antisense Pax-6 probe showing 

isolated brain tissue with the dorsal surface showing. 

A) St. 53/54 brain showing stain in the thalamus (t), medulla oblongata (mo), cerebellum (c) 

and light staining in the accessory olfactory bulb (aob). Scale bar = 0.5 mm. 

B) St. 65 brain showing stain in the olfactory bulb (ob), thalamus (t), cerebellum (c) and lining 

the lateral ventricle (v); some staining in the ventricles of this whole mount is likely to be due 

to background substrate reaction product that became trapped in the ventricles. Scale bar 

= 0.5 mm. 
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Figure 2.10 Whole mount ill situ hybridization analysis with a Pax-6 sense probe. Control 

tadpoles at stages 23 (top) and 30 (bottom). Scale bar = O.S mm. 
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Figure 2.11 In situ hybridization analysis of paraffin-sectioned tissue with the antisense Pax-

6 probe. 

A) Sagittal section, anterior is left. St. 18/19 showing stain in presumptive eye (e) and the 

sensory layer of the neuroectoderm (n). Scale bar = 0.1 mm. 

B) Horizontal section, anterior is down. St. 22 showing stain in presumptive eye (e) and the 

sensory layer of the developing forebrain (t). Scale bar = 0.1 mm. 
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Figure 2.12 In situ hybridization analysis of paraffin-sectioned tissue with the antisense Pax-6 

probe. 

A) Coronal section, anterior is down. St. 26 showing stain in the presumptive eye (e) and 

forebrain (t). Scale bar = 0.1 mm. 

B) Horizontal section, anterior is down. St. 30 showing stain in the eye (e), in the forebrain 

(t) and the olfactory placode (op). Staining at (h) represents Pax-6 expression in the 

hindbrain. Scale bar = 0.1 mm. 



72 

: •. ·it 

l:~~'!" "'. 
. . 

• I 

IN ""' .•.... '. ~ .. 

~"~:f.':i~ . ~ .. ~. ,';" .. .<: 
Op 

B 



73 

Figure 2.13 111 situ hybridization analysis of paraffin-sectioned tissue with the antisense Pax-

6 probe. 

A) Horizontal section, anterior is down. St. 34 showing stain in the eye (e), lens epithelium 

(I), in the mitral cells (m) ofthe olfactory bulb and in cells of the ventricular zone (vz). Scale 

bar= 0.1 mm. 

B) Horizontal section, anterior is down. St. 43/44 showing stain in the neuronal layers of the 

eye but not in the lens (I), presumptive rods and cones (r) or the pigmented layer (p). Scale 

bar= 0.1 mm. 
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Figure 2.14 In situ hybridization analysis of paraffin-sectioned tissue with the antisense Pax-6 

probe. This is a horizontal section, anterior is down. St. 38 showing stain in the olfactory 

placode (op), in the mitral cells (arrow) of the olfactory bulb, in the forebrain (f) and in the 

differentiating neuronal layers of the eye (e) and in the lens epithelium (arrowhead), but not 

in the lens fiber cells (I). Scale bar = 0.1 mm. 
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Figure 2.15 In situ hybridization analysis of paraffin-sectioned tissue with the antisense Pax-6 

probe. This is a coronal section, anterior is up. St. 43 showing stain in the mitral cell layer 

(arrow) of the olfactory bulb. Scale bar = 0.1 mm. 
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Figure 2.16111 situ hybridization analysis offrozen sections with the antisense Pax-6 probe. 

This is a horizontal section, anterior is up. St. 50 showing stain in the mitral cell layer of the 

accessory olfactory bulb (arrows), thalamus (t), septum (s) and throughout the pallium (for 

example, in the lateral pallium, see arrowheads). Scale bar = 0.1 mm. 
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Figure 2.17 In situ hybridization analysis of frozen sections with the antisense Pax-6 probe. 

This is a horizontal section, anterior is up. St. 53/54 showing stain in the granule cell layer 

of the olfactory bulb (g), the mitral cell layer of the accessory olfactory bulb (m) and in cells 

lining the lateral ventricles (v). Scale bar = O. I mm. 
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Figure 2.18 III situ hybridization analysis of a frozen section with the antisense Pax-6 probe. 

This is a horizontal section, anterior is up. St. 58/59 showing stain in the septum (s), mitral 

cell layer of the accessory olfactory bulb (m), granule cell layer of the olfactory bulb (g), 

lateral pallium (p) and cells lining the lateral ventricle (arrows). Scale bar = 0.25 mm. 
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Figure 2.19111 situ hybridization analysis of a frozen section with the antisense Pax-6 probe. 

This is a horizontal section, anterior is up. Stage 65 showing stain in the septum (s), granule 

cell layer of the accessory olfactory bulb (g), granule cell layer of the olfactory bulb 

(arrowheads), lateral pallium (p) and cells lining the lateral ventricle (arrows). Scale bar = 0.1 

mm. 
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CHAPTER 3: MOLECULAR ANALYSIS OF XENOPUS Pax-6 

ABSTRACT 

The sequence of five additional Pax-6 cDNA clones from the African clawed frog, 

Xenopus [aevis, including four full length cDNA sequences, is reported. A number of 

variations exist in their predicted protein sequences. These variations are found in the paired 

domain, between the paired domain and paired-type homeodomain DNA binding regions and 

at the carboxy terminus in the transcriptional activation domain. Most notably, there is a 151 

bp nucleotide sequence absent from the 3' coding region in a number of the cDNAs which 

results in a change in the reading frame when compared to Pax-6 sequences reported in other 

animals. This alteration at the 3' end is predicted to change the transcriptional activation of 

target genes by Pax-6. The temporal expression of these Xenopus Pax-6 sequences is 

reported also. The results of peR amplification indicate that the carboxy terminal differences 

that are predicted are the result of two different types of Pax-6 transcripts in Xenopus. These 

two types of transcripts are regulated differentially throughout development. 

INTRODUCTION 

Pax-6 is a transcription factor first isolated in the mouse based on sequence homology 

to the Drosophi fa paired gene family (Walther & Gruss, 1991). Pax-6 has been identified in 
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a number of species ranging from Drosophila (Quiring et aI., 1994) to humans (Ton et aI., 

1991). Pax-6 encodes a protein with two DNA binding regions: a paired domain and a 

paired-type homeodomain. At the amino acid level, the Pax-6 sequences are strikingly 

similar, Le., both domains are typically greater than 90% identical in all species studied, 

including Drosophila (Quiring et aI., 1994). 

As seen via ill situ hybridization, Pax-6 is expressed in a variety of tissues throughout 

development, including the eye, olfactory system, spinal cord and numerous other regions 

within the developing forebrain and hindbrain (Walther & Gruss, 1991; Ton, et aI., 1991; 

Puschel et aI., 1992; Martin et aI., 1992; Li et aI., 1994; Chapter 2). Several roles have been 

proposed for Pax-6 as a result of its expression pattern. Among these proposed roles are: 

neuronal migration (Schmahl et aI., 1993), inductive influences in eye formation (Walther & 

Gruss, 1991; Li et aI., 1994; Halder et aI., 1995), regionalization of brain boundaries (Krauss 

et aI., 1991a; Macdonald et aI., 1994) and influencing developmental signaling within the 

developing olfactory system (Chapter 2). There is remarkable conservation of sequence and 

apparent function among animals considering the evolutionary distance separating them. 

Maintenance of spatial and temporal expression patterns of developmental control 

genes is a complicated regulatory problem. From studies on many genes, including Pax-6, 

it is clear that developmental regulation may occur in a variety of ways, including: influence 

by chromosomal location, as with HOMlHox genes (reviewed by Botas, 1993); combinatorial 

expression of a family of related genes, as with the dlx genes (Akimento et aI., 1994); and 

alternative splicing as in the paired box sequence of Pax-6 (Epstein et aI., 1994b). 
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Considering the disparate roles played by many developmental control genes, it is not 

surprising that these genes would use a variety of methods to maintain such a diverse range 

of functions. 

To understand the complicated expression pattern of Pax-6 in Xenopus (Chapter 2), 

I have isolated Pax-6 cDNA sequences from Xenopus. Experiments were carried out to 

determine if the complicated pattern of expression of Pax-6 that I have seen in Xenopus could 

be explained, in part, by the DNA sequence itself and the mRNAs transcribed. 

MATERIALS AND METHODS 

General Comments 

To understand the development of the olfactory system on a molecular level, I have 

employed a variety of molecular techniques. The two most important of the molecular 

techniques used to elucidate development in Xenopus for this study are: amplification of 

nucleotide sequences using the polymerase chain reaction (peR) and detection of gene 

expression using whole mount in situ hybridization. The detection of gene expression using 

in situ hybridization was discussed in Chapter 2. 

The amplification of nucleotide sequences using PCR was developed first by Mullis 

et aI., (1986) and facilitated greatly by the cloning of Taq polymerase, the DNA polymerase 

of the bacterium Thermlls aqua/jeus (Saiki et aI, 1988; Lawyer et aI., 1989). This bacterium 

is able to replicate its DNA at extreme temperatures. This property allows for multiple cycles 
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of denaturation of double-stranded DNA, primer annealing and DNA synthesis off of the 

template of choice. The end product of this amplification is a double-stranded fragment of 

DNA representing the sequence of DNA between and inclusive of the primers used. 

Combined with reverse transcriptase, PCR has been used also to amplify specific RNA 

sequences (Jones & Foulkes, 1989). That is, first strand cDNA synthesis of RNA in situ or 

ill vitro is carried out with reverse transcriptase. Subsequently, the first strand DNA product 

is amplified via PCR. This study utilized PCR in the following ways: to determine the 3' end 

of different Pax-6 cDNAs in Xenopus, and to amplifY transcripts in total RNA pools after first 

strand cDNA synthesis to determine the developmental levels of these Pax-6 sequences that 

differ at the 3' end in Xenopus. 

Isolation of XenoplIs Pax-6 cDNAs 

Full length and partial cDNA clones encoding Pax-6 were isolated from a cDNA 

library from the heads of stage 28-30 Xenopus embryos (Hemmati-Brivanlou et a1., 1991) 

using a 32P-labeled (Feinberg & Vogelstein, 1983; Feinberg & Vogel stein, 1984) 818 bp 

fragment of Xenopus Pax-6 containing the paired box and the majority of the paired-type 

homeobox sequence (Chapter 2). Approximately 600,000 phage were screened at high 

stringency (50% formamide, 42°C) to identifY these cDNA sequences. cDNA clones 

contained Pax-6 sequences as determined by DNA sequence analysis (Sanger et a1., 1977). 

Sequence comparisons at the nucleotide and protein level were carried out using the GCG 

Program Package, Version 7 (1991). 
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RNA Preparation 

Xenopus laevis embryos were used for all of the studies described. Animals were 

staged according to Nieuwkoop and Faber (1956; also, see Table 2.1, Chapter 2). Staged 

animals were pooled, anesthetized in 2% tricaine methanesulfonate (MS222, Sigma) and 

homogenized on ice in 4 M guanidine thiocyanate; 0.5% sarkosyl; 20 mM sodium acetate, pH 

5.2; and 5 mM dithiothreitol. Supernatants were layered over a cushion of 5.7 M cesium 

chloridell mM EDT A, pH 8 and centrifuged in a Beckman SW -41 Ti rotor at 37K for 16 hr 

at room temperature. Pellets were resuspended in diethyl pyrocarbonate-treated water. First 

strand cDNA synthesis was carried out under standard reaction conditions using MML V 

reverse transcriptase (Boehringer-Mannheim), trace amounts of 32p_dCTP (Amersham) and 

3' primer #3 (5'GCCAGCTGCCGGGTACTTGAAC3'). Equal amounts of first strand cDNA 

synthesis product (as measured by incorporated counts) were amplified using 5' primer #1 

(5'AACAGAGTNCTNCGCAACCTGG3') and either of two 3' primers, #2 

(5'GCTCTAGAACCCGATGTGAATG3') or #3, under the following reaction conditions: 

10 mM tris-HCI, pH 8.8; 50 mM KCI; 1 mM MgCI2; 200 f.1M each dNTP; 20 f.1M primers; 

and 1.5 units Taq DNA polymerase (Stratagene). Amplitication with primers 1 and 2 was 

carried out in the Perkin Elmer DNA Thermal Cycler as follows: 35 cycles of 95°C, 1 min; 

55°C, 1 min; and noc, 2 min. Alternatively, the annealing temperature for primers 1 and 3 

was 62°C. Products were separated via agarose gel electrophoresis and transferred to 

Hybond N (Amersham) membrane in 20X SSC (Southern, 1975). Blots were probed with 
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the 32P-labeled 818 bp fragment of Xenopus Pax-6 prepared as described in the previous 

section. Duplicate first strand cDNA synthesis reactions were performed, and PCR 

amplification of each cDNA synthesis was performed in quadruplicate to ensure 

reproducibility. 

RESULTS 

Isolation of Xenoplls Pax-6 eDNA 

Four full length and one partial length Pax-6 homologs were isolated from a cDNA 

library prepared from the heads of stage 28-30 Xenopus embryos with a 818 bp Xenopus Pax-

6 cDNA probe (isolation of this probe is described in Chapter 2) which spans the highly 

conserved paired box and paired-type homeobox (Fig. 3.1). The Xenopus Pax-6a sequence 

consists of2222 nucleotides; Pax-6b, 2029; Pax-6c, 1891; Pax-6d, 1990; Pax-6e, 1285; and 

Pax-6fconsists of489 nucleotides. The four full length cDNA clones include more than 100 

bp of the 51 noncoding region and a significant portion of the 31 noncoding sequence, 

excluding the polyadenylation signal. These cDNAs contain many changes in nucleotide and 

predicted amino acid sequence, including in the paired box and at the 31 end (see below). The 

nucleotide sequences of all Xenopus Pax-6 cDNAs are shown in Figure 3.2. 

A comparison of the amino acid sequence of full length Xenopus Pax-6 cDNAs with 

the mouse Pax-6 cDNA sequence (Walther & Gruss, 1991) reveals numerous subtle 

differences among the Xenopus sequences (Fig. 3.3). All Xenopus sequences contain the 
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hallmark paired domain and the paired-type homeodomain DNA binding regions, although, 

unlike in the previous Xenopus Pax-6 sequence reported (Chapter 2), the 14 amino acid insert 

was absent from these Xenopus paired domains. In contrast, the paired-type homeodomains 

are identical in all sequences examined. There are changes at 21 amino acid positions within 

Pax-6 when comparing Xenopus and mouse Pax-6 cDNA sequences: 3 within the paired 

domain at amino acids 99, 103 and 123 (Fig. 3.3; Fig. 3.4); the majority of changes (12) are 

found outside of the DNA binding regions: between the paired domain and the paired-type 

homeodomain at amino acids 147, 153, 154, 168, 169, 172, 181, 187, 189, 193, 197 and 198; 

and six changes after the paired-type homeodomain at positions 327, 337, 339, 352, 365 and 

382. Nine of these changes are S-T and D-E replacements. Of the remaining amino acid 

replacements in the paired domain, there is a Q to H replacement in Pax-6d, and a 

replacement (N to S) in the mouse which coincides with the position of the only amino acid 

change in the paired domain of zebraftsh. Both of these changes in the paired domain are 

located in helix 2 which may (Czerny et al., 1993) or may not (Treisman et al., 1989) be 

important in DNA binding. Xenopus Pax-6d is the most unique of the sequences examined, 

exhibiting nine of the amino acid changes observed. All of the changes in Xenopus Pax-6 

amino acid sequences are summarized in Figure 3.5. 

The most striking difference among the Xenopus sequences is the absence of a 151 

bp sequence at the 3' end in Xenopus clones Pax-6b, Pax-6c, Pax-6d and Pax-6f. This 151 

bp DNA sequence corresponds to an exon (and its flanking introns, Martin et al., 1992), the 

equivalent of human Pax-6 exon 12 (Glaser et al., 1992). This altered 3' end results in a 
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predicted change in reading frame for the remainder of the protein sequence after amino acid 

position 358. The resulting predicted proteins are of lengths 422 (Pax-6a) and 393 (Pax-6b, 

c, d) amino acids. The change in reading frame encodes a unique carboxy terminal sequence 

(Fig. 3.4). The carboxy terminal region of sequences Pax-6b, c and d is no longer rich in 

proline, serine and threonine but is slightly enriched in serine residues. A search of protein 

databases with the altered carboxy terminal sequence revealed no significant homology to any 

other known amino acid sequence. Pax-6a and b are identical at the amino acid level except 

for the altered carboxy terminus in Pax-6b. Pax-6b and c are identical except at amino acid 

position 181, where a threonine residue is found in Pax-6c and a serine residue is found in 

Pax-6b. 

Developmental Regulation of the 3' End 

To determine if Pax-6 mRNA with and without the 151 bp 3' sequence is expressed 

during Xenopus development, I isolated RNA from pools of Xenopus at stages 0-10, 10-20, 

20-30,30-40,40-50 and 50-60. First strand cDNA synthesis was carried out on RNA from 

each group of stages. Radioactively-labeled dCTP was added to the first strand cDNA 

reactions to assess the efficiency of the reaction. Equal amounts offirst strand product then 

were amplified using 5' primer #1 and either #2 or #3 3' primers. For the control 

amplification with primers 1 and 2, I expected to see a single product of 568 bp based on my 

results from cDNA sequencing. This amplification product represents all Xenopus Pax-6 

cDNA sequences I have identified. Using primers 1 and 3 which span the 151 bp insert site, 
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I expected to see product sizes of 859 or 708 bp depending upon the presence or absence, 

respectively, of the 151 bp sequence. Upon probing a Southern blot ofPCR products with 

the 818 bp 32P-Iabeled Xenopus Pax-6 fragment, I found a transcript of 568 bp in the 

amplification of RNA using primers 1 and 2 (Fig. 3.6). The levels of these transcripts vary 

throughout development, suggesting that Pax-6 is regulated developmentally in Xenopus. 

This finding supports results from in situ hybridization studies. That is, both messages are 

detected at stages 0-60, as predicted from in situ hybridization results with Xenopus Pax-6 

(Chapter 2). In addition, I detected two transcripts of the appropriate size (708 and 859 bp) 

upon amplification with primers 1 and 3 (Fig. 3.7). Not only are both types of transcripts 

detected upon PCR amplification, but these transcripts also are regulated differentially 

throughout development. Amounts of transcripts containing the 151 bp sequence are equal 

to or greater than transcripts without this 151 bp sequence at all stages examined. The 

strongest expression is present at stages 30-40 and 10-20, while very little Pax-6 mRNA is 

amplified at stages 50-60. 

DISCUSSION 

The regulation of developmental control genes results from a number of different 

mechanisms, and the regulation of Pax-6 is no exception. Previous studies (Epstein et a1., 

1994a, b) have shown that the paired box of the humanPax-6 sequence undergoes alternative 

splicing. The different splicing products found drastically changed DNA binding by the 
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paired domain. In addition, many unique Pax-6 protein products were found in cultured quail 

neuroretinal cells upon immunoprecipitation with Pax-6 antibodies (Carriere et aI., 1993), 

suggestive of extensive variations in Pax-6 splicing and/or protein processing. Indeed, it is 

surprising that more splicing alternatives have not been found since the mammalian Pax-6 

gene spans 22 kb and is divided into 14 exons (Glaser et aI., 1992). In Xenopus, I find the 

14 amino acid alternative splicing product in the paired domain as reported previously in 

other vertebrates, individual amino acid substitutions in the paired domain, and many amino 

acid substitutions between the DNA binding domains. In addition, multiple transcripts are 

found which appear to be responsible for encoding different carboxy termini in yet another 

possible means of developmental regulation of Pax-6. The latter changes in Pax-6 amino acid 

sequence, regulation of genes by a change in the reading frame at the carboxy terminus, has 

been reported previously for a ubiquitin gene (Finch et aI., 1992). At this point, it is not clear 

whether the variations in sequence found in the seven different Xenopus Pax-6 eDNA clones 

are the result of natural variations within the animal population, different genes, alternative 

splicing or a combination of the three. Xenopus is a tetraploid animal (Gurdon, 1959), which 

may contribute to the difficulties in distinguishing among these alternatives. 

Based on results with alternative splicing products of human Pax-6 (Epstein et aI., 

1994b), the 14 amino acid insert in the paired domain is expected to have dramatic effects on 

DNA binding of Pax-6 to target genes. Likewise, the three amino acid substitutions in the 

paired domain are predicted to affect target gene recognition and binding by Pax-6. The 

amino acid changes in the paired domain may allow for the binding of a variety of targets by 



97 

Pax-6 in different tissue types or during different stages in development. 

The significance of the many amino acid substitutions between the two DNA binding 

domains of Xenopus Pax-6 is unclear. It is possible that this region is involved in interactions 

with other transcription factors and/or in alignment of Pax-6 with the target genes to which 

it binds. In these instances, substitutions in amino acids between the DNA binding domains 

may al10w for flexibility in choice of binding site and/or associated transcription factors. 

The carboxy terminal PST-rich region normally associated with Pax-6 sequences is 

a transcriptional activation domain (Glaser et aI., 1994). At this time, it is not clear which 

effect the altered carboxy terminal sequence predicted from Xenopus Pax-6 cDNA clones may 

have on transcriptional activation or any other form of regulation by Pax-6. Results obtained 

from the rat and mouse carboxy terminal small eye mutants (Matsuo et aI., 1993; Hill et aI., 

1991) and human aniridia patients (Jordan et aI., 1992; Hanson et aI., 1993; Glaser et aI., 

1994) indicate that an altered carboxy terminus severely affects eye and olfactory system 

development. Based on these results, it is likely that the different carboxy termini of these 

Xenopus Pax-6 transcripts will be associated with unique functions throughout development 

than have been identified previously. Furthermore, the alteration in the transcriptional 

activation domain may suggest a role for the different forms of these predicted Pax-6 proteins 

in the regulation of transcriptional levels of different target genes, i.e., significant activation 

of certain genes by Pax-6, decreased transcription of other genes and no expression of yet 

other target genes at different stages or in different tissue types throughout development. 

If Pax-6 proteins with these altered carboxy terminal sequences are indeed present in 
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the mouse and human but have not been detected, this may provide an explanation for the 

anomalies in mouse small eye and human aniridia. In these defects, in spite of the in situ 

hybridization pattern of expression of Pax-6 in regions of the forebrain, hindbrain and spinal 

cord, observable perturbations are noted primarily in the eyes in heterozygous Pax-6 mutants 

and in the eyes and olfactory system in homozygotes (Hogan et aI., 1986; Heinzman et aI., 

1991; Hodgson & Saunders, 1980; Glaser et aI., 1994). As discussed earlier, the mutations 

in small eye and aniridia are found at a number of regions within the Pax-6 sequence. It is 

possible that the regions within the developing nervous system that are affected to a lesser 

degree by Pax-6 mutation are the regions in which these alternate carboxy termini are 

expressed. In this way, different transcripts may be responsible, to different degrees, for the 

expression pattern of Pax-6 observed in vertebrates. 

Examination of the developmental expression pattern of Pax-6 in Xenopus reveals that 

the highest amount of expression of Pax-6 transcripts is detected at stages 30-40. While 

expression in the developing olfactory system is not likely to account for the majority of Pax-

6 RNA detected at stages 30-40, maximum levels of Pax-6 expression coincide with major 

events in the development of the olfactory system: at stages 29/30 axons extend from 

olfactory receptor neurons in the OP toward the underlying, undifferentiated neural tube to 

stimulate formation of the OB; at stages 36/38 the first synaptic contacts are made between 

the processes of the differentiating neurons of the OB and the OP axons; and at stage 40, the 

glomerular layer of the OB is present. The extent to which total Pax-6 RNA and Pax-6 

transcripts that differ at the 3' end overlap with expression of Pax-6 detected in the olfactory 
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system of Xenopus by in situ hybridization is unknown. 

In summary, the altered carboxy terminal sequences may be responsible for the 

development of different structures and/or different stages of development of the organism. 

The data suggest that both types of transcripts are expressed throughout the development of 

Xenopus. The larger message is expressed in higher or equal abundance when compared to 

the message missing the 151 bp exon. This indicates that both types of messages, in 

combination, may be responsible for development of the vertebrate forebrain, eye and 

olfactory system. Experiments are in progress to determine if these different messages are 

responsible for expression of Pax-6 within different structures throughout development of the 

frog. 
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Figure 3.1 Schematic drawing of Xenopus Pax-6 cDNAs. Sequences Pa'C-6f and g were 

identified using the zebrafish Pax-6 cDNA probe as described in Chapter 2. Clone Pax-6f 

was represented schematically in Chapter 2, but its sequence was not presented there. 

Sequences Pax-6a-e were identified using Pax··6g as a probe. The sequence of Pax-6g was 

presented in Chapter 2. Pax-6a-d are full length Xenopus Pax-6 cDNA clones. The paired 

box and paired-type homeobox are indicated, as are sequence changes that have been 

identified in the paired box (black triangle) and at the 3' end (white triangle). Sizes of all 

clones are indicated in base pairs (bp). 
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Figure 3.2 DNA sequence comparison of seven Pax-6 cDNA clones isolated from a Xenopus 

library made from the heads of stage 28-30 tadpoles. The start and stop codons are double 

underlined. Both stop codons representing the appropriate stops in both reading frames are 

indicated. The paired box is indicated by the first box, and the paired-type homeobox is 

outlined by the second box. 



1 50 103 
Xenopus f .......... ••• t •••••• ......... . ......... . ......... . 
Xenopus b .......... ......... . ......... . ......... . •••• CCGTGT 
Xenopus c ......... . .......... •••••• I •• , .......... . ......... 
Xenopus a CCGAC:ACACA CATTAATACA GTTGAACCAT ACCAATCAGC CTAGGTGTGT 
Xenopus 9 •••• , •• I •• .......... ......... . • I •••••••• • I •••••••• 

Xenopus d ......... . .......... ......... . . ......... . ......... 
Xenopus e .......... ••••• I I •• , ......... . . ......... . ......... 

51 100 
Xenopus f ......... . ......... . ......... . • I •••••••• . ......... 
Xenopus b GGAGCTGTGC TCTCTG'rACT CTCATl\GCCC CTCTCCCl\l\G CTCl'IGCTC'I'G 
Xenopus c ......... . ......... . .......... . ......... ......... . 
Xenopus a GGAGCTGTGC TCTCTGTl'ICT CTCl'ITJ\GCCC CTCTCCCAAG CTCl'IGCTCTG 
Xenopus 9 ......... . .......... ......... . ......... . . ......... 
Xenopus d •• CCGCl'IGTC TCTGCTMTG GGCC1\GTGM GMG1\TTGG1\ GGC1\GGC1\C1\ 
Xenopus e ......... . ...... , ... ......... . • I •••••••• .......... 

101 150 
Xenopus f .......... ......... . ......... . • •• I •••• I • . ......... 
Xenopus b c'rCCCCCTC1' GACl'IGCCCl'I'l' C'I'Tl'ITTG1'Cl'I ATC'rC'I'GTC'r CCTTCCCAGG 
Xenopus c ......... . ••• I •••••• •••• I ••••• ........ "' ••••••••• I 

Xenopus a C'l'CCCCC1'CT GACAGCCCAT C'rl'l'ITTGTCA ATCTC'l'G'l'CT CCT'l'CCCl'IGG 
Xenopus 9 ......... . .......... • I •••••••• . ......... •• I ••••••• 

Xenopus d GGAGCl'IGGCA Cl'IGGl'IGCl'IGG Cl'ICAGT'fGAA GCl'ITCl'ICCAA TCAGACTAGG 
Xenopus e ......... . .......... . ......... ......... . ......... . 

151 200 
Xenopus f ......... . ......... . . ......... ..••• I. I.' ••••••• I •• 

Xenopus b ATTCC1\GCTC ATGCTCCCTG GGl'IGl'IGAAAA ACTGCAATTT CTTT'l'TTTTT 
Xenopus c .......... ••••• I ••• I . ......... •. CAATTTCT TTTTTTTTTT 
Xenopus a l'ITTCCAGCTC ATGCTCCCTG GGl'IGAGAAAA l'ICTGCAATTT C.TTTTTTTT 
Xenopus 9 ......... . ......... . ••• I •••••• ......... . .......... 
Xenopus d ATTCCAGCTC l'ITCCTCCCTG GGl'IGl'IGAGl'IG AGAGAAAAAA l'ICTGCAATTT 
Xenopus e ......... . ......... . ......... . . ......... ••••••• I •• 

201 250 
Xenopus f ••••• I •••• •••••• "'" I •••• I I •••• ......... . .......... 
Xenopus b TTTTTTTTT1\ TTCCCTTTTC TGCCT1\CTGC A1\GGAG1\1\GC 1\GCTCTTC1\G 
Xenopus c TTTTTTTTT1\ TTCCCTTTTC TGCCTl\CTGC l\l\GGl\Gl\l\GC AGCTCTTCAG 
Xenopus a TTTTTTTTTA TTCCCTTTTC TGCCTl\CTGC l\l\GGAG1\1\GC AGCTCTTCAG 
Xenopus 9 ......... . ......... . ......... . . ......... .......... 
Xenopus d TCTTTTTTTT TTTTl'ICTCCT TTTCTl\CAAG l'I ......... •••.• GCCTl'I 
Xenopus e ......... . ......... . . ......... ......... . .......... 

251 300 
Xenopus f ......... . ......... . ••••••••• I . ......... .......... 
Xenopus b A'l'CCTACTTG GCl'IGTTGCJ\C l\CAGGl\TCTT AGCGl\GG1\AG GGl'I'rGJ\TC .. 
Xenopus c l'ITCCTl'ICTTG GCAGTTGCAC l'ICAGGl'ITCTT AGC.l'IGGAAG GGl'ITGATC •. 
Xenopus a l'ITCCTACTTG GCAGTTGCAC ACAGGATC'l"l' AACAAGGAAG GGl'ITGl'I'I'C •. 
Xenopus 9 • I •••••••• ......... . . ......... ••• I I ••••• .......... 
Xenopus d C'I'TCCAACTG GCAGTTGC'rC l'ICAGGATC'rG AGCGAGGAAG GGl'ITGCTCCl'I 
Xenopus e ......... . .......... ......... . ......... . • ••• I ••••• 

301 350 
Xenopus f ......... . .......... . ......... ......... . ......... . 
Xenopus b TAAGC:l'IGTCC 'l'AGGGGGl'IAA TCACTAGGCG 'l'TGA'rCATCl'I Gl'I'rGTTGGGl'I 
Xenopus c TAAGCl'IGTCC: TAGGGGGl'IAA TCl'ICTl'IGGCG TTGATCATCl'I GATGTTGGGl'I 
Xenopus a TAAGCAGTCC TAGGGGGl'IAA TCl'ICTl'IGGCG TTGl'ITCl'ITCl'I GATGTTGGGA 
Xenopus 9 .......... ......... . ......... . ......... . ......... . 
Xenopus d TTTGCl'IGTCC TAGGGGAAAA TCl'ICTAGGCG TTGl'ITCAGCl'I GATGTTGGGA 
Xenopus e ••••••••• I .......... ......... . ......... . ......... . 



351 400 104 
Xenopus f .......... ........ , , . ......... ....... ,' . ......... . 
Xenopus b ATTACACAGT CCCTTGGAGG AGAAACAGAA 1\1\GATATCCA GAATTCCATA 
Xenopus c ATTACACAGT CCCTTGGAGG AGAAACAG1\1\ 1\1\GATATCCA GAATTCCATA 
Xenopus a ATTACACAGT CCCTTGGAGG AG1\1\ACAGAA 1\1\GATATCCA GAATTCCATA 
Xenopus 9 ......... . ......... . ... , ...... • I •••••••• ••...••• TC 
Xenopus d ATTACACAGT CCCTGGGAGG AGAAGCAG1\A AAGATATTCA GAA'rTCCATC 
Xenopus e ......... . • I •••••••• I.' I. I .••• • I •••••••• I ••••••••• 

401 450 
Xenopus f .......... ......... . ••••••••• I ......... . . .. ....... 
Xenopus b CATAGACCAC GTGGGATCCG GCAGCGAC'rT AGACATGCAG GTCACA 
Xenopus c CATAG1\CCAC GTGGGATCCG GCAGCGACT1' AGACATGCAG GTCACA 
Xenopus a CATAGACCAC GTGGGATCCG GCAGCGACTT AGACATGCAG GTCACA 
Xenopus 9 CATAAACCAC GTGGGACCCG GCAGCGACTC AGACATGCAG GTCACA 
Xenopus d CATAAACCI\C GTGGGI\CCCG GCI\GCGI\CTC I\GACI\TGCI\G GTCI\CI\ 
Xenopus e ......... . ......... . .......... ••• ':!:::!:!:'" .. . , ...... 

451 500 
Xenopus f ••••••••• I ......... . ......... . . ......... •• I I •••••• 

Xenopus b GCGGAGT1\1\lI TCMCTCGGG GGI\GTGTTTG TCAACGGCCG I\CCCCTGCCC 
Xenopus c GCGGAGTAAA TCAACTCGGG GGAGTGTTTG TCAACGGCCG ACCCCTGCCC 
Xenopus a GCGGAGTAAA TCAACl'CGGG GG1\G'l'GTTl'G TCAACGGCCG ACCCCTGCCC 
Xenopus 9 GCGGTG1'AAA TCAACTCGGG GGAGTGTTTG TCAACGGCCG ACCCCTGCCA 
Xenopus d GCGGAGTAAA l'CAAC'l'CGGG GGAGTGTTTG TCAACGGCCG ACCCCTGCCA 
Xenopus e ......... , .......... •••••• I •• ' •••• t ••••• .......... 

501 550 
Xenopus f ......... . ......... . ......... . . ......... .......... 
Xenopus b GACTCGI\CClI GI\ClIGAAGlIT CG'i'GGI\J\CTI\ GCGCACI\GTG GCGCGCGlICC 
Xenopus c GACTCGI\CClI GAClIGI\J\GlIT CGTGGI\J\CTlI GCGCACAGTG GCGCGCGlICC 
Xenopus a GACTCGlICClI GlIClIGlIAGAT CGTGGI\J\CTA GCGCI\CAGTG GCGCGCGACC 
Xenopus 9 GATTCGlICCC GACAGlIAGAT TGTGGlIATTA GCGCACAGCG GCGCGCGlICC 
Xenopus d GATTCGlICCC GI\CAGAI\GA'r TGTGGlIATTlI GCGCACAGCG GCGCGCGACC 
Xenopus e ••• I ••••• I ......... . ......... . • ••• I ••••• .......... 

551 600 
Xenopus f ••••••••• I •••• I ••••• .......... ••••••• I •• .......... 
Xenopus b CTGCGACAT'f 'l'CTCGGAT'l'C TGCAG ..... •••• I ••••• .......... 
Xenopus c CTGCGACAT'f TCTCGGAT'fC TGCAG ..... ••• I •••••• .......... 
Xenopus a CTGCGACA'f'l' TC'l'CGGA1"rC TGCAG, .... ......... . .......... 
Xenopus 9 CTGCGACAT'f TCTCGGATTC TGCAGAGCCA GGCAGAGGCA AAAGTCCCAG 
Xenopus d CTGCGACATT TCTCGGATTC TGCAG ..... ......... . .......... 
Xenopus e ......... . ......... . . ......... ......... . .......... 

601 650 
Xenopus f ......... . •••• I ••••• ......... . I ••••••••• .......... 
Xenopus b .......... ..•.... GTG TCClIACGGCT GCGTCAGT1\1\ GATCTTlIGGC 
Xenopus c •••••• I •• I ..•...• GTG TCCAACGGCT GCGTCAGT1\1\ GATCTTI\GGC 
Xenopus a .......... ..•...• GTG TCClIACGGCT GCGTCAGTM GATCTTAGGC 
Xenopus 9 GGCTGGATAG TCAAAACGTG TCCAACGGCT GCG1'GAGTAA GATCTTGGGC 
Xenopus d •••• I ••••• ..•...• G'l'G TCCAACGGC'l' GCGTGAGT1\1\ GATC'l'TGGGC 
Xenopus e .......... •••••••• O. I ••••••••• ......... . . ......... 

651 700 
Xenopus f ......... . .......... . ......... ......... . ......... . 
Xenopus b AGATATTACG AGACCGGATC GATCCGACCT CGGGCGATCG GTGGCAGCAA 
Xenopus c AGATATTACG AGACCGGATC GATCCGACCT CGGGCGATCG GTGGCAGCAA 
Xenopus a AGI\TATTACG AGACCGGI\TC GATCCGlICCT CGGGCGATCG GTGGCAGCM 
Xenopus g AGI\TATTACG AGACCGGATC GATCCGI\CCT CGGGCGATCG GTGGCAGCAA 
Xenopus d AGATATTACG AGACCGGI\TC GATCCGlICCT CGGGCGATCG GTGGCAGCAA 
Xenopus e •• I I •••••• • I •••••••• ......... . . ......... ...... , ... 



701 750 105 
Xenopus f .......... ......... . . ......... ......... . . ......... 
Xenopus b ACCCAGAGTA GCCACCCCAG AAGTGGTTAA CAAGATAGCC CAGTATAAGA 
xenopus c ACCCAGAGTA GCCACCCCAG AAGTGGTTAA CAAGATAGCC CAGTATAAGA 
xenopus a ACCCAGAGTA GCCACCCCAG AAGTGGTTAA CAAGATAGCC CAGTATAAGA 
xenopus 9 ACCCAGAGTT GCCACCCCAG AAGTGGTGAA CAAGATTGCC CACTATAAGC 
xenopus d ACCCAGAGTT GCCACCCCAG AAGTGGTGAA CAAGATTGCC CACTATAAGC 
xenopus e .......... ••••••••• I .......... . ......... . ......... 

751 800 
Xenopus f ......... . .......... . ......... ......... . ......... . 
Xenopus b GAGlIGTGCCC TTCTATCTTT GCATGGGAAA TCCGAGACAG GTTGCTTTCT 
Xenopus c GAGlIGTGCCC TTCTATCTTT GCATGGGAAA TCCGAGACAG GTTGCTTTCT 
Xenopus a GAGAGTGCCC TTCTATCTTT GCATGGGAAA TCCGAGACAG GTTGCTTTCT 
Xenopus 9 GAGAGTGCCC TTCTATCTTT GCCTGGGAAA TCCGAGACAG GTTGCTGTCT 
Xenopus d GAGAGTGCCC TTCTATCTTT GCCTGGGAAA TCCGAGACAG GTTGCTGTCT 
Xenopus e ......... . ......... . .......... • ••• I ••••• ......... . 

801 850 
Xenopus f ......... . ......... . ••••••• I •• .......... . ......... 
xenopus b GACGGAGTCT GTACCAACGA CAA'rATCCCC AG'l'G'fG'l'CAT CAATAAACCG 
Xenopus c GACGGAGTCT GTACCAACGA CAATATCCCC AGTGTG'rCAT CAA'rAAACCG 
Xenopus a GACGGAGTCT GTACCAACGA CAATATCCCC AGTG'rGTCAT CAATAAACCG 
Xenopus 9 GAGGGAGTCT GTACCAACGA CAATATCCCC AGTGTGTCAT CAATAAACCG 
Xenopus d GAGGGAGTCT GTACCAACGA CAATA'rCCCC AGTG'rGTCAT CAA'rAAACCG 
Xenopus e ......... . ......... . ......... . .......... . ......... 

851 900 
xenopus f ......... . ••••• I '" . • I •••• ,. ••• ......... . .......... 
Xenopus b AGTGCTGCGC AACCT GCGAGAAGCA GCAGATGGGC TCGGATGGGA 
Xenopus c AGTGCTGCGC AACCT GCGAGAAGCA GCAGATGGGC TCGGATGGGA 
Xenopus a AGTGCTGCGC MCCT GCGAGAAGCA GCAGATGGGC TCGGATGGGA 
xenopus 9 AGTTCTGCGC MCCT GCGATAAGCA ACAGATGGGA TCGGAAGGGA 
xenopus d AGTGCTGCGC MCCT GCGATAAGCA ACAGATGGGA TCTGAAGGGA 
Xenopus e ......... . ..... . '" . .......... . ......... ......... . 

901 950 
Xenopus f ......... . ......... . ......... . . ......... .......... 
Xenopus b TGTACGACAA GCTTAGGATG CTTAATGGAC AAACTGGCAC TTGGGGGGCA 
Xenopus c TGTACGACAA GCTTAGGATG CTTMTGGAC AMC'rGGCAC TTGGGGGGCA 
Xenopus a 'rGTACGACAA GCTTAGGATG CTTMCGGAC AAAC'rGGCJ\C 'rTGGGGGGCJ\ 
Xenopus 9 'rGTATGACAA GCTCAGGA'rG CTCAA'rGGAC AAACTGCAJ\C TTGGGGGTCG 
Xenopus d TGTATGACAA GCTCAGGATG CTCAATGGAC AAACTGCAJ\C TTGGGGGTCG 
Xenopus e ......... . ......... . ......... . .......... . ......... 

951 1000 
Xenopus f ......... . .......... ......... . ......... . ......... . 
Xenopus b CGGCCAGGGT GGTACCCGGG CACCTCAGTA CCTGGCCAAC CAGCACAGGA 
Xenopus c CGGCCAGGGT GGTACCCGGG CACCACAGTA CCTGGCCAAC CAGCACAGGA 
xenopus a CGGCCAGGGT GGTACCCGGG CACC'rCAGTA CCTGGCCAAC CAGCACAGGA 
Xenopus g CGGCCAGGGT GGTACCCGGG CACCTCAGTA CCTGGCCAAC CAGCACAGGA 
Xenopus d CGGCCAGGGT GGTACCCAGG CACC'rCAGTA CC'l'GGCCAAC CAGCACAGGA 
Xenopus e ......... . ......... . .......... . ......... ......... . 

1001 1050 
Xenopus f ......... . ......... . .......... ......... . . ......... 
Xenopus b AGGGTGTCAG CCACAAGAAG GAGGAGCAGA AAACACAAAC TCAATTAGCT 
xenopus c AGGGTGTCAG CCACAAGAAG GAGGAGCAGA AAACACAAAC TCAATTAGCT 
Xenopus a AGGGTGTCAG CCACAAGAAG GAGGAGCAGA AAACACTAAC TCAATTAGCT 
xenopus 9 GGGGTGTCAG CCACAAGAAG GAGTAGGAGA AAACACAAAC TCAATCAGCT 
xenopus d GGGGTGTCAG CCACAAGAAG GAGTAGGAGA AAACACAAAC TCAATCAGCT 



1051 1100 106 
Xenopus f .......... ......... . • I I I •••••• ......... . . ......... 
Xenopus b CCAATGGTGA AGACTCAGAC GAGGCCCAGA TGAGGCTTCA GCTGAAGAGA 
Xenopus c CCAATGGTGA AGACTCAGAC GAGGCCCAGA TGAGGCTTCA GCTGAAGAGA 
Xenopus a CCAATGGTGA AGACTCAGAC GAGGCCCAGA TGAGGCTTCA GCTGAAGAGA 
XenoIJus 9 CCAATGGTGA AGACTCGGAC GAGGCCCAAA TGAGGCTTCA ACTGAAGAGA 
Xenopus d CCAATGGTGA AGACTCGGAC GAGGCCCAAA TGAGGCTTCA ACTGAAGAGA 
Xenopus e ......... . ......... . ......... . ......... . .......... 

1101 1150 
Xenopus f ... ...... . ..•. CAGAAC ATCTTTTACC CAGGAACAAA TAGAGGCACT 
Xenopus b GAAACAGGAC ATCTTTTACC CAGGAACAAA TAGAGGCGCT 
Xenopus c GAAACAGGAC ATCTTTTACC CAGGAACAAA TAGAGGCGCT 
Xenopus a GM1\CAGGAC ATCTTTTACC CAGGAACAAA TAGAGGCGCT 
Xenopus 9 TTACAAA GAAACAGMC ATCTTTTACC CAGGMCAAA T1\GAGGCACT 
Xenopus d TTACAAA GAAACAGAAC ATCTTTTACC CAGGAACAAA TAGAGGCACT 
Xenopus e ... •••••• I ......... . . ......... • •••••• I •• ......... . 

1151 1200 
Xenopus f AGAAAAAGAA 'l"J"l'GAACGAA CACA'r'l'A'I'CC CGA'!'G'!'GT'I'T GCCCGGGAAA 
Xenopus b AGAAAAAGAA TTTGAACGGA CACAT'!'ATCC CGACGTGTTT GCCAGGGAAA 
Xenopus c AGAAAAAGAA TTTGAACGGA CACATTATCC CGACGTGTTT GCCAGGGAAA 
Xenopus a AGAAAAAGAA TTTGAACGGA CACATTA'rcc CGACGTGTTT GCCAGGGAAA 
Xenopus 9 AGAAAAAGAA TTTGAACGAA CACATTATCC CGATG'l'GTTT GCCCGGGAAA 
Xenopus d AGAAAAAGAA T'rTGAACGAA CACAT'l'ATCC CGATGTGTTT GCCCGGGAAA 
Xenopus e ......... . ......... . ......... . .......... .CCAGGGAAA 

1201 1250 
Xenopus f GATTGGCTGC CAMATCGAC TTACCAGAAG CAAGAATACA GGTTTGGTTC 
Xenopus b GATTAGCTGC CAMATCGAC TTACCAGAAG CAAGAATACA GGTTTGGTTC 
Xenopus c GATTAGCTGC CAAAATCGAC TTACCAGAAG CAAGAATACA GG'rTTGGTTC 
Xenopus a GATTAGCTGC CAMATCGAC TTACCAGAAG CAAGAATACA GGTTTGGTTC 
Xenopus 9 GATTGGCTGC CAMAT .... ......... . ......... . .......... 
Xenopus d GATTGGCTGC CAMATCGAC TTACCAGAAG CAAGAATACA GGTATGGTTC 
Xenopus e GATTAGCTGC CAAAATCGAC TTACCAGAAG CAAGAATACA GGTTTGGTTC 

1251 1300 
Xenopus f TCCAACAGM G1\GCAAAGTG GJ\GAAGGGJ\G GGMCCAGJ\G 
Xenopus b TCCAACAGAA GAGCAAAGTG GAGMGGGAG GGAACCAGJ\G 
Xenopus c TCCAACJ\GAJ\ G1\GCAAAGTG GAGJ\AGGGAG GGAACCAGAG 
Xenopus a TCCAACJ\GA1\ GAGCAAAGTG GAGAAGGGAG GGJ\J\CCJ\GAG 
Xenopus 9 ......... . .......... ........ I. . ......... 
Xenopus d TCCAACJ\GAA GAGCJ\MGTG GJ\GAAGGGAG GGAJ\CCAGAG 
Xenopus e TCCAACJ\GJ\A GAGCAAAGTG GAGAAGGGAG GGAACCAGAG 

1301 1350 
Xenopus f AAGGCAGGCC AGTAACACAC CCAGCCACA'I' 'rCCTA'r'l'AGC AG'rAGTTTCA 
Xenopus b AAGGCAGGCC AGTAACACAC CCAGCCACA'I' 'I'CC'I'AT'I'AGC AGTAGTT'rCA 
Xenopus c AAGGCAGGCC AGTAACACAC CCAGCCACAT TCCTATTAGC AGTAGTTTCA 
Xenopus a AAGGCAGGCC AG'l'AACACAC CCAGCCACAT TCCTA'rTAGC AGTAGTTTCA 
Xenopus 9 ......... . .......... ......... . ......... . . ......... 
Xenopus d ACGGCAGGCC AGTAACACAC CCAGCCACA'l' TCCCATTAGC AGTAGTTTCA 
Xenopus e AAGGCAGGCC AG'l'AACACAC CCAGCCACAT TCCTATTAGC AGTAGTTTCA 

1351 1400 
Xenopus f GTACGAGTGT CTACCAGCCA ATCCCACAGC CTACCACACC AGTGTCCTCA 
Xenopus b GTACGAGTGT CTACCAGCCA ATCCCACAGC CTACCACACC AGTGTCCTCA 
Xenopus c GTACGAGTGT CTACCAGCCA ATCCCACAGC CTACCACACC AGTGTCCTCA 
Xenopus a GTACGAGTGT CTACCAGCCA ATCCCACAGC CTACCACACC AGTGTCCTCA 
Xenopus 9 .......... ......... . ......... . ......... . ......... . 
Xenopus d GTACGAGTGT CTACCAGCCA ATCCCACAGC CTACCACACC AGTGTCCTCA 
Xenopus e GTACGAGTGT CTACCAGCCA ATCCCACAGC CTACCACACC AGTGTCCTCA 



1401 1450 107 
Xenopus f TTCACATCGG GTTCCATGCT GGGCAGAACG GJ\CJ\CJ\GCJ\T TGTCJ\J\J\CTC 
Xenopus b TTCACJ\TCGG GTTCCJ\TGCT GGGCJ\GJ\J\CG GJ\CACJ\GCAT TGTCJ\AACTC 
Xenopus c TTCACATCGG GTTCCATGCT GGGCAGAJ\CG GJ\CACJ\GCAT TGTCJ\J\J\CTC 
Xenopus a TTC1\CATCGG GTTCCATGCT GGGCAG1\J\CG GJ\CACAGCAT TGTCAAACTC 
Xenopus 9 ......... . ......... . ......... . ......... . .......... 
Xenopus d TTC1\CATCGG GTGCCATGCT GGGAAGGACG GACAC1\GCAT TGACAAACTC 
Xenopus e TTCACATCGG GTTCCA'l'GCT GGGCAGAACG GACACAGCAT TGTCAAACTC 

1451 1500 
Xenopus f TTACAGTGC'r CTGCCACCTA TGCCTAGTTT TACAATGGGC AACAATCTAC 
Xenopus b TTACAGTGCT CTGCCACCTA TGCCTAGTTT TACAATGGGC AACAATCTAC 
Xenopus c TTACAGTGCT CTGCCACCTA TGCCTAGTTT TACAATGGGC AACAA'I'CTAC 
Xenopus a TTACAGTGCT CTGCCACCTA TGCCTAGTTT TJ\CAATGGGC AACAATCTAC 
Xenopus 9 ......... . ......... . ......... . ......... . .......... 
Xenopus d TTACAGTGCT TTGCCACCTA TGCCTAGTTT TACGATGGGC MCMTCTAC 
Xenopus e TTACAGTGCT CTGCCACCTA TGCCTAGTTT TACAATGGGC AACMTCTAC 

1501 1550 
Xenopus f CTATGCM .. ......... . ......... . •• I ••••••• .......... 
Xenopus b CTATGCM .. ......... . ..... , .... ......... . .......... 
Xenopus c CTATGCM .. .......... ......... . . ......... . ......... 
Xenopus a C'l'ATGCAACC CCC'l'GTACCC AGCCAGCCAT CC'l'CCTACTC ATGCA'I'GCTG 
Xenopus 9 ......... . •••••• I ••• ......... . ......... . .......... 
Xenopus d CTATGCAA .• ......... . ......... . ......... . .......... 
Xenopus e CTATGCAACC CCC'l'GTACCC AGCCAGCCA'l' CCTCCTACTC A'l'GCATGCTG 

1551 1600 
Xenopus f ......... . ......... . ......... . ......... . .......... 
Xenopus b ......... . ......... . ......... . ......... . .......... 
Xenopus c ......... . ......... . ......... . ......... . .......... 
Xenopus a CCCACAAGTC CA'l'C'l'GTGM TGGGCGGACG TATGACACAT l\CACACCTCC 
Xenopus 9 ......... . ......... . • I •••••••• ......... . .......... 
Xenopus d ......... . ......... . ......... . ......... . .......... 
Xenopus e CCCACAAGTC CATCTGTGAJ\ TGGGCGG1\CG TATG1\CACAT ACACACCTCC 

1601 1650 
Xenopus f .......... ......... . . ......... . ......... . ......... 
Xenopus b .......... ......... . ......... . ......... . ......... . 
Xenopus c ......... . ......... . ......... . ......... . ••••• I I ••• 

Xenopus a CCACA1'GCAG ACACATATGA ACAGCCAGCC AA'rGGGCACA 'l'CTGGCACCA 
Xenopus 9 ......... . ......... . • I •••••••• ......... . .......... 
Xenopus d ......... . .......... ......... . ......... . . ......... 
Xenopus e CCACATGCJ\G ACACATATGA ACAGCCAGCC IIATGGGCACA TCTGGCACCA 

1651 1700 
Xenopus f ......... G TCTCATTTCC CCTGGAGTGT CAGTCCCAGT TCMGTACCC 
Xenopus b ......... G TCTCATTTCC CCTGGAGTGT CAGTCCCAGT TCMGTACCC 
Xenopus c ......... G TCTCATTTCC CCTGG1\GTGT CAGTCCCAGT TCAAGTACCC 
Xenopus a CCTCT1\CAGG TCTCATTTCC CCTGGAGTGT CAGTCCCAGT TCAAGTACCC 
Xenopus 9 ......... . ., t t. t t., • • •• I It' t •• •••• t ••••• ......... . 
Xenopus d ......... G TCTCATTTCC CCTGGAGTGT CAGTCCCIIGT TCMGTIICCC 
Xenopus e CCTCTACAGG TCTCATTTCC CCTGGAG'l'GT CAGTCCCAGT TCAAGTACCC 

1701 1750 
Xenopus f GGCAGTGAAC CTGACATG1'C TCAGTACTGG CCAAGACTAC AGTAMAACC 
Xenopus b GGCAG1'GAAC CTGACATGTC TCAGTAC'l'GG CCAAGACTAC AGTAMAACC 
Xenopus c GGCAG'l'GAAC CTGACA'l'G1'C TCAGTACTGG CCAAGAC'l'AC AGTAMAACC 
Xenopus a GGCAGTGMC CTGACATGTC TCAGTACTGG CCAAGACTAC AGTAMAACC 
Xenopus 9 ......... . ......... . ......... . .......... ......... . 
Xenopus d GGCAGTGAAC CTGACATGTC TCAGTACTGG CCAAGATTAC AGTAMAACC 
Xenopus e GGCAGTGMC CTGACATGTC TCAGTACTGG CCMGACTAC AGTAMAACC 



1751 1800 108 
Xenopus f GTGT .•.... .......... ......... . ......... . ......... . 
Xenopus b GTGTTAATTT AACCAATGAC TTTATGGAAA ACAGTTGGAT GTTCAGCAGT 
Xenopus c GTGTTAAT'£T AACCAATGAC TTTATGGAAA ACAGTTGGAT GTTCAGCAGT 
Xenopus a GTGTTAATTT AACCAATGAC TTTATGGAAA ACAGTTGGAT GTTCAGCAGT 
Xenopus 9 ......... . .......... . ......... ......... . ......... . 
Xenopus d GTGTTAATTT AACCAATGAC TTTATGGAAA ACAGTTGGAT GTTCAGCAGT 
Xenopus e GTGTTAATTT AACCAATGAC TTTA'l'GGAAA ACAGTTGGAT GTTCAGCAGT 

1801 1850 
Xenopus f ......... . ......... .. .............. .. .... " ......... " .. " ......... 
Xenopus b ATTTTATAAA GACGGGGAGA CTGAGGAAAG GACTTGTGCC AAGCAGATGT 
Xenopus c ATTTTATAAA GACGGGGAGA CTGAGGAAAG GACTTGTGCC AAGCAGATGT 
Xenopus a ATTTTATAAA GACGGGGAGA CTGAGGAAAG GACTTGTGCC AAGCAGATGT 
Xenopus 9 ........ " ... ............... . .......... " .. " ............. ................. 
Xenopus d ATTTTATAAA GACTGACAAA CTGGGGAAAG GACTTGTGCA CAGCAGACGT 
Xenopus e ATTTTA~ GACGGGGAGA CTGAGGAAAG GACTTGTGCC AAGCAGATGT 

1851 1900 
Xenopus f .............. ... "" ........ ........ " ..... ............... .. ............ " . 
Xenopus b GCGTAAGATA CATGGGCTGT TGGAAGGAAC TGCATCATGG ACTTT'l'TGCA 
Xenopus c GCGTAAGATA CATGGGCTGT TGGAAGGAAC TGCATCATGG ACTTTTTGCA 
Xenopus a GCGTAAGATA CATGGGCTG'l' TGGAAGGAAC TGCATCATGG ACTT'£TTGCA 
Xenopus 9 " ........... ...... " ..... " . ............. . . ... " ....... .. ......... I. 
Xenopus d GAGATACGT . .... GGACTG TTGGAAGGAC TGCATCATGG ACTTTTTGCA 
Xenopus e GCGTAAGATA CATGGGCTGT TGGAAGGAAC TGCATCATGG AC'rTTTTGCA 

1901 1950 
Xenopus f " ............ ........... . ......... .......... . .... " ...... 
Xenopus b CACAGAAGGC GTTATATCAG TTGGAACMA TCTTCATTTT GATATCCAAA 
Xenopus c CACAGAAGGC G'l'TATATCAG TTGGAACAAA TCTTCATTTT GATATCCAAA 
Xenopus a CACAGMGGC GTTATATCAG TTGGAACAAA TCTTCATTTT GATATCCAAA 
Xenopus 9 " ......... " .. .......... .. ." .......... .. " ......... " ........ " ... 
Xenopus d CACGGAAGGC GTTGTATCAG TTGGAACAAA TCTTCATTTT GATATCCAAA 
Xenopus e CACAGAAGGC GTTATA'rCAG TTGGAACAAA TCTTCATTTT GATATCCAAA 

1951 2000 
Xenopus f ...... I •••• ............. . .............. .. ........... " .............. 
Xenopus b CTTTTATCCA TTTGATGTAC TATT'rGTAAA TTGACA TT'l'G TATGTTATGA 
Xenopus c CTTTTATCCA TTTGATGTAC TATTTGTAAA TTGACATTTG TATGTTATGA 
Xenopus a C'l'TT'l'ATCCA 'l'TTGA'l'G'l'AC 'l'AT'l''l'G'l'AAA 1'TGACA'l''l''l'G TATG'l"l'ATGA 
Xenopus 9 ....... I •••• .. " ....... ............ . .......... .......... . 
Xenopus d CTTTTATCCA TTTGATGTAC TATTTGTAAA TTGACATTTG TATGTAATGA 
Xenopus e CTTTTATCCA TTTGATGTTC CATGTTTGTA TCGAACTCCT TCGCCCAGGA 

2001 2050 
Xenopus f ......... . ......... . .......... ......... . . ......... 
Xenopus b TGACTAGAAC AATGCGGACT GTATAGAT .. ••..... GGA TCTACCCCCC 
Xenopus c TGACTAGMC AATGCGGACT GTATAGAT .. ....... GGA TCTACCCCCC 
Xenopus a TGACl'AGAAC AATGCGGACT Gl'ATAGAl' .. ....... GGA TCTACCCCCC 
Xenopus g ......... . ......... . .......... ......... . . ......... 
Xenopus d TGAATAGAAC AACGCGGACT GCATAGAT .• .. , .••. GGA TCTACCCCCA 
Xenopus e CCCCCTAACC ACCGGCCCCA TCTAAAATCG TCCCTTGGTA TCCCACMAA 

2051 2100 
Xenopus f ......... . ......... . .......... ......... . . ......... 
Xenopus b ATTGGTCATG AAACAGATTT TTTTTTTTTA CAAAGGAACC CATGATCMG 
Xenopus c ATTGGTCA'rG AAACAGA.TT T'l'TT'rTT'l'TA CAAAGGAACC CATGATCAAG 
Xenopus a ATTGGTCATG MACAGA.TT TTTTTTTTTA CMAGGAACC CATGATCAAG 
Xenopus 9 ......... . ......... . .......... ......... . . ......... 
Xenopus d TTGG, ..• CC ATGAAACTGA TTTTTGTTTA ACAAGGAACC CATGATCAAG 
Xenopus e AAAAAAAAAA AGGTTGACCC TAATTTACAA AAACATATGC AAAAAAAGAC 



2101 2150 109 
Xenopus f ......... . ............... . .......... ......... . . ......... 
Xenopus b CCAAGAATCT AAGAGTTTTA TCAAGAGATA TCAACTCCTT CTACACTTGT 
Xenopus c CCAAGAATCT AAGAGTTTTA TCAAGAGATA TCAACTCCTT CTACACTTGT 
Xenopus a CCAAGAATCT AAGAGTTTTA TCAAGAGATA TCAACTCCTT CTACACTTGT 
Xenopus 9 .......... .......... . ......... . . ......... . ......... 
Xenopus d CCAAGAATCT AAGAGTTTTA TCAAGAGATA TCAACTCATT CTACCAATTT 
Xenopus e AAAGAAGAAA ACCAAGAAGA GAGAGAGACG TTTGGTAGAT GAAAGGTAGA 

2151 2200 
Xenopus f ......... . ......... . .......... . .......... ......... . 
Xenopus b TTT'rTTTTTT TGGCACATGG ATCAATGTTC CA'rGTTTGTA TCGAACTCCT 
Xenopus c TTTTTTTTTT TGGCAClITGG ATCAATGTTC CATGTTTGTA TCGAACTCCT 
Xenopus a T.TTTTTTTT TGGClICATGG ATCAATGTTC CATGTTTG'fA TCGAACTCCT 
Xenopus 9 ......... . ......... . . ......... .......... .......... . 
Xenopus d TTTTGTTTTT T •........ TTGATACATG GATCAATGTT CCATGTATCG 
Xenopus e TTGTGTCTTC GATATMTCG ATTCGTTT'rA TGTCGAAATG TATGTTTTTG 

2201 2250 
Xenopus f ......... . ......... . ......... . •• I •••• I •• ......... . 
Xenopus b 'l'CGCCCAGGA CCCCCTAACC ACCGGCCCCA TCTMAATCG TCCCT'l'GGTA 
Xenopus c TCGCCCAGGA CCCCCTAACC ACCGGCCCCA TCTMAATCG 'l'CCCTTGGTA 
Xenopus a TCGCCCAGGA CCCCCTAACC ACCGGCCCCA TCTMAATCG TCCCTTGGTA 
Xenopus 9 .......... . ..... I ••••• • I •••••••• ......... .. .......... 
Xenopus d TTTGGCCGGG AGCC'rTAACC ACCGGCCCCA CCTMAATCA TTCCTTCGTA 
Xenopus e TCTTCCCCAG AAATCTCCCA GAATGATTTC TATAATAAAA TTCATTTCAT 

2251 2300 
Xenopus f ......... . ......... . I ••••••••• •• I ••••••• .......... 
Xenopus b TCCCACMAA AAAAAAAAAA AAAAAAA ••• ......... . .......... 
Xenopus c TCCCACMAA AAAAAAAAAA GCGGAATTC. ......... .. .......... 
Xenopus a TCCCACAAAA AAAAAAAAAG CGGAATTC .. I ••••••••• .......... 
Xenopus 9 ......... . ......... . ......... . .......... ......... " 
Xenopus d TCCCACMAA AAAAMAACG GAATTC ..•. ......... . ........... 
Xenopus e TTCTATCTGA CGAGGATAT'I' GTATAGATGT TTTATAAACA TTTTTATGCA 

2301 2350 
Xenopus f .......... . ........... . ......... . ......... . .......... 
Xenopus b ......... . ......... . ......... . ......... . .......... 
Xenopus c ......... . ......... . ......... . ......... . .......... 
Xenopus a ......... . ......... . . ......... ......... . .......... 
Xenopus g ......... . ......... . ......... . ......... . .......... 
Xenopus d ......... . ......... . ......... . ......... . .......... 
Xenopus e TCGCTTTTTT TTTTGTTTTT TTCGGTCAGC CCAATGTTTA ATTGTTCCTA 

2351 2400 
Xenopus f .......... ......... . ......... . . ......... . ......... 
Xenopus b .......... ......... . ......... . . ......... . ......... 
Xenopus c .......... ......... . ......... . . ......... . ......... 
Xenopus a .......... ......... . ......... . I ••••••••• • •• I."'" 

Xenopus g I ••••• I ••• •••• I ••••• • I 1.1 ••••• I •••••••• I . ......... 
Xenopus d •••••••• I. ......... . ......... . ......... . .......... 
Xenopus e GATAGTTGTA CGATATGl'TC ACGGTCCAAT CAATCCTTGl' GCATAGAGCT 

2401 2450 
Xenopus f .......... I ••••••••• ......... . ......... . . ......... 
Xenopus b .......... ......... . ......... . ......... . . ......... 
Xenopus c .......... ......... . •••••••• I. •• I ••••••• • •• I •••••• 

Xenopus a .......... ......... . •••••••• I. ......... . • •• I •••••• 

Xenopus g .......... ......... . ......... . . ......... . ......... 
Xenopus d .......... ......... . ......... . . ......... . ......... 
Xenopus e CATTCCTTAT ACCGATTAAA CAGTGCTTGC AAGAGTTTTC ATCTTAAAAA 



2451 2476 110 
Xenopus f .......... ......... . 
Xenopus b ......... . .......... 
Xenopus c .......... ......... . 
Xenopus a .......... ......... . 
Xenopus g ......... . .......... 
Xenopus d .......... ......... . 
Xenopus e AAAAAAAAAA AAAAAAAAAA AAAAAA 
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Figure 3.3 Comparison of the predicted amino acid sequences of four full length Xenopus 

Pax-6 isolates and mouse Pax-6. Amino acids that diverge from the consensus sequence are 

indicated by asterisks (as are the stop codons). Predicted stop codons are double underlined. 

Amino acids 48-61 represent the 14 aa insert present in the paired domain of mouse and the 

partial sequence characterized in Chapter 2, but absent from the four full length Xenopus 

isolates shown here. The paired domain spans amino acids 4-145; the paired-type 

homeodomain spans amino acids 224-284, as indicated by the boxes. 



XENOPUS/MOUSE AMINO ACID SEQUENCE COMPARISON 

Xenopus a 
Mouse 

Xenopus b 
Xenopus c 
Xenopus d 

Xenopus a 
Mouse 

Xenopus b 
Xenopus c 
Xenopus d 

Xenopus a 
Mouse 

Xenopus b 
Xenopus c 
Xenopus d 

Xenopus a 
110use 

Xenopus b 
Xenopus c 
Xenopus d 

Xenopus a 
Mouse 

Xenopus b 
Xenopus c 
Xenopus d 

Xenopus a 
110use 

Xenopus b 
Xenopus c 
Xenopus d 

Xenopus a 
110use 

Xenopus b 
Xenopus c 
Xenopus d 

Xenopus a 
Mouse 

Xenopus b 
Xenopus c 
Xenopus d 

Xenopus a 
Mouse 

Xenopus b 
Xenopus c 
Xenopus d 

1 
MQ LPDSTRQKIV ELAHSGARPC DISRILQ .•. 
MQ LPDSTRQKIV ELAHSGARPC DISRILQTHA 
MQ LPDSTRQKIV ELAHSGARPC DISRILQ ••. 
MQ LPDSTRQKIV ELAHSGARPC DISRILQ •.. 
MQ.~~~~~~~~~~L~P~D~S~T~R~K~IV~E~LA~H~S~G~A~R~P~C~D~I~S~R~I~L~.~.~. 

51 

DAKVQVLDNE 

101 

.VSNGCVSKI 
NVSNGCVSKI 
.VSNGCVSKI 
.VSNGCVSKI 
.VSNGCVSKI 

LGRYYETGSI 
LGRYYETGSI 
LGRYYETGSI 
LGRYYETGSI 
LGRYYETGSI 

RPRAIGGSKP 
RPRAIGGSKP 
RPRAIGGSKP 
RPRAIGGSKP 
RPRAIGGSKP 

100 
RVATPEWNK 
RVATPEWSK 
RVATPEWNK 
RVATPEWNK 
RVATPEWNK 

IAQYKRECPS H'AWEIRDRL LSDGVCTNDN IPSVSSINRV LRN 
IAQYKRECPS IfAWEIRDRL LSEGVCTNDN IPSVSSINRV LRN 
IAQYKRECPS IfAWEIRDRL LSDGVCTNDN IPSVSSINRV LRN 
IAQYKRECPS I fAWEIRDRL I,SDGVCTNDN I PSVSSINRV LRN 
IAHYKRECPS I fAWEIRDRL LSEGVCTNDN I PSVSSINRV LRN 

150 
EKQQ 
EKQQ 
EKQQ 

SEKQQ 
SDKQQ 

151 
MGSDGMYDKL RMLNGQTGTW GARPGWYPGT 
MGADGMYDKL Rl1LNGQTGSW GTRPGWYPGT 
MGSDGl1YDKL RMLNGQTGTW GARPGWYPGT 
MGSDGl1YDKL Rl1LNGQTGTW GARPGWYPGT 
MGSEGMYDKL RMLNGQTATW GSRPGWYPGT 

201 
TNSISSNGED SDEAQMRLQL KR 
TNSISSNGED SDEAQMRLQL KR 
TNSISSNGED SDEAQMRLQL KR 
TNSISSNGED SDEAQMRLQL KR 

200 
SVPGQPAQEG CQPQEGGAEN 
SVPGQPl'QDG CQQQEGGGEN 
SVPGQPAQEG CQPQEGGAEN 
TVPGQPAQEG CQPQEGGAEN 
SVPGQPAQEG CQPQEGVGEN 

TNSISSNGED SDEAQMRLQL KR,~~~~~~~~~~~~~~ 

251 300 
VfARERLAAK IDLPEARIQV WfSNRRAKWR LRNQRR QASNTPSHIP 
VfARERLAAK IDLPEARIQV WfSNRRAKWR LRNQRR QASNTPSHIP 
VfARERLAAK IDLPEARIQV WfSNRRAKWR LRNQRR QASNTPSH1P 
VE'ARERLAAK IDLPEAR1QV WE'SNRRAKWR LRNQRR QASNTPSH1P 
~Y~EDA~R~E~R~IoAAoK~IkUDI~.P~E~A~R~TuQ~Y~WuE~S~N~R~R~A~KWllllR_u~~LRNQRR QASNTPSH1P 

301 
I SSSE'STSVY QP1 PQPTl'PV SSE'TSGS~ILG 

ISSSE'Sl'SVY QPIPQPl'TPV SSE'TSGSMLG 
ISSSfSl'SVY QPIPQPl'TPV SSE'TSGSMLG 
ISSSE'STSVY QPIPQPTTPV SSE'TSGSI1LG 
ISSSE'STSVY QPIPQPTTPV SSE'TSGAl1LG 

350 
RTDTALSNSY SALPPI1PSE'T 
RTDTALTNTY SALPPMPSE'T 
RTDTALSNSY SALPPMPSE'T 
RTDTALSNSY SALPPMPSE'T 
RTDTALTNSY SALPPI1PSE'T 

351 400 
11GNNLPI1QPP VPSQPSSYSC MLPTSPSVNG RTYDTYTPPH 11QTHMNSQPM 
MANNLPMQPP VPSQTSSYSC MLPTSPSVNG RSYDTYTPPH MQTHl1NSQPM 
MGNNLPMQVS f'PLECQS... ....•..... . ....... QE' KYPAVNLTCL 
MGNNLPMQVS f'PLECQS... .......... . ....... QE' KYPAVNLTCL 
MGNNLPMQVS f'PLECQS ............. " ...... QE' KYPAVNLTCL 

401 
GTSGTTSTGL ISPGVSVPVQ VPGSEPDMSQ YWPRLQ" 
GTSGTTSTGL ISPGVSVPVQ VPGSEPDMSQ YWPRLQ" 
STGQDYSKN. . ...... RVN LTNDf'MENSW 11E'SSI L" 
STGQDYSKIJ. ....... RVN LTNDf11ENSW I1E'SSIL" 
STGQDYSKII. ....... RVN LTNDf11ENSW 11E'SSIL!, 

450 

112 



113 

Figure 3.4 Schematic of changes in the predicted paired domain and carboxy terminal 

sequences of Xenopus Pax-6 cDNA clones when compared to the predicted mouse Pax-6 

amino acid sequence. 

Top panel: Alternative splicing products in the mouse Pax-6 sequence have been identified 

which encode paired domains that differ in size by 14 aas. These results have been found in 

Xenopus Pax-6 sequences also. 

Bottom panel: Mouse Pax-6 cDNA sequences are predicted to encode a carboxy terminal 

transcriptional activation domain rich in proline, serine and threonine residues. Xenopus Pax-

6 cDNAs have been found which also are predicted to encode a nearly identical carboxy 

terminus. In addition, Xenopus Pax-6 cDNAs have been sequenced which are predicted to 

encode proteins with transcriptional activation domains with a completely different amino acid 

sequence as a result of the absence ofa 3' 151 bp DNA sequence. 
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Figure 3.5 Summary of all Xenopus Pax-6 amino acid changes. Based on nucleotide 

sequences of Xenopus Pax-6 cDNA clones, changes in amino acid sequence are predicted at 

four positions within the paired DNA binding domain, including a 14 aa alternative splicing 

product, 12 positions between the DNA binding domains and six positions at the carboxy 

terminus, including a change in reading frame ofthe transcriptional activation domain. 



SUMMARY OF XENOPUS Pax-6 AMINO ACID CHANGES 

A'FG 1 , ... ... ... I ..... ~~.~~ .... 1 L ...... Y ..... . ... ... ... , .. --.- ... -.--.., ,-.--.-...... -.--.-

paired domain 
paired-type 

homeodomain 
transcriptional 

activation domain 

0\ 



117 

Figure 3.6 Polymerase chain reaction amplification of RNA isolated from Xenopus Stages 

0-60. The top panel shows the predicted result of amplification with both sets of primers. 

Amplification with primers 1 and 2 is in bold for emphasis. The bottom panel shows the 

result of the amplification of a region exclusive of the 3' 151 bp sequence of Pax-6 with 

primers 1 and 2. Duplicate cDNA reactions were performed, as were quadruplicate peR 

amplifications of each cDNA reaction, to ensure reproducibility. 
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Figure 3.7 Polymerase chain reaction amplification of RNA isolated from Xenopus Stages 

0-60. The top panel shows the predicted result of amplification with both sets of primers. 

Amplification with primers 1 and 3 is in bold for emphasis. The bottom panel shows the 

result of the amplification of a region including the 151 bp sequence of Pax-6 with primers 

1 and 3. Duplicate cDNA reactions were performed, as were quadruplicate peR 

amplifications of each cDNA reaction, to ensure reproducibility. 
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CHAPTER 4: UNPUBLISHED OBSERVATIONS - PLACODE REMOVALS 

INTRODUCTION 

Pax-6 is a transcription factor expressed throughout the developing brain and 

olfactory system of all vertebrates studied (Walther & Gruss, 1991; Puschel et aI., 1992; 

Krauss et aI., 1991b; Li et aI., 1994; Chapter 2). From ill situ hybridization studies on 

Xenopus (Chapter 2) it was found that, in the olfactory system, Pax-6 is expressed in the OP 

from its inception and in the OB throughout its development. In addition, mutations in Pax-6 

result in the aberrant fOlmation or absence of the OP and OB in humans and mice (Hill et aI., 

1991; Ton et aI., 1991). Previous transplantation and ablation studies of the OB conclude 

that OB formation in early development depends upon influences from olfactory axons 

growing out from the OP (reviewed by Bnmjes & Frasier, 1986; Stout & Graziadei, 1980; 

Graziadei & Monti-Graziadei, 1992; Byrd, 1992; Gong & Shipley, 1995). Another study 

suggests that there is an intercommunication that takes place between the OP and OB in the 

frog (Byrd & Burd, 1992). 

To determine if Pax-6 is a component of the signaling pathway between the OP and 

OB in the olfactory system, I initiated a preliminary set of experiments. The purpose of these 

experiments was to examine the effect of OP removal on the expression of Pax-6 in the 

developing OB. Therefore, I removed the OPs from 82 animals ranging in stage from 26 to 

40. Animals were allowed to recover for a variable period of time after the surgery was 
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performed. This recovery time ranged from 1 hour to 21 hours. The expression of Pax-6 

was monitored by in situ hybridization. 

MATERIALS AND METHODS 

Animals were staged according to Nieuwkoop & Faber (I956). Staged animals were 

anesthetized in 0.02% MS222 and embedded in clay. Unilateral OP ablations were performed 

using a glass needle. Animals were fixed in MEMPFA and subjected to whole mount in situ 

hybridization with an antisense RNA probe to Pax-6 (see Chapter 2). Animals were 

embedded in paraffin, cut into 10-12 ).lm sections, mounted on Vectabond-coated slides 

(Vector Labs) and deparaffinized in xylenes, as described in Chapter 2. 

RESULTS AND DISCUSSION 

A number of different stages of tadpoles were chosen for examination initially because 

it was not clear if Xenopus Pax-6 expression would correspond to the expression found in 

other vertebrates. Of particular interest to me were stages during which most early 

development of the olfactory system (stages 23-44) takes place (see Table 2.1, Chapter 2). 

Unilateral ablations were performed so that the effects of surgical manipulation on Pax-6 

expression could be monitored by comparing the OB with and without OP stimulation within 

any given animal. Survival times were varied, because it was not known how long after 
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surgery the OP begins to grow back at each stage studied, and because I wanted to determine 

whether there might be a temporal pattern to the OP-OB Pax-6 expression. In addition, I 

wanted to rule out the possibility that any decrease in Pax-6 signal in the OB was due simply 

to cell death resulting from the lack of innervation from the OP. 

Table 4.1 summarizes the surgeries performed. While the staining in all sections was 

light, there was no obvious difference in Pax-6 expression detected in any of the animals 

observed, regardless of stage or length oftime for recovery from surgery. 

There are several conditions used which were less than ideal. The difficulty with using 

animals stage 44/45 and younger is that the OP grows back over time (Stout & Graziadei, 

1992; Herrera & Burd, 1991). This may have contributed to the lack of change in Pax-6 

expression in the animals. In addition, perhaps enough OP-OB connections were re

established quickly enough to maintain the Pax-6 signal in the OB. Alternatively, I may not 

have removed the entire placode, but left enough material to continue to stimulate the OB. 

Since I was monitoring only RNA expression by the ill situ protocol, any change in Pax-6 

mRNA stability or protein synthesis would not be detected. Antibodies to Pax-6 would be 

helpful to determine if there is a change in protein synthesis upon OP ablation. 

Since the probe used in the in situs would recognize all Pax-6 cDNAs that I have 

sequenced, subtle differences in expression of individual Pax-6 mRNAs would not be detected 

in this set of experiments. To determine if individual mRNAs are responsible for any subtle 

differences in the overall expression pattern of Pax-6, message-specific probes are required. 

It is also possible that removing the OP has no effect on expression of Pax-6 in the 
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OB, which would suggest that Pax-6 is expressed in each of these structures independently 

ofthe other. This would indicate that Pax-6 expression is not involved in the developmental 

signaling between the OP and the OB. Experiments should be performed in older animals to 

determine if this result is consistent at advanced stages in development. 

Another problem that I had was difficulty in removing the OP from such small 

animals, particularly albino animals. This tissue is very small in the younger animals and 

difficult to recognize. Once the OP was detected, the tissue is very small and difficult to 

remove with glass needles. It is probable that a portion of the surgeries involved removal of 

more than just the OP, perhaps also regions of the underlying neural tube, which would also 

complicate the results obtained. 

Once early results were available from the unoperated animals described in Chapter 

2, it was clear that there was not a significant amount of expression of Pax-6 in the olfactory 

epithelium once the animals reach stage 44/45. This finding ruled out any experiments to 

examine the effect of Pax-6 expression in both the olfactory epithelium and OB as a result of 

the surgeries. 
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Table 4.1 Summary of surgeries performed to remove OPs from animals of various stages. 

All animals were albinos except as noted (p=pigmented). SURGERY-FIXATION represents 

the number of hours the animals were allowed to recover from surgery before they were 

anesthetized in MS222 and fixed in 4% paraformaldehyde. Animals that did not survive until 

the interval tested are indicated by (!). 
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TABLE 4.1: SUMMARY OF PLACODE REMOVALS 

ANIMAL STAGE SURGERY- COMMENTS 
FIXATION (HRS) 

1 26 2 

2 26 2.5 

3 26 3 

4 26 3.5 

5 26 20 ! 

6 26 20 ! 

7 26 21 

8 26 21 

9 27 2.5 

10 27 3.5 

11 27 21 

12 28 1.5 

13 28 2 

14 28 2 

15 28 2.5 

16 28 3.5 ! 

17 29\30 2 

18 29\30 2 

19 29\30 3 

20 29\30 3 

21 31 1 
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22 31 2 

23 31 21 

24 31 21 I 

25 31 21 ! 

26 32 1.5 

27 32 1.5 

28 32 2 

29 32 3 

30 32 19 ! 

31 32 19 ! 

32 32 19 ! 

33 32\33 18 

34 32\33 18 

35 32\33 18 

36 33\34 1 

37 33\34 1 

38 33\34 1.5 

39 33\34 2 

40 33\34 2 

41 33\34 8.5 

42 33\34 8.5 

43 33\34 9 

44 33\34 9 

45 33\34 9 

46 35\36 3 
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47 35\36 3 

48 37\38 1 P 

49 37\38 1 P 

50 37\38 1 P 

51 37\38 1 P 

52 37\38 4 P 

53 37\38 4 P 

54 37\38 4 P 

55 37\38 4 P 

56 37\38 4 P 

57 37\38 4.5 P 

58 37\38 4.5 P 

59 37\38 4.5 P 

60 37\38 4.5 P 

61 37\38 4.5 P 

62 37\38 7.5 P 

63 37\38 7.5 P 

64 37\38 8 P 

65 37\38 8 P 

66 39\40 3 P 

67 39\40 17.5 p. , , . 

68 39\40 17.5 p. , , . 

69 39\40 31 P 

70 39\40 31 P 

71 41 1.5 P 



129 

72 41 1.5 P 

73 41 1.5 P 

74 41 3 P 

75 41 3 P 

76 41 3.5 P 

77 41 17.5 P; I 

78 41 17.5 p., , . 

79 41 17.5 P 

80 41 17.5 P 

81 41 30 P 

82 41 30 P 
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CHAPTER 5: GENERAL DISCUSSION AND FUTURE DIRECTIONS 

Major Contributions of this Work 

In this dissertation work, I have examined the spatial and temporal pattern of 

expression of Pax-6 in the developing olfactory system and throughout the nervous system 

of Xenopus via in situ hybridization and peR analysis. In addition, I have isolated Xenopus 

Pax-6 cDNA sequences to begin to understand this complicated expression pattern. The in 

situ hybridizations that I performed confirmed the pattern of expression, generally, that has 

been seen in other animals. That is, expression is detected in Xenopus as early as gastrulation 

and this expression continues through metamorphosis. Pax-6 is present throughout the 

development ofthe eye in all structures, including the lens, retina and cornea. Pax-6 is seen 

in the forebrain, hindbrain and spinal cord, although not in the midbrain at any time. This 

pattern translates into expression in the OB, AOB, thalamus, cerebellum and medulla 

oblongata at later stages of development. 

Pax-6 is expressed throughout the development ofthe olfactory system. Expression 

is present in the OP from its inception. Pax-6 is detected in the developing olfactory 

epithelium, in particular in deeper neuronal layers, at least until all layers of the OB are 

present. The most significant expression of Pax-6 in the olfactory epithelium is seen as the 

axons of the olfactory receptor neurons extend to the undifferentiated neural tube and form 

synapses with the processes of early neurons there. Once these synaptic connections are 

made, expression of Pax-6 decreases in the olfactory epithelium, although it appears in 
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individual cells in restricted areas at least through metamorphosis. 

Expression of Pax-6 is seen in the forebrain prior to any differentiation of the neural 

tube into the OB and throughout the differentiation of the OB once contacted by the olfactory 

axons. Expression is detected throughout the OB before extensive differentiation takes place. 

As the layers of the OB become distinguishable, the expression pattern of Pax-6 is restricted 

to the mitral cell layer and to undifferentiated cells lining the ventricle for the rest of OB 

development to maturity. At later larval stages (54-65), expression of Pax-6 in the OB then 

is detected primarily in the granule cell layer where it remains at least until the froglet stage. 

In the olfactory system, then, it appears that Pax-6 may be necessary for OP 

formation. Once the OP has formed, Pax-6 may influence the transcription of factors 

involved in signaling between the OP and the undifferentiated neural tube to form the OB. 

Furthermore, Pax-6 is expressed in the mitral cells as they differentiate, and later expression 

is detected in the granule cells as they differentiate. Therefore, based on its expression pattern 

in the olfactory system and throughout the brain, it appears that Pax-6 not only plays a role 

in early regionalization within the brain, but also is important throughout development. 

Analysis of seven different Xenopus Pax-6 cDNAs was performed to determine 

whether the complicated pattern of expression seen throughout development of Xenopus 

could be explained, at least in part, by the Pax-6 transcripts made. The degree of variation 

within the cDNAs that were isolated is surprising. The cDNAs vary at several different 

predicted amino acid positions, although the majority of these amino acid replacements are 

not found in the paired domain or paired-type homeodomain DNA binding regions. Small 
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changes in sequence between these DNA binding domains may indicate natural variations 

within the animal population from which the RNA was derived. On the other hand, these 

changes may represent different genes or alternative splicing products with slightly different 

functions throughout development. 

Splicing in the paired box complicates the regulation of Pax-6 thrther. I have found, 

as have others, that there exists a 42 nucleotide exon within the paired box of Xenopus that 

is alternatively spliced. This change in the paired box has been shown to affect the DNA 

binding properties of Pax-6 dramatically (Epstein et aI., 1994b). Therefore, the amino acid 

substitutions and the alternative splicing products in the paired DNA binding domain are 

expected to have a significant effect on the DNA targets bound by the paired domain of 

Xenopus. 

The most significant sequence difference that was found is the alteration at the 31 end 

of the cDNA sequences which are missing the equivalent of human exon 12 and its flanking 

introns. The different predicted carboxy termini are the result of multiple transcripts in 

Xenopus based on the the PCR amplification of first strand synthesis products that I 

performed. The predicted carboxy terminus that results from the change in reading frame 

does not conform to any known transcriptional activation domain, as the original PST -rich 

domain of previously identified Pax-6 sequences is known to do. Comparison of the altered 

carboxy terminus to sequences in the protein database reveals no significant homology to 

known protein sequences. 

Based on the sequencing data from Xenopus Pax-6, it is likely, therefore, that 
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regulation of Pax-6 is extremely complicated, considering the different carboxy termini, 

alternative splicing and tissue distribution. This is not unexpected considering the complex 

spatial and temporal expression pattern of Pax-6 and the variety of roles it has been assigned. 

Different carboxy termini may be responsible for expression of Pax-6 in different structures 

during development, i.e., in the eye versus the spinal cord. Alternatively, the Pax-6 proteins 

with different carboxy termini may each perform unique roles within the same tissues. That 

is, they may regulate the transcription of different and possibly overlapping sets of genes. 

Since the absence of the carboxy terminal sequence is predicted to alter the transcriptional 

activation domain of Pax-6, it is possible that this proposed alternative splicing product is 

important for the decrease or elimination of transcriptional activation of target genes by Pax-

6 at selected stages and/or in various tissues throughout development. This transcriptional 

regulation may be modulated by DNA binding in the presence or absence of the 14 amino acid 

paired domain insert, interaction with other transcription factors according to the amino acid 

changes between the DNA binding regions and tissue specific factors that are able to interact 

with these different carboxy termini. 

Since Pax-6 is a transcription factor, there are undoubtedly a number of target genes 

to which it binds and whose transcription it prevents or enables. Candidates for these target 

genes include signaling molecules which transmit information between the OP and the OB via 

the olfactory nerve, as my work implies is a possibility. The effect of Pax-6 mutations on 

migration of midbrain crest cells (Matsuo et aI., 1993) and on migration ofaxons within the 

cortical plate (Schmahl et at., 1993) suggest that Pax-6 target genes may include cell 
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adhesion molecules. Therefore, NCAM-Iike molecules are interesting candidates. NCAM 

expression is an early marker of the nervous system (Kintner & Melton, 1987) as is Pax-6, 

and the expression ofNCAM and Pax··6 are detected at the same stage (gastrula) in Xenopus 

development. In addition to NCAM, other adhesion molecules such as L1 and N-cadherin 

are important in the development ofthe olfactory system (Chuah et aI., 1991; Chung et aI., 

1991; Miragall & Dermietzel, 1992) and are excellent candidates for regulation by Pax-6. 

The ability of Pax-6 to bind DNA with each binding domain individually and in combination, 

increases the number and type of genes that Pax-6 can bind. It will be interesting to examine 

the DNA sequence of these three DNA consensus binding sites and to identify the genes in 

which they are found. 

Future Directions to Extend this Work 

The results of the experiments performed above provide a starting point for a number 

of studies to examine the general development of the olfactory system and to elucidate the 

role of Pax-6 in olfaction. The next step for proceeding with the current project involves 

sequencing the peR products generated from the amplification of first strand synthesis of the 

pools of staged RNA. This will confirm that these amplification products correspond to the 

predicted sequences. In addition, it will be very interesting to generate antibodies which are 

able to distinguish between the two different predicted carboxy termini. This is necessary for 

assigning functions to these different regions. It is possible that each of the carboxy termini 

is responsible for development of a unique subset of the overall structures associated with 
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Pax-6 expression. For example, one message may be responsible for specification of 

forebrain structures, whereas the second message may be responsible for hindbrain and spinal 

cord development. Alternatively, both gene products may contribute to each of the structures 

influenced by Pax-6 expression to varying degrees. In the latter case, since the altered 

carboxy terminus is predicted to be unlike any known transcriptional activation domain, it 

may act to regulate transcription in a decreased or negative manner, where?s the PST-rich 

carboxy terminus may serve to regulate transcription of target genes in a positive manner. 

Antibodies will distinguish among these two alternatives, unless there is a combination of both 

alternatives at play. In addition, antibodies will confirm the presence of Pax-6 protein in the 

tissues in which Pax-6 is expressed. Presence ofmRNA is not always indicative of protein 

production and function. g/p-l, for example, is a gene expressed throughout the nematode 

Caenorhabditis elegans, although the glp-l protein is found in only very restricted areas 

within the worm (Evans et al., 1994). Therefore, factors such as inhibitors, destabilizing 

proteins or degradative enzymes may influence the pattern of mRNA expression and the 

actual location of the functional protein. Antibodies also may distinguish among a number 

of other possible species of Pax-6 which may be necessitated by the complicated regulatory 

pattern of expression. Previous studies with the quail (Carriere et al., 1993) have resulted in 

a number of proteins and protein fragments recognized by antibodies to Pax-6. It is possible 

that Pax-6 gene products other than the ones that I have identified will be discovered with 

these quail antibodies and future Xenopus antibodies since the cDNA library screening was 

not exhaustive. This would not be unexpected considering the size (approximately 20 kb) and 
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complexity (14 exons) of the Pax-6 gene in humans (Glaser et aL, 1992) and quail (Martin 

etaL,1992). 

In addition to the protein work proposed above, it is important to determine if the 

different cDNAs that I have identified correspond to functional mRNAs. That is, if they are 

indeed functional and if there is a unique expression pattern to each of these mRNAs once 

they are inserted into an expression vector. This vector could be placed under the control of 

an olfactory-specific promoter, such as that from OMP, to test function in the olfactory 

system more specifically. This experiment would begin to address the validity of these many 

messages and the relationships among them in terms of temporal and spatial expression 

patterns. This is of particular importance since the nucleotide differences among the eDNA 

isolates are few in number, but these changes are located in unique regions within the 

sequence (Le., within the paired box). 

It is of importance to find the genes that Pax-6 regulates and the genes that regulate 

Pax-6 expression itself in the development of the olfactory system. Due to the overlapping 

expression patterns of Pax-6 and distal-less related genes (Dirksen et aL, 1993; Papalopulu 

& Kintner, 1993) in the forebrain of Xenopus, it is possible that these two genes are intricately 

involved with each other. Examining the patterns of distal-less related genes and other genes 

that, like Pax-6, have been implicated in development of the forebrain andlor the olfactory 

system, such as Mash-l (Guillemot et aL, 1993), the Drosophila east gene (Vijayraghavan 

et aL, 1992), emx-l and -2 (Simeone et aL, 1992) and the Kallmann gene (Rugarli et aL, 

1993) may provide clues as to other possible targets for regulation by Pax-6. Cell adhesion 
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molecules found in the vertebrate olfactory system, such as NCAM, Ll and N-cadherin 

(Chuah et al., 1991; Chung et al., 1991; Miragall & Dermietzel, 1992) also are intriguing 

candidates for regulation by Pax-6. 

Future studies to address these interactions include using repetitive rounds of a PCR

based selection method to identify DNA binding sequences for Pax-6 paired domains and 

paired-type homeodomains (as used by Epstein et al., 1994a). This technique, combined with 

subsequent screening for genes that contain this sequence, will provide candidates for 

interaction with Pax-6. III vitro DNA binding studies will need to be carried out with these 

candidate genes and gene products to determine if Pax-6 actually can influence their 

expression (for example, see Epstein et al., 1994b). An alternative approach for identification 

of the downstream targets of transcription factors has been proposed recently. For example, 

Tole et al (1995) have devised a method for isolation and antibody recognition of cell surface 

epitopes in the forebrain expressed early in development. These epitopes presumably belong 

to potential targets of early transcription factors. 

Undoubtedly, there will be many factors necessary for the expression of Pax-6, and 

there will be many genes that Pax-6 regulates in development. Pursuing these interactions 

will provide clues as to how Pax-6 is able to influence the migration of midbrain crest cells 

(Matsuo et al., 1993), specify optic and olfactory placodes and orchestrate the development 

of the olfactory system and the eye. One area of promise is the discovery of the Drosophila 

Pax-6 gene. Examination of vertebrate homologs of other Drosophila mutants involved in 

eye and olfactory system formation (for example, see Carlson, 1993; Cheyette et al., 1994), 
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will be exciting directions to pursue in Xenopus and other vertebrates. 

The development of transgenic Xenopus (Kroll & Gerhart, 1994) offers an interesting 

opportunity to examine Pax-6 expression in Xenopus embryos. Plasmids containing genes 

of interest are stably transfected via Iipofection into Xenopus cell line X-C generated from 

stage 34-38 tadpoles. Cells are monitored for successful transfection via drug resistance and 

p-galactosidase activity. Nuclei from these cells are injected into unfertilized eggs, and these 

eggs appear to develop normally and express the desired gene in a spatially and temporally 

appropriate manner. Although the animals survive only to the neurula stage, this is an 

appropriate time frame in which to study early Pax-6 expression. Injection of antisense RNA 

or antisense oligodeoxynucleotides (reviewed by Wagner, 1994) to Pax-6 is another 

alternative approach to monitor Pax-6 expression throughout development of the olfactory 

system. Furthermore, implantation of lipophilic beads containing sense or antisense Pax-6 

could be introduced into the frog, also, as performed with thyroxine pellets by Burd (1990). 

In this way, the amount of Pax-6 could be increased or decreased, respectively, at selected 

times in development ofthe olfactory system. 

Preliminary experiments that I performed with placode removals to address the effect 

on Pax-6 expression in the OB would be interesting to pursue more systematically. If Pax-6 

is important in communication between the OP and the OB as my work suggests, then 

removal of the OP at different stages in development may affect Pax-6 expression in the OB. 

This would be monitored by unilateral OP ablations followed by in situ hybridization on 

cryostat sections of animals as performed in Chapter 2. Different time intervals after OP 
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removal should be examined to monitor if and when the expression of Pax-6 changes in the 

OB, and to ensure that any decrease is not solely the result of cell death within the OB due 

to lack of innervation. Alternatively, unilateral OB ablations could be performed to determine 

whether there is a resulting effect on Pax-6 expression in the OP. 

The experiments that are presented in this dissertation lay the groundwork for these 

and many more future experiments in Xenopus and other vertebrates. Combined with 

ongoing work in the laboratory, many exciting directions remain to be pursued in determining 

how Pax-6, in combination with other factors, is involved in the development of the olfactory 

system, eye and regions of the nervous system. 
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