
Patterning a mollusc embryo: The roles of cell
lineage and cell signaling in Ilyanassa obsoleta

Item Type text; Dissertation-Reproduction (electronic)

Authors Lambert, Justin David

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 26/05/2023 10:44:59

Link to Item http://hdl.handle.net/10150/279869

http://hdl.handle.net/10150/279869


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 photographs, print bleedthrough, 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 overiaps. 

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. 

ProQuest Information and teaming 
300 North Zeeb Road. Ann Arbor, Ml 48106-1346 USA 

800-521-0600 





PATTERNING A MOLLUSC EMBRYO: THE ROLES OF CELL LINEAGE AND 

CELL SIGNALING IN ILYANASSA OBSOLETA 

by 

Justin David Lambert 

A 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 

2 0 0 1  



UMI Number: 3031380 

(ft 

UMI 
UM( Microform30ai380 

Copyright 2002 by Bell & Howell Information and Learning Company. 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

Bell & Howell Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



THE UNiVHKSlTY OT ARXZONS « 
GRADUATE COLLEGE 

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

Justin David Leunbert read the dissertation prepared by_ 

Patterning a mollusc embryo; the roles of cell lineage and cell 

signaling in Ilyanassa obsoleta 

and reconmend that It be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Danny Brower 

Sam Weird 

L. 
(\ 

Roy Parker 

Ncuicy Moran 

Date 

Date 
j 

(6 
Date I 

/ o /  
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. 

W? /O // •? /0 / 
Dlasertaticn Director A. a Date ' 
Lisa M. Nagy 



3 

STATEMENT BY AUTHOR 

This dissertation has been subnutted in partial fulfillment of 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 acknowledgment of source is made. 
Requests for permission for exterided 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: 



4 

ACKNOWLEDGEMENTS 

My parents, Eileen and Richard Lambert, have always encouraged my 

curiosity about nature, and have been a constant source of support. 

Matthew Dick and Leo Buss convinced me to pursue research and taught 

me a great deal about doing it. 

Members of the Nagy Lab and the department have been great friends 

and colleagues. I want to especially thank Candice Nulsen, Brian Sander, 

Elizabeth Jockusch, Frans Tax, Isaac Jones, James Cooley and Jessie Wandelt for 

advice, support and stimulating discussions. 

Spiralian embryologists the world over have enriched my research by 

sharing data and ideas. I thaiUc Morgan Goulding, Eric Edsinger-Gonzalez, 

George von Dassow, and Jo van den Biggelaar. I am especially grateful to Mark 

Martindale for generous support, stimulating discussions and camaraderie at 

Woods Hole and Friday Harbor. 

Matthew Gibson was a companion and colleague throughout this work. 

Even over the phone and email, his excitement about science— his and mine-

was palpable and helped sustain me during this work. 

With her enthusiasm, skepticism and insight, Lisa Nagy has shaped this 

work at every step. Lisa gave me enormous freedom, but somehow always kept 

me out of real trouble. I am especially indebted to her for making me a better 

speaker, and providing a stellar example of maintaining grace and humaruty in 

this business. 



DEDICATION 

This dissertation is dedicated to 

my dear Emily, 

my biggest fan and my best friend, 

with all my love. 



6 

TABLE OF CONTENTS 

USTOFHGURES 9 
UST OF TABLES 11 
ABSTRACT 12 
CHAPTER 1. INTRODUCTION: PATTERNING THE SPIRALIAN 

EMBRYO 14 
Spiral cleavage 14 
Tlie evolutionary history of spiral cleavage 16 
The moUuscan embryo 20 
Cell lineage and patterning in Uyanassa 25 
Cell signaling and the Uyanassa embryo 27 
Previous work on the molecular mechanisms of patterning in Uyanassa 30 
The molecular basis of metazoan development: a conserv^ "toolkit" 31 
Conserved mechanisms of cell-cell signaling 32 
Conserved mecharusms of asymmetric inheritance during cell division.... 33 

CHAPTER 2. THE CONTROL OF MRNA SEGREGATION BY 
CENTROSOMES, AND THE SPECIHCATION OF THE 
QUARTETS 35 

Introduction 35 
Materials and methods 38 

Cloning 38 
RNA in situ hybridization 38 
Inhibitor experiments 39 

Results 39 
Discussion 49 

CHAPTER 3. MAPK SIGNALING BY THE D QUADRANT EMBRYONIC 
ORGANIZER IN ILYANASSA 51 

Introduction 51 
Materials and Methods 57 

Snail husbandry 57 
Immimohistochemistry 58 
Imaging and analysis 59 
Ablations and MAPK inhibition 59 

Results 60 
Pattern of activated MAPK antibody expression 60 
The role of the D quadrant in MAPK activation 65 
Consequences of inhibiting MAPK activation 67 
Development following inJiibition of MAPK activation at successive 

timepoints 71 
Effect of inhibiting MAPK activation on cleavage patterr\s 77 



7 

TABLE OF CONTENTS—Continued 
Discussion 81 
Model for the specification of multiple fates by MAPK 84 
Activation of MAPK in the 3D macromere 89 
MAPK activation after removal of the polar lobe 90 
MAPK activation in 4d 91 
Nature of the signal transduced from 3D to the micromeres 92 
The evolution of spiralian development 92 

CHAPTER 4. THE ROLE OF DPP/BMP SIGNALING IN EARLY 
EMBRYONIC PATTERNING 
IN THE MOLLUSC ILYANASSA 94 

Introduction 94 
Materials and Methods 99 

Snail husbandry 99 
Cloning 100 
In situ hybridization 101 
Poleir lobe removeil and MAPK inhibition 101 
Protein incubation experiments 102 

Results 102 
Cloning Uyanassa orthologs of Dpp and Tld 102 
Spatial distribution of loDpp and loTld transcripts 103 
Overstimulating the loDpp pathway lateralizes the head 108 
Ectopic BMP-4 rescues eydessness in polar lobe deletion embryos 116 
MAPK and loDpp signaling 119 

Discussion 122 
loDpp and specification of head precursor cells 124 
Micromere specification and cell signaling in Uyanassa: MAPK 

and loDpp 126 
Eye induction in Uyanassa and the axis inversion hypothesis 127 

Conclusion 128 
CHAPTER 5. THE ROLE OF MAPK IN OTHER SPIRALIAN EMBRYOS 129 

Introduction 129 
Spiralian embryogenesis: general features 129 
Mollusc embryos 131 
Other spiralian embryos 132 
MAPK in Uyanassa 134 

Materials and Methods 136 



8 

TABLE OF CONTENTS—Continued 
Results 137 

MAPK activation in Lymnaea 137 
MAPK activation in the chiton Chaetopleura apiculata 139 
MAPK activation in the clam Spisula solidissima 140 
MAPK in the polychaetes Chaetopterus and Hydroides 142 
MAPK in the nemertean Cerebratiilus lacteus 143 

Discussion 145 
Conclusions 150 

CHAPTER 6. CONCLUSIONS 152 
The role of cell lineage in patterning 154 

The centrosome: a link between cleavage and patteniing in 
spiralians 156 

Conservation of centrosome-mediated segregation? 158 
Induction of the secondary axis: the roles of coriserved cell signaling 

pathways 159 
Patterning other spiralian embryos 161 
Specification of the D quadrant in Ilyanassa; an outstanding mystery 162 

REFERENCES 164 



9 

LISTOFHGURES 

FIGURE 1.1 Hypotheses on the origin of spiral cleavage during animal 
evolution 18 

FIGURE 1.2 Hyanassa obsoleta 22 
FIGURE 1.3 Early cleavage of Ilyanassa 23 
FIGURE 1.4 Schematic of the fates of embryonic cells in the veliger larva 24 
FIGURE 2,1 Early cleavage of Uyanassa 36 
FIGURE 2.2 Localization of mRNAs to the centrosome and mRNA 

dynamics 41 
FIGURE 2.3 Cjrtoskeletal basis of mRNA localization during cleavage 44 
FIGURE 2.4 miRNAs are localized to specific subsets of cells during 

cleavage, and mRNAs are specifically targeted to particular 
centrosomes 47 

FIGURE 3.1 Early cleavage of Ilyanassa 53 
FIGURE 3.2 Pattern of MAPK activation during early Ilyanassa 

development 62 
FIGURE 3.3 Perturbation of MAPK activation by ablation of the polar lobe, 

or ablation of the 3D macromere 66 
FIGURE 3.4 MAPK expression in U1026 treated embryos 70 
FIGURE 3.5 Progressive acquisition of micromere cell fate following 

application of U1026 73 
FIGURE 3.6 Eignt day old larvae treated with the MAPK inhibitor at 

successive timepoints after the production of the 
third quartet 74 

FIGURE 3.7 E)iagrams of cell cleavage patterns in U0126-treated embryos, 
polar lobe deletion embryos, and controls 80 

FIGURE 4.1 Early cleavage of Ilyanassa and the cell lineage of 
first quartet cells 97 

FIGURE 4.2 Expression of loDpp and loTld mRNAs during early 
cleavage 105 

FIGURE 43 Effects of BMP-4 on. larval differentiatiorL— 112 
FIGURE 4.4 The effects of ectopic BMP ligand on larval differentiation 114 
FIGURE 45 loDpp expression after polar lobe deletion, and BMP-4 

rescue of eyes after polar lobe deletion 118 
FIGURE 4.6 The effects of blocking MAPK activation on the distribution of 

loDpp mRNA 121 



10 

LIST OF RGURES- Continued 
FIGURE 5.1 Phylogenetic relationships of spiralian taxa stirveyed 135 
FIGURE 5.2 MAPK activation in Lymnaea palustnis 138 
FIGURE 5.3 MAPK activation in the chiton Chaetopleura apiculata 141 
FIGURE 5.4 MAPK activation in the equal cleaving polydhaete 

annelid Hydroides 144 
FIGURE 5.5 Inferred evolution of MAPK activation in spiralian embryos 146 



II 

LIST OF TABLES 

TABLE 1.1 Conserved cell signaling pathways in animals 33 
TABLE 2.1 Larval structures differentiated after inhibiting MAPK at 

successive timepoints 72 



12 

ABSTRACT 

The experiments reported here describe mechanisms of cell fate specification in 

the embryo of the snail Uyanassa obsoleta. During early cleavage, the animal-

vegetal axis of the embryo is subdivided by a stereot5rped series of asynametric 

cell divisions that produce sets of cells with sinular cleavage patterns and 

developmental fates. Here I show that, during these cell divisions, mRNAs for 

multiple patterning genes co-localize with particular centrosomes and are 

partitioned into specific cells during cleavage. The movement of the mRNAs to 

the centrosomes requires the microtubule cytoskeleton, and the subsequent 

movement, from the centrosome to a region on the cortex, requires actin 

filaments. These events localize different mRNAs to distinct sets of cells with 

similar developmental fetes. In experimentally produced cells with two 

interphase centrosomes, mRNAs accumulate on the appropriate centrosome, 

indicating that the patterned accumulation of nvRNAs is controlled at the level of 

individual centrosomes. 

In a second phase of cell fate specification, one cell in the embryo (called 

3D) induces several ectodermal fates in target cells. Here I show that this 

signaling event involves two conserved cell signaling pathways, the MAPK 

pathway and the Dpp/BMP2&4 pathway. MAPK activation is detected first in 

3D, and then in the cells that are predicted to require the signal. Ablation of 3D 

prevents the activation in the responding cells, and blocking MAPK activation 

with a specific inhibitor prevents the differentiation of the structures that require 

induction by 3D. My results indicate that 3D induces MAPK activation in the 
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responding cells and that this is required for normal patterning. I examined 

embryos of several other molluscs and representatives of related protostome 

phyla and found that, in embryos with equal spiral cleavage, MAPK was 

activated in 3D, but not in the responding cells. 

The Uyanassa ortholog of the secreted ligand Dpp (loDpp) is expressed in 

the 3D macromere. Treatment of embryos with a closely related ligand (human 

BMP4) induces a high frequency of extra eyes in intact embryos, and rescues the 

lack of eyes in embryos where 3D is not specified. These results suggest that 3D 

specifies multiple fates by parallel Dpp and MAPK-activating signals. 



14 

Chapter 1 

Introduction: Patterning the spiralian embryo 

"A professor of zoology started to tell his six-year-old son how animals come into 
existence from a small egg. He showed him drawings in a textbook ofhozu an egg divides 
into many cells and told him there would be an enormous number of them, and that 
eventually they would form the different tissues and organs of the body. With the clear 
logic of a child the boy asked: 'But how do those cells imcrw which of them are going to 
form those organs?' That in a nutshell, is the problem of experimental embryology and 
development^ physiology." 

(Horstadius, 1973) 

Spiral Oeavage 

Most animal phyla have a distinctive patterns of early embryogenesis, so 

that with a careftil look, an embryologist can tell the phylum of an embryo, even 

during early cleavage stages. In contrast, there are several phyla of protostome 

animals whose patterns of early embryogenesis are so similar that it is often 

impossible to identify them to the phylum level based on cleavage pattem. 

These groups include the molluscs, the annelids, the echiurans, the sipunculids, 

the nemerteans, and the flatworms, and they are known collectively as the 

Spiralians (Schleip, 1929). Spiralian embryogenesis is distingxiished by three 

characteristics: the spiral pattem of the cell divisions during early cleavage; the 

pattem of cell fates among the cells that are produced by these cleavages; and 

finally, in many cases, spiralians share the same type of swimming larva. 

The pattem of cell division in spiralian embryos is known as spiral 

cleavage (Wilson, 1892). The first two divisions produce four cells known as 

macromeres. In successive cleavage cycles, each macromere divides towards the 

animal pole to produce a smaller cell known as a micromere. The four 
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micromeres produced by the macromeres during a cleavage cycle are called a 

quartet. The macromeres thus function as stem cells and are the foimder cells of 

four lineages; these are named the A, B, C and D quadrants. The divisions which 

produce the micromeres are extremely regular. At each cleavage cycle, the 

macromeres alternate the direction of their cleavage planes, so that one set of 

micromeres is produced at a clockwise angle relative to the animal pole, and at 

the next cleavage cycle, the micromeres are produced counterclockwise. This 

pattern produces an orderly array of cells, with a vaguely spiral pattern, and it is 

this pattern which gives the Spiralia their name. 

Spiralian embryos also have a distinctive pattern of cell fates. The first 

quartet of micromeres lie closest to the animal pole, which roughly corresponds 

to the anterior end of the larva. These cells often produce the larval eyes and 

anterior sensory organs. The second and third quartets give rise to the middle 

and posterior regions of the ectoderm, respectively. One cell of the fourth 

quartet, called 4d, produces most of the mesodermal organs and muscle. Finally, 

the other fourth quartet micromeres and the fovu: macromeres usually give rise to 

the endoderm. The relationship of the dorsal-ventral axis to cell lineage is also 

conserved in spiralian embryos. One lineage, the D quadrant, produces mostly 

dorsal-posterior cell fates, while the A and C quadrants are generally left and 

right, respectively, and the B quadrant is ventral. 

Most species of spiralian phyla are marine, and produce swimming larvae 

that disperse in the ocean, then settle and metamorphose. It is only at 

metamorphosis that most of the characteristic features of the adult body plan 
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arise— the larva of spiralian groups are often very similar. The classic spiralian 

larva is called a trochophore (reviewed in Rouse, 1999). On the anterior end is a 

group of cilia called the apical tuft and just posterior to that there are often two 

eyes on either side of the animal. Just posterior to the eyes, and encircling the 

larva is a band of powerful cilia called the prototroch. This is the locomotory 

organ of the larva. At the posterior end of the trochophore, there is often a zone 

of cell proliferation called the posterior growth zone. 

The evolutionary history of spiral cleavage 

The similarities of cleavage pattern, cell fates, and larval morphology are 

strong evidence that the spiralians share a homologous mode of embryology. 

The inferred history of spiralian embryogenesis has changed depending on the 

accepted phylogeny of aiiimal phyla. For most of the latter half of the 1900's, the 

accepted phylogeny of metazoan phyla closely corresponded to the scheme 

proposed by Hyman (Hyman, 1940). This arrangement relied on a few traits 

which were thought to be particularly informative for higher level taxonomic 

relationships. These included: 

1) the presence of a coelom, or internal organ cavity, 
2) the presence of overt segmentation, 
3) the number of germ layers (e.g. the presence or absence of "true" 

mesoderm) and 
4) the relationship of the blastopore to the mouth. (In the protostome 

groups the blastopore becomes the mouth, while in deuterostomes 
it becomes the anus.) 

In Hyman's scheme (Fig. 1) the sponges, cnidarians and ctenophores 

branched off of the main line of metazoan evolution early. Among the remairxing 
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phyla, called bilaterians, there was ariother basally branchmg group of phyla 

called acoelomates because they lack a coelom. These include the nematodes and 

the flatworms. The remaining bilaterians split into two groups, the protostomes 

("mouth forms first") and the deuterostomes ("mouth forms second"). Since 

spiralian development is found in both the acoelmate flatworms and several 

protostome phyla, Hyman's view of metazoan phylogeny implies that spiral 

cleavage was the ancestral mode of development for all the bilaterians. 

The advent of molecular phylogenetics has dramatically rearranged the 

accepted view of metazoan phylogeny (Agixinaldo et al., 1997; Halanych et al., 

1995). Some aspects of Hyman's tree remain unchanged: the cnidarians, 

ctenophores and sponges are still thought to have branched off before the 
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Figure 1.1 Hypotheses on the origin of spiral cleavage during animal evolution. Selected 
metazoan phyla, groups with spiral cleavage are red. A) In the traditional scheme (i.e. 
Hyman, 1940), flatworms were basal, so the origin of spiral cleavage (red slash) is 
infered to lie at the base of the bilaterian metazoa. 6) In the current scheme, based on 
molecular systematics, all the spiralian groups are in a large, superphyletic clade (the 
Lophotrochozoa), so the origin of spiral cleavage is at the base of this clade. 
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bilateria. Furthermore, the split between the deuterostomes and protostomes has 

largely endured, with a notable exception that the lophophorates are now 

generally considered protostomes. However, the position of the acoelomates has 

been dramatically changed. The protostomes have been divided into two large 

groups (the ecdysozoans and the lophotrochozoajis) and the various acoelmate 

groups have been placed within them. For instance, the nematodes are now 

thought to be a sister group of the arthropods and close relatives, and the 

flatworms are placed in the lophotrochozoans. The molecular phylogenetics of 

animal phyla has been notoriously inconstant, and most influential analyses are 

based on orUy a single gene (the 18S ribosomal RNA). It remains to be seen 

which parts of this new view will persist. It seems reasonable to hope that more 

data, perhaps in the form of complete genome sequences, will bring some finality 

to this problem. 

So, at least for now, molecular phylogenetics has taken from the Spiralia 

the privileged position of "ancestral embryology of the bilateria." In exchange, 

the new view of metazoan relationships provides a new rationale for studying 

spiralian development There are now three large groups of bilaterians (the 

deuterostomes, lophotrochozoans and ecdysozoans). Because of the vagaries of 

the history of embryology, almost all of our understanding of the molecular basis 

of bilaterian development comes from deuterostomes like frogs and mice, and 

ecdysozoans like flies and nematodes. We know almost nothing about the 

mechanisms which pattem lophotrochozoan embryos. This means that 

hypotheses about what aspects of development are conserved among bilaterian 
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embryos are only based on deuterostomes and ecdysozoans and so analysis of 

lophotrochozoan patterning will be a crudal step in examining such hypothesis 

in a phylogenetic framework. Spiralian development is the best place to start 

understanding lophotrochozoan development, since the position of the 

flatworms as the basally branching phyla in the lophotrochozoans suggests that 

spiralian development is ancestral for this group (Fig. 1). No matter what 

topological twists are demanded of the metazoein tree, the extraordinary 

conservation of spiralian development ensures that knowledge gained in one 

spiralian embryo will have broad significance for embryos in several other phyla, 

and that this knowledge will be crucial for understanding the evolution of 

development in the metazoa. 

The molluscan embryo 

Among spiralian groups, the embryos of the molluscs have been best 

characterized by classical embryological techniques, and of the molluscs, the 

embryo of the mud snail Uyanassa obsoleta has been most studied, and is best 

imderstood. Uyanassa lives in shallow near-shore envirorunents. The sexes are 

separate, and fertilization is internal. After mating, the female deposits zygotes 

in transparent capsules attached to rocks or seaweed. Each capsvile contains 50-

200 synchronously developing embryos (Fig. 2). 

The first cleavage is accompanied by the formation of a large lobe at the 

vegetal pole of the embryo (early cleavage of Uyanassa is shown in Fig. 3). The 

material of this "polar lobe" is inherited by one cell at the two cell stage. The 
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process is repeated at the next division, and thus at the four cell stage there is one 

larger cell that has mherited the polar lobe material. This cell is thereby specified 

to be the D macromere, which plays a special role in development. During the 

next cleavage cycles, the four macromeres present at the four cell stage divide in 

the tjrpical spiralian pattern to produce quartets of micromeres towards the 

animal pole. 

The cells of the first three quartets of micromeres give rise to all of the 

ectodermal structures of the larva. In gastropod molluscs, the typical spiralian 

trochophore has been modified into a special form of larva called a veliger (Fig. 

4). Each micromere contributes a predictable portion of the veliger larva, and 

these fates have been determined by both ablation of all of these cell (to see what 

is missing when a given cell is removed) and intracellular injection of lineage 

tracers (to see what structures a cell contributes to in an intact embryo). 



Figure 1.2 Ilyanassa obsoleta A) An adult snail. The siphon (protruding to the right is 
about 1 cm. B) An egg capsule removed from the substrate. Each gastrula stage embryo 
is about 175 um. 
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Figure U Early cleavage of Ilyanassa. A) The polar lobe is produced during the first 
cleavage (lateral view, polar bodies are on top, at the animal pole). B) The D macromere 
of the four cell stage is specified by inheritance of the polar lobe material. C,D,E) Each 
of the next three cleavage cycles of the macromeres produces a set of four similar small 
cells towards the animal pole. The third cleavage cycle produces the flrst quartet (C, blue, 
"Iq"); the fourth cycle produces the second quartet (D, green, "2q"). The fifth cleavage 
cycle produces the third quartet (E, orange, "3q"). Up to this point, each cleavage cycle 
takes about I hour. The cells of the first three quartets produce all of the ectodermal 
structures in the larva. (See Fig. 4) After the production of the third quartet,, the 
macromeres do not divide synchronously. 3D divides first (after about 1.5 hours) to 
produce the micromere 4d, and the macromeres in the other quadrants produce their 
fourth quartet micromeres about 3.5 hours later (not shown). 
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Figure 1.4 Schematic of the fates of embryonic cells in the veliger larva. Colors of cells 
in embryo on left correspond to regions of larval ectoderm in diagram on right A) 24 
cell stage embryo, after the birth of the first three quartets of micromeres. First quartet 
cells give rise to head, including eyes, and the lobes of the velum, the ciliated swimming 
organ. Second quartet cells give rise to shell and mouth. The third quartet cells give rise 
to foot structures. 
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In general, the fate maps produced by ablation and lineage tracing agree on the 

fates of the cells. Both methods show that: 1) two first quartet cells, la and Ic, 

give rise to the left and right eyes, respectively; 2) the second quartet cells 2a, 2c 

and 2d produce the shell; 3) the third quartet cells 3c and 3d give rise to the foot; 

and 4) the 4d micromere gives rise to most endodermal organs and muscle. 

How these ectodermal fates are assigned to the micromeres is the central 

problem in spiralian embryogenesis. In general terms, micromere fate 

specification in Ilyanassa can be understood as a two step process. In the first 

step, the aiumal-vegetal axis of the zygote is subdivided. This occurs as the 

macromeres produce the series of quartets, since the cells in each quartet have 

different developmental potentials from those in other quartets, in terms of 

cleavage patterns and the eventual fates of the cells. In the second step, fates are 

specified along the secondary embryonic axis, which roughly corresponds to the 

dorsal-ventral axis. These events rely on cell signaling, mainly from the 3D 

macromere, which is thought to send one or more signals to the micromeres to 

specify dorsal and lateral fates. My thesis examines the molecular basis of both 

these events. Below I review the existing data that bears on how these events 

occur. 

Cell lineage and patterning in Ilyanassa 

bi the first phase of micromere fate specification, the macromeres produce 

quartets of cells with similar developmental potentials. After a quartet of 



micromeres is produced by the macromeres, the cells in the quartet continue to 

divide, and the timing and proportion of these cells is specific for its quartet. 

Furthermore, these stereotyped divisions take place even when the cells are 

dissociated from one another (Costello, 1945; Wilson, 1904). The quartet of a cell 

and its subsequent lineage history also restricts its developmental potential, in 

terms of what structures it will produce in the larva. This is suggested by the 

observation that each quartet gives rise to a particular subset of structures in the 

larva. For instance, cells of the first quartet give rise to eyes and velum (the 

swimming organ), while cells of the second quartet give rise to shell or 

esophagxis. Direct evidence for the restriction of developmental fate was 

provided by an elegant set of experiments reported by Sweet (1998). By 

performing transplantation experiments, within the first quartet and between 

quartets. Sweet showed that only the cells of the first quartet are competent to 

form eyes after induction by 3D. 

These observations show that the cells in each quartet are programmed to 

carry out a lineage-specific developmental program, and suggest that the 

ir\formation that specifies these events is imparted to the cells at their birth. In 

principle, this could happen by cell-cell signaling, such that soon after they are 

bom, the micromeres in a quartet receive a signal which specifies their quartet 

identity. There is no evidence for this kind of signaling. Instead, most workers 

have assumed that there are mechanisms which asymmetrically distribute factors 

into the micromeres during division, and these substances determine the 

subsequent behavior of the daughter cells. This appears to be the case when the 



macromeres divide to produce the micromeres, and in the subsequent divisions 

of these micromeres. There is little direct evidence for this mechanism either, but 

it is intuitively cor\sistent with the asymmetries in the sizes of the daughter cells 

that are produced when the macromeres divide. Also, Conklin, working with 

the gastropod mollusc Crepidula in 1902 made a little-known discovery. He 

observed that a special part of the macromere cytoplasm was inherited by the 

micromeres at each division cycle (Conklin, 1902). That patterning molecules can 

be asymmetrically partitioned during cleavage is known from work in a few 

systems, notably Drosophila neuroblast specification and early division of the C. 

elegans embryo (reviewed below), but the molecular basis of such events in 

spiralian embryos is not known. 

Cell signaling and the llyanassa embryo 

The differences between quartets of micromeres can be understood as a 

pre-pattem that restricts certain developmental capacities to each quartet. But all 

the cells in a given quartet do not follow the same pathway. Rather the fates 

within each quartet come to differ, in a pattern that is related to their position on 

the dorsal-ventral axis. Classical embryological experiments indicate that these 

differences are the result of cell signaling from an embryonic organizer. 

As described above, the fates of the micromeres have been examined by 

both deletion of individual micromeres and intracellular labeling experiments. 

The congruence of the data from lineage tracing and ablation studies provides a 

robust picture of the fates of the cells in the early llyanassa embryo. In some 
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cases, however, there are disparities between the ablation data and the lineage 

tracing, and these differences are interesting, since they can provide insight into 

cell signaling events. There are two kinds of disparities between these data sets. 

In one class, a cell is reqmred for development of a structure (based on ablation 

data) but does not contribute to it (based on lineage tracing). This is the classical 

definition of embryonic induction. The clearest example of this—and the most 

important for patterning the embryo— is the case of the D macromere. Deletion 

experiments performed by Crampton (1896) and Clement (1952,1962), when 

considered along with cell lineage data (Render, 1991; Render, 1997), 

demonstrate that this cell is required to induce the proper fates in many other 

cells in the embryo. Removal of the polar lobe prevents the specification of the D 

macromere. The larvae that develop after polar lobe deletion lack most 

ectodermal organs including eyes, external shell, and foot. They lack a dorsal-

ventral axis are thus radialized around the animal-vegetal axis. Ablation of the D 

macromere at the four, eight or sixteen ceU stages produces the same larval 

phenotype. 

The effect of ablating the D macromere changes after the next cleavage 

cycle, which produces the third quartet. Ablatior^s of the D macromere (called 

3D at this stage) performed shortly after the production of the third quartet have 

the same phenotype as earlier D macromere deletions. However, later and later 

ablations produce more and more complete differentiation of larval structures. 

Ablations of the D macromere 1.5 hours after the production of the third quartet 

allow normal larval patterning cuid a complete complement of ectodermal 
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organs. Since 3D does not give rise to any of the ectodermal structures that are 

missing after early 3D deletior^, these experiments demonstrate that this cell is 

required to induce the normal pattern of cell fates among the micromeres that do 

give rise to these structures. This is the most important cell-cell signaling event 

in early cleavage, because it is required for the overall patterning of the embryo 

and the differentiation of most larval structures. In Chapters 3 and 4,1 argue that 

it operates by selecting between initially equivalent cells within a quartet to 

direct some to dorsal and lateral fates. 

There is another case of induction that is suggested by a discrepancy 

between the lineage tracing and ablation data. This case is less dramatic than the 

induction by 3D, but it bears mention, because it has not been noted in the 

literature. The left eye is derived entirely from the cell la (Render, 1991; Render, 

1997). Ablation of la prevents the development of the left eye, as expected 

(Clement, 1967). However, ablation of a neighboring cell, 2a, also prevents the 

differentiation of the left eye, about 50% of the time (Clement, 1986a). This 

suggests that 2a (and perhaps other cells) signals to eye precvirsors to induce 

normal differentiation. Intriguingly, it has also been reported that deletion of all 

of the second and third quartet cells prevents the differentiation of the entire 

head, which is derived mainly from first quartet cells (McCain, 1992). 

The other class of discrepancy between lineage tracing and ablation data 

are the cases where the lineage tracing shows that multiple cells give rise to a 

structure but the ablation data show that only a subset of these cells are required 

for normal development of the structure. An example is the shell. This structure 
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is derived from all four second quartet cells (2abcd) eu\d the third quartet cell 3c, 

but of these, only ablations of 2c or 2d impair the development of the structure 

(Clement, 1986a; Render, 1997). While this could be due to difficulty of detecting 

subtle defects in shell differentiation, some of cells which are not required for 

appreciably normal shell development (like 2a) contribute similar amounts as 

cells that are required (like 2c). Thus, there is a requirement for some cells in the 

differentiation of certain structures which is disproportionate to their 

contribution to the final product. The best explanation for this is that these cells 

are required to orgaivize or direct the development of the other cells which 

produce the structure. This probably involves cell-cell signaling, likely later in 

development, during organogenesis. 

Previous work on the molecular mechanisms of patterning in Ilyanassa 

Taken together, the previous work suggests that mollusc embryos are 

patterned by a combination of cell lineage-dependant mechanisms and cell 

signaling events. The moleculM basis of these mechanisms was not known at the 

outset of my thesis work. Previous workers had characterized the patterns of 

bulk transcription and translation, with and without the polar lobe (reviewed in 

(Collier, 1983). With two exceptions, no individual gene products had been 

implicated in patterning. Work in another moUxisc had shown that beta-tubulin 

expression was specifically induced in the cells which give rise to the ciliated 

bands of the larva (Damen et aL, 1994). In Ilyanassa, a transcription factor (the 
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ortholog of the engrailed protein) was shown to be specifically expressed in the 

progenitors of the shell during organogenesis (Moshel et al., 1998). 

The molecular basis of metazoan development: a conserved "toolkit" 

For most of this century, marine invertebrate embryos were a major focus 

of embryological study. In particular, spiralian embryos, including llyanassa, 

were an important system for studying the basis of embryonic patterning. Since 

the 1970's these systems have been eclipsed by genetic systems for studying 

developmental patterriing, mainly the fruit fly Drosophila melanogaster, and the 

nematode worm Caenorhabdites elegans. As a consequence, we now have a 

detailed understanding of the molecular events which underlie many patterning 

events in these embryos. One of the most important and surprising conclusions 

to arise from all of these data is that many of the genes responsible for 

developmental patterr\ing events are conserved among all metazoans. This has 

led to the supposition that all animals use the same molecular mechanisms for 

patterning their embryos, so that the differences in resulting morphologies are 

caused by different temporal and spatial regulation of these shared mechanisms, 

and different interactions between them. 

Conserved mechanisms of cell-cell signaling 

In all animcil embryos for which data are available, cell-cell signaling plays 

many crudal roles in patterning. Evidence from well characterized systems 

suggests the same handful of conserved cell signaling pathways are used 

repeatedly for signaling in multiple contexts during embryogenesis and 



organogenesis. Some of these are described in Table 1. In general, these 

pathways comprise an extracellular ligand that is secreted by the signaling cell, 

one or more trar\smembrane receptors on the cell surface of the target cell, and 

intracellular effectors including transcription factors. Since one of the crucial 

events in the early patteniing of the Uyanassa embryo is the inductive signal from 

3D to the dorsal and lateral micromeres, and the set of known signaling 

pathways is small, I decided to examine these pathways to see if any could be 

implicated in the signal from 3D. The two pathways that I have implicated in 

early patterning events—the MAP Kinase cascade and Dpp/TGF-beta 

pathway—are described in more detail in Chapters 3 and 4 respectively. 
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Table 1.1 Conserved ce 1 signaling pathways in animals 
common name h'gand receptor intracellular 

efiectots 
transcriptional 
effectors 

reviewed in 

Wnt wingless/ 
Wntl 

fnzzled lef-1, gsk, B-catenin lef-l/tcf (Dierickand 
Betsovec. 1999) 

Dpp/BMP Dpp/BMP 2. 
4 

serine-threonine 
kinases (tkv, sax. 
etc.) 

SMADs SMADs (Anisano and 
Wrana. 1998) 

RTK/MAPK egf. fgf receptor tyrosine 
kinases (RTKs) 

MAP Kinase 
cascade 

AP-l,Elketc. (Ferrell. 1996) 

Notch Notch Delta, Serrate intracellular domain 
ofNotch 

Su(H) (Greenwold. 1998) 

Hedgehog hedgehog Patched Smoothened cubitus 
interuptus 

(Aza-Blanc and 
tCombere. 1999) 

Conserved mechanisms of asymmetric inheritance during cell division 

There are only a few well-characterized cases of asymmetric segregation 

of patterning molecules during cell division. During the early divisions of the C. 

elegans embryo, patterning molecules (such as MEX-5/6 and PIE-1 (Reese et al., 

2000; Schubert et al., 2000)) are specifically localized to particular daughter cells 

during cleavage. This localization requires several members of the Par 

(partitioning defective) class of genes (Boyd et al., 1996). Localization can occur 

by binding of the determinemt to the cortex on one side of the cell, and also by 

modulation of determinant stability in one daughter by a localized molecule, 

resulting in unequal irUieritance. These mechanisms can act together to localize a 

molecule to one daughter cell, as in the case of the protein PIE-1 (Reese et al., 

2000). In D. melanogaster, the asymmetric divisions which produce the 

neuroblasts have been interisively studied. Here, cell fate specification factors, 

including the prospero protein, are specifically localized in a crescent-shaped 

patch on the cortex of the mother cell (Spana and Doe, 1995). This part of the 

cortex, along with the patterning molecules, is inherited by one daughter cell. 

The molecules responsible for localizing prospero to the cortex are not as well 
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characterized as in C. elegans, but there are indications that some components of 

the mechanisms might be shared (Doe and Bowennan, 2001). 

In the experiments reported in the following chapters, I attempt to explain 

the molecular events which underlie the early patterning events in the llyanassa 

embryo. Chapter 2 reports how the centrosome is involved in segregating 

mRNAs during early cleavages, and how this might be responsible for 

patterning the animal vegetal axis by prepatterrung micromere fates. In 

Qiapters 3 jmd 4, I describe the roles of MAPK and Dpp signaling, respectively, 

in induction of micromeres by the 3D cell. Chapter 5 reports a preliminary effort 

to examine the role of the MAPK pathway in other spiralian embryos. Chapter 6 

summarizes major points, with several comments and speculations. 
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Chapter 2 

The control of mRNA segregation by centrosomes 
and the specification of the quartets 

The sphere substance is formed ofhyoplasm from the cell body and achromatin from the 
nucleus, and the differential distribution of this substance may be an important factor of 
differentiation. If the nucleus controls the cell as Devries, Weissman and Roux maintain, 
we have in this differential distribution of the spheres a possible mechanism for such 
control, as well as for differentiation. 

(Conklin, 1902) 

Introduction 

During the development of multicellular organisms, different cell fates are 

generated either by cell-cell interactions, or the asymmetric distribution of 

patterning molecules during division. Differential inheritance of patterning 

molecxiles has been shown to rely on directed transport along actin 

microfilaments into one daughter cell (Long et al., 1997; Takizawa et al., 1997), or 

capture of patterning molecules by a region of the cortex to be inherited by one 

daughter (Boyd et al., 1996; Lu et al., 1999; Spana and Doe, 1995). 

Mollusc embryos are classic models for differentiation through 

asymmetric inheritance during cleavage (Clement, 1952; Crampton, 1896). 

During embryonic cleavage cycles in molluscs and related protostome phyla, 

most of the early cell divisions are asjonmetric, producing cells that differ in size, 

subsequent cleavage pattern, and eventual fate (Fig 1). 
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Figure 2.1 Early cleavage of Uyanassa. In the gastropod mollusc Uyanassa obsoleta, 
the first two divisions are accompanied by the production of a polar lobe (PL) at 
the vegetal pole, so that they are imequal, and at the four cell stage there is one 
large cell and three smaller cells (1A,B). These cells, called macromeres, are the 
founder cells of the four lineages of the embryo, the A, B, C and D quadrants. In 
successive cleavage cycles, these cells (the macromeres) function as stem cells by 
producing a stereotyped series of smaller cells towards the animal pole (the 
micromeres). The four micromere cells produced by the macromeres in a given 
cleavage cycle are called a quartet, and members of a particular quartet have 
similar cleavage patterns and cell fates, which differ from those of other quartets. 
This suggests that each quartet of micromeres receives similar patterrxing cues, 
but the mechanism of this instruction is not known. First quartet (labcd) is blue 
(IC), second quartet (2abcd) green (ID), third quartet (3abcd) orange (IE). 
Daughter cells of the macromeres at each cleavage stage are connected by 
slashes. The patterns of centrosomal localization of the mRNAs considered here 
are shown at the 24 cell stage. loTld is yellow; loEve is red; loDpp is dark blue. 
See Fig. 4 legend for more details. 
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Embryological experiments implicate both cell lineage and cell signaling 

in the establishment of embryonic cell fates in these phyla (Clement, 1962; 

Wilson, 1904). In the course of examirung the roles of conserved developmental 

patterning genes in the mollusc Uyanassa obsoleta, I discovered that mRNAs for 

multiple patterrung genes exhibit dramatic changes in subcellular localization 

during cleavage stages. Here I focus on three such genes: loEve, which plays a 

role in anterior-posterior axis specification in other organisms (Macdonald et al., 

1986); loDpp, the ortholog of Dpp (or BMP 2/4 in vertebrates), a secreted 

signaling molecule (Holley et al., 1995; Wharton et al., 1993); and loTld, a 

secreted protease which is predicted to be a modifier of Dpp signaling (Shimell et 

al., 1991). loDpp and loTld play a role in specifying head precursor cells after the 

24 cell stage (my unpublished data), and loEve appears to be involved in 

patterning a subset of cells along the animal-vegetal axis of the embryo. 

In this chapter, I focus on the events which position these mRNAs during 

early cleavage cycles. I report a novel mechanism in which centrosomes mediate 

asymmetric inheritance of patterning molecules. In a mollusc embryo, different 

mRNAs associate with centrosomes in different cells, which leads to their 

asymmetric distribution during division. The segregated mRNAs are initially 

diffusely distributed in the cytoplasm, then localize, in a microtubule-dependent 

manner, to the pericentriolar matrix during interphase. During cell division, 

they dissociate from the core mitotic centrosome and move, in an actin filament-

dependent maimer, to the cortex that is inherited by the animal daughter cell. In 

experimental cells with two interphase centrosomes, mRNAs accimiulate on the 
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correct centrosome, showing that intrinsic differences between centrosomes 

control mRNA targeting. These events produce a complex pattern of mRNA 

localization, where different messages distinguish groups of developmentally 

equivalent cells. 

Materials and methods 

Cloning 

Fragments of cDNAs were cloned by PCR with degenerate primers, followed by 

RACE-PCR to obtain larger fragments for in situs. 

RNA in situ hybridization 

For colocalization of mRNAs and MT cytoskeleton, and some standard in situs, 

embryos were fixed in PEM (lOOmM PIPES; pH 6.9; lOmM EGTA; ImM MgS04) 

with 8% paraformaldehyde, 100 mM sucrose and .1% Triton X. For some non-

fluorescent in situs, embryos were fixed in 3.7% formalin in 90% filtered artificial 

seawater. For in situs, embryos were pretreated for 10 min. in 2% acetic 

anhydride in TEA buffer, and prehybridized for 3 hrs at 63C in Hyb Solution (5X 

SSC, IX Denharts, 50% Formamide, .1% Tween, 100 ug/ml heparin, lOOug/ml 

yeast r+tRNA), hybridized with 1-10 ng/ml digoxigenin labeled probe for 12-18 

h, washed three times over two hours with Hyb Solution at 63C, and detected by 

NBT/BCIP precipitation. For co-localization with the MT cytoskeleton, an 

overnight incubation at 23C with monoclonal mouse anti-beta tubulin (NDFIB), 

was simultaneous with anti-Dig:alkaline phosphatase incubation. Alkaline 

phosphatase detection of hybridized probes was carried out with HNPP/Fast 

Red substrate (Boeringer-Marmheim) as described(Goto and Hayashi, 1997), 
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followed by overnight incubation at 23C with anti-mouse secondary. Animal 

maintenance, embryo collection and all other steps followed described methods 

(Lambert and Nagy, 2001). 

Inhibitor experiments. 

Drugs were resuspended in DMSO at lOOOX the final concentrations. 

Nocodazole was used at 1 ug/ml (Fig 3C) or 10 ug/ml (Fig 3E); both 

concentrations are sufficient to block cleavage and depolymerize essentially all 

microtubules as judged by anti-beta tubulin staining. Cytochalasin B was used at 

20 ug/ml, which was sufficient to block cleavage and to depolymerize essentially 

all actin filaments, as judged by phalloidin staining. 

Results 

I have discovered that mRNAs for loEve, loTld, and loDpp are localized 

to the centrosome during the early cleavage cycles, and that this localization 

leads to asymmetric inheritance during cleavage (Fig 2). Ouring the four cell 

stage, loEve mRNA was found in all four cells on a spherical structure that lies 

between the nucleus and the animal pole of the embryo (Fig. 2B). Similarly, at 

the eight cell stage, the loDpp mRNA was localized to a spherical structure 

located counter-clockwise to the nucleus in all four of the macromere cells (Fig. 

2A). These mRNA-binding structures are the center of the microtubule arrays in 

these cells, and are rich in gamma-tubulin (not shown), and thus represent the 

interphase centrosomes. The mRNAs are distributed throughout the 

pericentriolar matrix (PCM) of these centrosomes. In contrast, the mRNA of a 
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gene which is not predicted to play a role in patterning (a protein in the 40S 

ribosomal subunit), was diffusely distributed throughout the cytoplasm of all 

cells and not localized to centrosomes (not shown). 

Centrosomally localized mRNAs are partitioned into one daughter cell 

during division. For example, during prophase of the third cleavage, the loEve 

mRNA moves to the region of the cortex of each macromere that is closest to the 

animal pole. EXiring mitosis, the cortically localized mRNA is segregated solely 

into the animal daughter cell, such that after cell division, the mRNA is present 

only on the centrosome in this cell (Fig. 2C, D). This movement between the 

interphase centrosome and the presumptive micromere cortex during mitosis 

was observed with all patterning mRNAs studied (see also Fig. 3B,C). Two lines 

of evidence suggest that these mRNAs are migrating with a large portion of the 

interphase PCM to the cortex. First, when more than one mRNA is bound to the 
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A 

C 

Figure 2.2 (Legend follows) 
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Figure 2.2 (Legend) Localization of mRNAs to the centrosome and mRNA 
d5mamics during cleavage. mRNAs are detected by in situ hybridization 
visualized by HNPP/Fast Red precipitate (red), nuclei are stained with DAPI 
(blue), and mouse anti-_ tubulin was detected with anti-mouse Alexafluor 488 
(green). 2A) In an eight cell interphase embryo, loDpp mRNA is localized to 
spherical structures located counter-clockwise to the nuclei in all four 
macromeres. These structures are the fod of the microtubule arrays, 
demonstrating that the message is bound to the interphase centrosomes. The 
midbodies of the previous division are visible clockwise to each macromere 
nucleus (projection of confocal z-series; inset is a single section through the ID 
centrosome). 2B) Dxiring early prophase of the four cell stage, loEve mRNA is 
also localized to the centrosomes (single confocal section, the centrosomes in the 
B and D macromeres are in the plane). 2C) During pro-metaphase at the 
transition to the eight cell stage, loEve mRlsTA is localized to granules on the 
cortex in the regior\s of each cell closest to the animal pole, which VAill be 
inherited by the animal daughter cells (projection). 2D) In an early eight cell 
embryo, loEve mRNA is present in only the micromere daughter cells, on the 
centrosomes (projection). A single section through the centrosome in ID 
demorxstrates that loEve is not present on this centrosome (2D inset). Scale bar in 
this and subsequent panels is 50 _m. 
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same centrosome (i.e. loTld and loDpp in the eight cell stage macromeres) the 

patterns of mRNA distribution are indistinguishable, suggesting that different 

mRNAs move together. Second, the interphase centrosome is much larger than 

the early prophase asters (-15 um vs. ~4 um) implying that a significant portion 

of the interphase PCM leaves the centrosome in prophase. 

All the centrosome-localized mRNAs that I have examined show these 

two discrete types of intracellular movements: an initial recruitment to the 

interphase centrosome, and a subsequent relocalization to a cortical region that 

will be exclusively inherited by one daughter cell. I investigated the cytoskeletal 

requirements of the observed mRNA traffic by treating with cytoskeleton-

specific disrupting agents (Fig. 3). At the four cell stage loDpp message is 

diffusely distributed in the cytoplasm (Fig. 3A). During cytokinesis at the 

transition to the eight cell stage, it abruptly becomes localized to the centrosome 

in the macromeres, but not the micromeres which are their sister cells (Fig. 3B). 

Depolymerization of microtubules with nocodazole when loDpp mRNA was still 

spread throughout the cytoplasm left most of the mRNA diffusely distributed in 

the cytoplasm, with some mRNA in disorganized filamentous structures (Fig. 

3D). Thus, an intact microtubule cytoskeleton is required for accumulation of 



Figure 2.3 (legend follows) 
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Figure 2.3 legend. Cytoskeletal basis of mRNA localization. mRNAs are 
detected by in situ hybrididization visualized with alkaline phosphatase 
precipitate (dark blue/black), and nuclei are stained with DAPI (light blue). 3A) 
At the four cell stage Dpp mRNA is diffusely distributed in the cytoplasm of all 
cells. This message is not asymmetrically distributed during the next round of 
mitoses, but early in the eight cell stage it becomes localized to the centrosomes 
in the macromeres. (SB shows loIDpp at 8 cell interphase, and inset shows lateral 
view of the ID macromere centrosome.) 3C) When the macromeres are in 
prophase of the eight cell stage, loDpp is located on a portion of the cortex that 
will be inherited by the second quartet daughter cells (inset is lateral view of 
loDpp on the cortex of ID). 3D) I depolymerized the microtubule cytoskeleton 
with nocodazole during cytokinesis at the transition to eight cell stage, when 
loDpp mRNA is still spread about the cytoplasm (as in 3A). 30 minutes later, 
loDpp mRNA was localized to the PCM in controls (3C), but in nocodazole 
treated embryos some loDpp mRNA was localized to disorganized filamentous 
structures and the rest was diffusely distributed in the cytoplasm. This was not 
due to a secondary loss of message from the centrosome, since other experiments 
showed that nocodazole treatment after localization had occurred did not 
disrupt the interphase pattern. Disrupting microfilament polymerization with 
cytochalasin B over the same time period did not prevent acciunulation of 
mRNA on the centrosome (data not shown and Fig. 4F) 3E) Treatment with 
nocodazole during interphase at the eight cell stage (3B is the start-point control), 
before loDpp mRNA had moved to the cortex, did not prevent this event 
(compare to end-point control, 3C). The concentration of nocodazole used in this 
experiment was at least 5-fold higher than that required to block cleavage. 3F) 
Treatment with cytochalasin B over the same time period blocked the movement 
of loDpp to the cortex. The mRNA remained bound to the centrosome, adjacent 
to the nucleus (controls are 3B and 3C). Cytochalasin B treatment after the 
mRNA had moved to the cell periphery did not release the material from the 
cortex (not shown). 
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mRNA on the centrosome. I next investigated the basis of the movement of 

centrosome-bound mRNAs to the cortex in prophase. Inhibiting microtubule 

polymerization with nocodazole did not prevent the movement of the RNA-

binding PCM to the cortex (Fig 3 C,E). However, when actin filaments were 

induced to depolymerize with cytochalasin B just prior to and during the 

movement of the PCM to the cortex, the mRNA remained near the nucleus and 

did not migrate to the cortex (Fig. 3 C,F). Therefore, actin filaments, but not 

intact microtubules, are required for attraction or docking at the cell periphery. 

Thus, I propose that mRNAs that require segregation for their subsequent roles 

in embryonic patterning are loaded onto the centrosome by minus-end directed 

transport along microtubules. This movement is in preparation for their 

subsequent actin filament based, PCM-assodated delivery to a region of the cell 

cortex that will be inherited by a particular daughter cell. 

I followed loEve, loDpp and loTld into later cleavages stages. All were 

associated with centrosomes, and all were sorted during cell division (Fig. 4 A-

C). loTld is loaded onto centrosomes in all the first quartet cells, but perdures 

only in the dorsal cell Id^ (Fig. 4A). By the 24 cell stage, loEve became localized 

to three particular cells that give rise to the ciliated band of the larvae (the 



47 

Figure 2.4 mRNAs are localized to specific subsets of cells during cleavage, and mRNAs 
are specifically targeted to particular centrosomes. 4A) loTld is progressively localized, 
by asymmetric inheritance, onto the centrosomes of labcd' and subsequently decays from 
labc^ such that, at the 24 cell stage, it is present only in Id', where it has spread off the 
centrosome into the cytoplasm. 4B) After being inherited by only the first quartet 
micromeres (labcd), loEve mRNA is inherited by their vegetal daughter cells (labcd"), 
and decays in Id% resulting specific localization oa the centrosomes of labc~ (arrow 
indicates Ic"; arrowhead indicates Id") at the 24 cell stage. 4C) loDpp mRNA is 
inherited by the second and third quartet micromeres, and after the production of the third 
quartet, decays in the second quartet cells and accumulates in the 3D macromere, so that, 
at the 24 cell stage, loDpp is abundant on the centrosomes in 3abcd (arrowheads), and in 
a cloud above the nucleus of the 3D macromere (arrow). These patterns of localization 
are diagrammed in Fig. IE. When cytokinesis is blocked at the transition to the eight cell 
stage, four diploid di-centrosomal cells are produced. 4D) In a normal eight cell embryo, 
loTld is on the centrosomes in all eight cells, and on the animal part of the cortex in the 
micromeres. 4E) In di-centrosomal cells, loTld is present in a similar pattem on all eight 
centrosomes. 4F) At the eight cell stage, loDpp is normally present on the centrosomes 
of the ±e macromeres (see Fig. 3B). In di-centrosomal cells, loDpp accumulates on the 
vegetal centrosomes, which would have been inherited by the macromeres. 
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primary trochoblasts labc^; Fig. 4B). loDpp is loaded into the second and third 

quartet micromeres, but decays in the second quartet cells after the production of 

the third quartet, resulting in a specific localization in the third quartet cells, as 

well as one macromere (the 3D cell; Fig. 4C). These patterns of mRNA 

distribution demonstrate that several patterning genes are specifically localized 

to certain subsets of cells by centrosome-mediated sorting. Furthermore, the 

subsets of micromere cells which contain a given mRNA represent equivalence 

groups that have similar cell fates and cleavage patterns (Clement, 1976; Render, 

1997), indicating that these groups may be distinguished by centrosome-

mediated segregation of patterning molecules. 

The patterns of mRNA accumulation on the centrosomes of different cells 

suggest that intrinsic differences between these centrosomes control message 

accumulation. To test this, I produced diploid cells that contained two 

interphase centrosomes, by blocking cytokinesis at the transition to the eight cell 

stage with cytochalasin B (Fig. 4 D,E,F). loTld mRNA, which is present on 

centrosomes of both the animal and vegetal daughter cells in controls, is detected 

on both centrosomes in di-centrosomal cells (Fig. 4 D,E), demonstrating that, in 

these cells the two centrosomes lie at predictable locations which correspond to 

the locations of the centrosomes in the two normal daughter cells. IoE)pp 

message, which is only on the vegetal daughter centrosomes in controls, was 

only found on vegetal centrosomes in di-centrosomal cells (Fig. 3 B; 4 F). Thus, 

mRNAs are specifically targeted to certain centrosomes, so that even within the 

same cytoplasm a message accumulates on the correct centrosome. This 
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indicates that intrinsic differences between centrosomes are responsible for 

patterning in this embryo. 

Discussion 

The mechanisms of asymmetric inheritance of patterning molecules have been 

investigated in several other systems (Boyd et al., 1996; Long et al., 1997; Spana 

and Doe, 1995). The role that I describe for the centrosome in controlling the 

spatial distribution of mRNAs during asymmetric cell division has not been 

reported. It is, however, reminiscent of some other mechanisms. In ascidians, 

regions of the cortex that bind localized mRNAs interact with centrosomes 

during asjmrunetric cell division (Nishikata et al., 1999; Yoshida et al., 1996). In 

the C. elegans embryo, degradation of PIE-1 protein on the anterior centrosome of 

PI complements other mechanisms to segregate the protein to the posterior 

daughter (Mello et al., 1996; Reese et al., 2000). In none of these cases is a 

patterning molecule segregated via localization to particular interphase 

centrosomes. This mechanism links segregation of determinants with the 

cleavage apparatus in as5mimetric cell divisions, and thus represents a new 

candidate mechaiusm for other systems where a stem cell produces a series of 

daughter cells with different fates. 

E. G. Conklin, working with the mollusc Crepidula (Conklin, 1902), 

described a distinct portion of cytoplasm that surrounded the core mitotic 

centrosome during interphase in the macromeres. This structure moved to the 

cortex prior to division and was inherited in its entirety by the micromeres. He 
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called this structure the sphere, to distinguish it from the core mitotic 

centrosome. My results corroborate Conklin's observations, and show that the 

sphere is a special part of the interphase centrosome, and that it contains mRNAs 

for multiple developmental patterning genes. These results suggest that, during 

early cleavages in mollusc embryos, the centrosome is the site of assembly for a 

package of molecules that is then delivered to one daughter cell, and that this 

mechanism distinguishes sets of equivalent cells during cleavage. Centrosomes 

replicate at each cell cycle in somatic cells, and the daughter centrosomes are 

generally considered to be equivalent. However, some evidence suggests that 

there can be functional differences between the two centrosomes in a dividing 

cell (Bonaccorsi et al., 2000; Wu and Palazzo, 1999). My work shows that cells 

can exploit differences between centrosomes to target patterning molecules for 

asymmetric partitioning during division. 
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Chapter 3 
MAFK signaling by the D quadrant embryonic organizer in Ilyanassa 

A piece of the upper blastoporal lip of an amphibian embryo undergoing 
gastrulation exerts an organizing effect on its environment in such a way 
that, if transplanted to an indifferent region of another embryo, it causes 
there the formation of a secondary embryonic anlage. Such a piece can therefore 
be designated as an organizer. 

(Spemann and Mangold, 1924) 

There is compelling evidence that the D quadrant exerts primary organizational control 
over the development of the embryo, and that it assumes this role because of the 
possession of a unique portion of the vegetal cortex. 

(Gather, 1971) 

Introduction 

Molluscan embryogenesis is a classic example of mosaic development— 

most cell deletions result in partial larvae with predictable defects. This is 

because the cells of the embryo are specified at an early stage and rarely regulate 

to restore the missing structures. Mosaic development is often equated with cell-

autonomous modes of cell fate specification such as cytoplasmic localization. 

However, in the embryo of the gastropod Ilyanassa obsoleta the cells that give rise 

to most ectodermal structures are specified in part by cell-cell interactioris. 

Embryological manipulations have demonstrated that a particular cell in the D 

quadrant lineage of the embryo functions as an organizer of axial patterning by 

inducing various other cells to assume their proper spatial pattern of cell fates 

(Gather, 1971; Glement, 1976). Despite the importance of this induction in the 

axial patterning of the embryo, interest in the evolution of axial patterning in 

animal embryos and a long history of experimentation aimed at uncovering 



patterning molecules in moliioscan embryos, nothing is known about the 

molecular mechanisms that underlie this event. Nonetheless, a century of 

experiments on molluscan embryos makes specific predictions about the 

expected behavior of the molecules used by the molluscan orgariizer. 

The D quadrant orgaixizer functions at a early stage, when there are 

relatively few cells in the embryo, and the regularity of the preceding cell 

divisions allows unambiguous identification of all of these blastomeres. The first 

cell division is accompanied by the formation of a polar lobe— an anucleate 

extrusion of cytoplasm from the vegetal pole (see Fig. 1 for diagram of early 

Uyanassa development). The contents of the polar lobe are shunted into one of 

the blastomeres at the four-cell stage. This produces one cell that is larger than 

the other three. The larger blastomere that inherits the polar lobe becomes the 

founder cell of the dorsal lineage known as the D quadrant. This event specifies 

the dorsal-ventral axis of the embryo. The three smaller blastomeres present at 

the four cell stage become the founder cells of different lineages, the A, B, and C 

quadrants respectively. 
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Figure 3.1 Early cleavage of Uyanassa. (A) The polar lobe is produced during the 
first cleavage. (B) The D macromere of the four cell stage is specified by 
ir\heritance of the polar lobe. (C/D,E) Successive cleavage cydes produce the 
first quartet (C, blue, "Iq")/ and second quartet (D, green, "2q"). The fifth 
cleavage cycle produces the third quartet (E, orange, "3q"). Up to this point, 
each cleavage cycle takes about 1 hour. After the production of the third quartet, 
the macromeres do not divide synchronously. 3D divides first (after about 1.5 
hours) to produce the micromere 4d, and the macromeres in the other quadrants 
produce their fourth quartet micromeres about 3.5 hours later. After the 
production of the third quartet (E), when 3D signals to the micromeres, there are 
24 cells in the embryo. In the absence of the signed from 3D, larvae do not 
differentiate eyes, shell, or foot structures. The micromeres which are reqviired 
(based on cell deletion studies) for the differentiation of these structures can thus 
be inferred to require induction by 3D. These cells (indicated by asterices) are la 
and Ic, which are required for eye development, 2a, 2c, 2d, which are required 
for shell development, and 3c and 3d, which are required for foot structures 
(Clement, 1976). Additioneil cells contribute to these structures (Render, 1997) or 
partially disrupt development of these structures (Qement, 1976). This likely 
reflects interactions after the induction by 3D. The veliger larva that develops 
after about 7 days is shown in Fig. 6 (A,B). 
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During the next three cleavage cycles each macromere divides towards the 

animal pole to produce a micromere and the four micromeres produced during a 

given cleavage cycle are referred to as a quartet. After the fifth cleavage cycle, 

there are three quartets of micromeres and their derivatives in the animal 

hemisphere and four vegetal macromeres. These micromeres give rise to all of 

the ectodermal structures of the larva, including velum, eyes, statocysts, shell, 

foot and operculum (Render, 1991; Render, 1997). While the micromeres have 

predictable fates, they are not specified until later in development, when they are 

induced by the D quadrant macromere. 

Ablation experiments have shown that the D quadrant macromere is 

required to establish the proper cell fates among the micromeres. Removal of the 

polar lobe prevents the specification of D quadrant macromere. The larvae that 

result from polar lobe ablation lack a dorsal-ventral axis (van den Biggelaar and 

Guerrier, 1983). They have disorganized ciliated velar bands, everted stomodea, 

and esophageal tissue. They lack eyes, shell, heart, intestines, statocysts, 

opercula, larval kidneys and certain muscles (Atkinson, 1971; Clement, 1952). 

Killing the D macromere at the 4,8, or 16-cell stages (e.g. ablation of D, ID or 2D) 

has the same effect as removal of the polar lobe, demonstrating that the 

requirement for the D macromere has yet to be fulfilled at these stages. The D 

quadrant lineage does not directly contribute to many of the structures that are 

missing after removal of the polar lobe, or ablation of the D macromere. This 

implies that the D quadrant macromere signals to other cells to induce these 

fates. 
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Additional ablation experiments have demonstrated that the D quadrant 

macromere exerts its effect on the micromeres after the production of the third 

quartet of micromeres. A critical trai\sition in the phenotypes of D macromere 

ablations occurs at this time. Ablations of the 3D macromere soon after the 

production of the third quartet produce larvae similar to earlier D macromere 

ablations. However, ablations of 3D performed progressively later produce 

larvae with increasingly more complete sets of larval organs. This indicates that 

the induction of micromere fates begins during this period. If 3D is ablated 

shortly before it would divide to produce the fourth quartet micromere 4d, many 

larvae have a normal orgaiiization and full complement of ectodermal orgar\s 

(Clement, 1962; Labordus and van der Wal, 1986; Sweet, 1996). These results 

predict that the organizing effect of the D quadrarit is mediated by the 3D 

macromere before the cell divides to produce 4d and that it acts via cell-cell 

signaling from 3D to the overlying micromeres. The polar lobe can thus be 

understood to function in part by partitioning substances into the D quadrant 

which allow the 3D macromere to signal to the micromeres. 

The identity of the cells that are induced by 3D can be inferred from 

existing data. In the absence of the 3D signal, a defined set of structures are 

missing and micromere ablation studies have demonstrated which cells are 

required to give rise to these structures (Clement, 1976; see Fig. 1 legend). The 

micromeres which are required for the differentiation of these structures can thus 

be inferred to require induction by 3D. Notably, these cells are all in the A, C 

and D quadrant lineages. Micromeres in the B quadrant, which are furthest from 
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3D, do not seem to require induction for proper differentiation. While these 

results indicate which cells are induced by 3D, they do not indicate whether 

there are several parallel signals to different micromeres from 3D, or a single 

signal from 3D that is required in several different micromeres. 

Taken together, these experiments make several predictions about the 

molecules that are employed by the D quadrant organizer in Uyanassa. The D 

macromere inherits molecules from the polar lobe which are required for normal 

development of cells in several different lineages. These molecules are not active 

before the production of the third quartet; after this point they enable the D 

macromere (3D) to signal to several different micromeres. The micromeres 

which can be inferred to require this signal are in the dorsal and lateral 

quadrants of the embryo. In the course of examining conserved cell signaling 

systems in Ilyanassa, I discovered that activation of the MAP Kinase (MAPK) 

signal transduction cascade fulfills many of the expectatior\s predicted for a 

molecular component of the orgaiuzer. The MAPK cascade functions in 

inductive signaling pathways during embryogenesis of many animals (reviewed 

in (Ferrell, 1996). The MAPK cascade transduces one of several extracellular 

signals, via sequential phosphorylations, to various targets in a given cell. These 

targets regulate various cellular behaviors, including the cell cycle and cell fate 

specification. 

I report that MAPK is initially activated in the 3D macromere and 

subsequently in the dorsal-most micromeres. Activation eventually reaches all 

micromeres that are known to require the D quadrant induction for normal fate 
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specification. By ablating the 3D macromere, I show that this cell is required for 

the normal activation of MAPK in the micromeres. Conversely, inhibition of 

MAPK activation creates larvae phenotypically similar to D quadrant ablations. 

By inhibiting MAPK activation at successive stages, I demonstrate that the 

progressive activation of MAPK correlates with a progressive specification of cell 

fates. My results enable me to interpret classical ceil ablation and lineage tracing 

studies from a molecular perspective. I propose a model wherein MAPK is 

activated within specific micromeres upon reception of the signal from 3D and 

instructs those micromeres to pursue different fates depending on their quartet. 

Materials and Methods 

Snail husbandry 

Adult snails were obtained from the Marine Resources Center at the Marine 

Biological Laboratories, Woods Hole MA, and were fed every other day on 

frozen clams. Embryo collection was performed as described (Collier, 1981). All 

experiments were performed with embryos from at least three capsules. (Each 

capsule contains a brood of 50-200 synchronously developing zygotes laid by a 

single female.) For most experiments, embryos from each capsule were staged 

from the appearance of the third quartet of nnicromeres. Embryos were reared in 

small groups at 23C (+/ -IC) in .2pm-filtered artificial sea water (FASW, Instant 

Ocean). For periods longer than about 14 hours, penicillin (100 units/ml) and 

streptomycin (200 ug/ml) were added, and embryos were moved to fresh FASW 

every two days. 
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Immunohistochemistry 

Embryos were fixed in 3.7% fonnaldehyde in 90% FASW for 30-35 minutes. 

Some embryos were dehydrated and stored in methanol at -200C. Embryos used 

for phalloidin staining were washed after fixation in PBS+0.1% Tween 20 (PBTw) 

and stored at 40C for short periods. For staining with anti-active (double 

phosphorylated) MAPK monoclonal antibody (Sigma), embryos were blocked 

with PBTW+2% Bovine Serum Albumin (PBTw+BSA) for 1-4 hours and 

incubated in antibody diluted in PBTw+BSA for 9-20 hours at 40C. Embryos 

stained for dp-MAPK were washed 6 times over 1-2 hours in PBTw, and the 

secondary antibody (anti- mouse Cy5, or anti-mouse HRP) was added in 

PBTw+BSA. After 2-15 hours incubation with secondary antibody, embryos 

were washed as above, developed (for HRP detection), counterstained, and 

mounted in PBS+80% glycerol+4% n-propyl galate. For phalloidin staining, 

fixed embryos in PBTw were incubated in phalloidin Alexafluor 535 (Molecular 

Probes) dissolved in PBTw at 33 nM, for 1 hour, and washed 3 times for 30 

minutes in PBTw. For staining with the DNA stain YOYO-1 (Molecular Probes), 

fixed embryos were treated with DNAse-free RNAse in PBTw at 10 ug/ml for 1.5 

hours, washed twice in PBTw, incubated with YOYO-1 in PBTw at 2.5 nM for 30 

minutes, washed in PBTw, and mounted. DAPI (Molecular Probes) was used at 

1 ug/ml. Samples were moimted in PBS+80% glycerol. For embryos which 

were not stored in methanol, orientation of embryos on the microscope slide was 

aided by dipping the cover slips in 2% poly-L-Iysine and drying. 
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Imaging and analysis 

Most assays for MAPK activation were visualized with HRP. In these 

preparatior«, cells can be identified by observing nuclei stained with DAPI, and 

cell boundaries which can be seen with DIC optics. To confirm identities of 

stained cells, to reduce distortion of the embryos because of compression 

required for conventional photomicrography, and to present cell boundaries for 

publication, the following protocol was followed. Embryos were stained with 

Cy5 secondary antibody, YOYO-1 nuclear dye and Alexaflor 535-phalloidin as 

described above. Embryos were observed on a BioRad 1024 confocal microscope. 

A Z-series was captured for each embryo, and for nuclei and MAPK staining 

respectively, relevant sections were merged into one image, and then these were 

pseudocolored and merged together. Cell outlines were drawn on these images 

by loading all phalloidin sections, in order, into Photoshop 5.0 as individual 

layers, and each cell was drawn by comparing these sections and tracing cell 

outlines, revealed by phalloidin labeling, onto the image. 

Ablations and MAPK inhibition 

Polar lobes were removed by gende pipetting in artificial sea water contaiiiing 

1/10 the normal concentration of calcium and magnesiimi (Collier, 1981). 3D 

deletioris were performed free-hand with a glass needle, as described (Clement, 

1952). The killed cell was removed from the embryo by gentle pipetting within 

10 minutes of deletion. The MAPKK inhibitor U0126 (Promega) was dissolved in 
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DMSO at 10 mM, and diluted in FASW to lOpM. Controls received the same 

dilution of DMSO. The drug was used within 7 days of resuspension. For the 

experiments presented here embryos were removed from treatments and washed 

after 12-15h. Shorter exposure times produced the same phenotype, and 

treatments at 3q+180 produced normal larvae, demoristrating that the 

phenotypes that I describe here are not the result of blocking later MAPK 

activation. Larvae were all reared for eight days (unless otherwise noted), 

anaesthetized as described (Clement and Cather, 1957), and fixed using the same 

conditions as embryos. Larvae were scored with DIC optics to visualize 

birefringent materials (shell, statocysts and operculiun). 

RESULTS 

Pattern of activated MAPK antibody expression 

Using an antibody that specifically recogiiizes di-phosphorylated, activated 

ERKl/2 class MAPK in a variety of eukaryotes (Gabay et al., 1997; Gould and 

Stephano, 1999; Yung et al., 1997), I have characterized the temporal expression 

of activated MAPK in individual cells during cleavage stages of the Ilyanassa 

embryo (Fig. 2). No activated MAPK was detected at the 2-16 cell stages, but 10-

20 minutes after the production of the third quartet of miaomeres, weak 

activation was observed throughout the 3D cell, with a strong signal in the 

cytoplasm around the nucleus (Fig. 2A,B). This is the stage when 3D is thought 

to be signaling to the micromeres. 
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MAPK activation was next detected in the dorsal-vegetal micromeres 

which directly overlie the 3D nucleus (2d' and 2d}; Fig 2C,D). Activation then 

spread further away from 3D, into more animal and ventral micromeres. After 

the division of the first quartet cells la-c^ activation was detected in the vegetal 

daughter cells of la' and Ic' (first Ic" and then la'^) and subsequently in lb'* 

(Fig.2E,F). 



Figure 3.2 (legend follows) 

J 
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Figure 3.2 (Legend) Pattern of MAPK activation during early Ilyanassa development. 
Left panels show YOYO-1 stained nuclei in green and activated MAPK detected with 
anti-raouse-Cy5 in blue. Right panels show the corresponding image with ceil 
boundaries and cell identities. A-F are dorsal-animal views. G-J are animal views. 
Dorsal (D quadrant) is down in all panels. (A, B) 30 minutes after the production of the 
third quartet of micromeres (3q+30). The 3D nucleus underlies 2d'. Di-phosphorylated, 
activated MAPK is detected in throughout 3D, with strong signal around the nucleus. 
Signal in 3D is observed through la-d', Id^, 2d', 2d^ and 3d. Confocal sectioning 
demonstrated that these cells are not staining. (C,D) 60 minutes after the production of 
the third quartet (3q+60). Strong MAPK activation is detected in 3D, 2d' and 2d^. (E,F) 
100 minutes after the production of the third quartet (3q+100), shortly after the birth of 
the 4d micromere. MAPK activation is observed in 2a', 2a^, 2c', 2c^, 2d', 2d^, 3c and 3d. 
There is also weak MAPK activation in la-c'^. In this view, 4d is underneath the 
micromeres, and the outline of the cell is shown. MAPK activation is observed in 4d but 
not 4D. (G,H) 150 minutes after the production of the third quartet (3a+150), at the 37 
cell stage. Activation is detected in Ic", Id", 2a'^, 2a^', 2c' , 2d", 2d ^ 2d ', 3c and 3d. 
4d is in metaphase. (1,J) 210 minutes after the production of the third quartet (3q+210), 
about 2 hours after the birth of 4d. 3a has divided and the chromosomes of 3b are 
condensed. Activation is detected in Id", 2a'^ 2a^', 2c2c^', 2d", 2d'^^2d^', 3c' and 
3d'. Weak activation is detected in the daughter cells of 4d, ME' and ME" which are 
underneath the micromeres. Ic'^ is in cytokinesis, and weak activation is detected in 
la'^ and Ib'^. Times are approximate, due to variation between capsules. Scale bar 
represents SO^m. 
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Activation was often noticeably stronger in Ic" than in la'^ or Ib^*. About 90 

minutes after the production of the third quartet, 3D divides to produce the 4d 

micromere. After this division, activation was detected in 4d but activation was 

no longer detected in the D macromere (4D; Fig. 2G,H). After the birth of 4d, the 

ventral spread of MAPK activation continued in the micromeres. By 150 minutes 

after the production of the third quartet, the micromeres with activated MAPK 

were arranged in an arc which was centered on the presumptive dorsal midline 

(Fig. 2I,J). The activated cells were derivatives of second and third quartet cells 

in the A, C, and D quadrants. At this stage, no activation was observed in 

derivatives of 2b, or in the third quartet cells, 3a and 3b. 

Subsequent experiments (below) demonstrated that the MAPK activation 

observed later than 180 minutes after the third quartet was not required for 

normal patterning. At about 3q+270, MAPK activation was detected for the first 

time in micromeres of the B quadrant: 2b" and 3b' (data not shown). By the time 

3A, B, C are dividing (about 3q+300), activation was lost from 3b' and 2b". After 

this point, activation does not spread to new cells and is undetectable 6 hours 

after 4d formation (3q+7.5h). Activation was never detected in derivatives of 2b^ 

or 3a, or in the macromeres 3 A, 3B or 3C. 

Experiments on Uyanassa are performed on snails from wild populations 

which are not isogenic. In lots of embryos derived from a single mother (i.e. 

from the same capsule), the temporal and spatial patterns of MAPK activation 

were very consistent. I did, however observe some variation between lots of 

embryos laid by different mothers. The main variation in the pattern was in the 
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timing of onset of activation in the micromeres. Activation in 2d derivatives was 

observed as early as 40 minutes after the production of the third quartet (3q+40), 

and as late as 3q+90. There was also some variation in the order of activation 

among the micromeres. Activation was always observed in 2d derivatives first, 

and activation was usually observed next in 2a* and 2cV but sometimes activation 

was observed in 3c and 3d earlier than 2a* and 2c*. Activation was usually 

observed in 3c and 3d at the same time, but sometimes 3d was activated first. 

The variation in the timing of the pattern of MAPK activation is consistent with 

earlier observations of variation between capsules in the signaling behavior of 3D 

(Clement, 1962; Sweet, 1996). 

The role of the D quadrant in MAPK activation 

In order to test whether the observed pattern of MAPK activation is 

dependent on the D quadrant, I ablated the polar lobe and assayed for MAPK 

activation. Around 3q+120, when the ventral progression of MAPK activation 

was underway in controls, no activation was detected in embryos lacking the 

polar lobe (Fig. 3 A,B). Later, aroimd 3q+240, MAPK was weakly activated in a 
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Figure 3.3 Perturbation of MAPK activation by ablation of the polar lobe, or ablation of 
the 3D macromere. Top panels show nuclei stained with DAPI, and bottom panels are the 
same mounts in brightfield DIC images showing activated MAPK detected with HRP. 
All panels are animal views. In E-H, the dorsal quadrant is oriented down, and in A-D, 
polar lobe deletion embryos are oriented arbitrarily, since they do not have a D quadrant. 
(A3) An embryo lacldng the polar lobe (PL-), at about 3q+l20 minutes. Controls were 
similar to GJi. (C,D) A PL- embryo around 3q-t-240 minutes. Arrowhead indicates 
activation in one of the 2q'^ cells. (EJ^ For this embryo, 3D was removed less than 15 
minutes after the production of the third quartet, and the embryo was fixed at 3q+120. 
Arrowhead indicates weak activation in la'^. (G,H) Control embryo for E,F, fixed at 
3q+l 20 and processed together with experimentals. Activation is detected in 3d (left 
arrowhead), 2d' and 2d\ 4d (lower arrowhead), and 2c'^ (right arrowhead). Weak 
activation is detected in la'" and (arrows). Scale bar represents SO^im. 
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subset of micromeres in each quadrant (Fig. 3 C,D). The strongest activation was 

observed in four equivalent second quartet cells (2q'). The pattern is radialized 

in the sense that the same cells in all four quadrants show activation, but it is not 

more extensive than the normal pattern, since I did observe activation in the B 

quadrant in those cells which are activated in polar lobe deletions, i.e. 2b". I did 

not detect activated MAPK in the third order macromeres (3Q). Thus, without D 

quadrant identity, the normal dorsal-vegetal MAPK activation pattern is 

weakened, delayed and radialized. 

Ablation of the 3D macromere soon after the production of the third 

quartet prevents the proper differentiation of micromeres in which MAPK is 

activated. To see if ablation of 3D prevents MAPK activation in these cells, I 

killed 3D during the 15 minutes following the production of the third quartet. 

These embryos were fixed about 3q+120, and scored for MAPK activation (Fig. 

3E-F). Among 11 embryos from two capsules, 9 had no detectable MAPK 

activation and two had very weak activation in la". Thus, the 3D macromere is 

required for proper temporal and spatial activation of the MAPK pathway in the 

micromeres, consistent with MAPK activation in the micromeres being the result 

of a signal emitted by 3D. 

Consequences of inhibiting MAPK activation 

Since ablation of the polar lobe or the D quadrant macromere prevents the 

differentiation of micromeres which normally activate MAPK, I wondered if 

MAPK activation was required for normal differentiation of these cells. To test 
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this, I blocked MAPK signal transduction using the MAPK kinase (MAPBCK) 

inhibitor U0126 (Favata et al., 1998; Gould and Stephano, 1999). U0126 inhibits 

MAPK Kinase, the kinase which activates MAPK in the conserved MAPK 

pathway (Ferrell, 1996). In vertebrate systems, U0126 has been found to be 

specific to this class of kinase— it does not inhibit other, related kinases (Favata 

et al., 1998). I found that exposure of embryos to U0126 effectively blocked 

MAPK activation. Blocking MAPK activation resulted in disorganized and 

incomplete larvae that strongly resemble polar lobe deletion larvae, both in 

general appearance and in the specific complement of tissues that each class of 

larvae is able to differentiate. 

Activation of MAPK in 3D occurs 10-30 minutes after the production of 

the third quartet I incubated the embryos in sea water supplemented with 

U0126, starting within 15 minutes after the production of the third quartet. I 

assayed for MAPK activation in these embryos at about 3q+90. When the spread 

of MAPK activation was underway in controls, no activation was detectable in 

embryos treated with U0126 (Figure 4 A-D). Other experiments demonstrated 

that inhibition of MAPK activation with U0126 is very rapid; 5 minutes after 

treatment MAPK is substantially reduced and 15 minutes after treatment 

activation is vmdetectable (data not shown). 

To determine the phenotypic consequences of inhibiting MAPK 

activation, I treated embryos with U0126 within 15 minutes after production of 

the third quartet, and reared them until the controls were well-developed veliger 

larvae (seven or eight days). I examined 54 U0126-treated larvae aged either 7 
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days (14 larvae, 3 capsules) or 8 days (40 larvae, 8 capsules; a representative larva 

is shown in Fig. 6 C,D). Like polar lobe ablations, U0126-treated embryos 

developed everted stomodea, multiple patches of esophageal tissue, some 

endodermal structures, larval muscle, and disorganized ciliated bands. With few 

exceptions, U0126 animals lack the same structures as polar lobe deletion larvae: 

external shell, eyes, foot structures, intestine, heart and muscle. External 

birefringent material (shell or operculum) was observed in one, an eye was 

observed in one, and internal shell material or statocyst was observed in 5 

embryos in 3 capsules. I did not observe any intestinal structures, and in ten 

living larvae examined, I did not observe any beating heart. While isolated 

muscle cells were observed, organized bands of muscle characteristic of the 

larval retractor muscles were not (Clement, 1952). These results demonstrate 

that inhibiting MAPK signaling prevents the differentiation of the same set of 

tissues as polar lobe ablation or early 3D deletion, implying that MAPK 

activation is required for the embryonic patterning attributed to the D quadrant. 
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Figure 3.4 MAPK expression in U1026 treated embryos. Top panels show nuclei stained 
with DAPI, and bottom panels are brightfield DIC images of the same mounts showing 
activated MAPK detected with HRP. Embryos were fixed at about 3q+120. All panels 
are animal views. (A,B) Embryo treated with U0126 shortly after the production of the 
third quartet. No MAPK activation is detectable. (C JD) Control embryo with MAPK 
activation in 2a^ 3d, 2d', 2d^ 3c, 2c' and 4d. 
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Development following inhibition of MAPK activation at successive 

timepoints 

The pattern of MAPK activation in the micromeres suggested that there 

might be a progressive determination of micromere fates. However, the 

activation observed in the micromeres might not be required for normal fate 

speciHcation and the phenotype observed above might iristead result solely from 

blocking activation in 3D and thereby preventing signaling from 3D. To examine 

this question, I treated embryos with U0126 at a series of timepoints after the 

production of the third quartet. 4-6 embryos from each of three capsules were 

treated at 30 minute intervals during the spread of MAPK activation in the 

micromeres. From each capsule 4-6 untreated embryos were fixed at each 

timepoint and assayed for the state of MAPK activation. Representative embryos 

from this time course were presented in Figure 2, to allow comparison with this 

experiment. 

The eight day-old larvae were fixed and scored for the presence of various 

organs. The results are shown in Table 1 and Figure 5. Representative larvae 

from each timepoint are shown in Figure 6. Larval phenotypes were consistent 

within sets of embryos treated at given time and these larval phenotypes were 
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Table 1. Larval structures differentiated after inhibiting MAPK signaling at 
successive timepoints 

larval 
structure 

Jq+4iO miDs Jq+ 100 3q+120 3q-KlS0 3q+180 cootrol 

esophagus 12/12 14/14 15/IS 14/14 15/15 15/15 
stomodeum 12/12 14/14 15/15 14/14 15/15 15/15 

bi-lobed velum 1/12 (C. 1/4) 13/14 (C, 
5/6) 

15/15 14/14 15/15 15/15 

at least one eye 
(2> 

l/12(C.l/4XJ) 9/14 15/15 14/14 15/15 15/15 

two eyes 0/12 3/14 
(B.2/4;C. 
1/6) 

11/15 
(A, 4/5; B, 3/5; C. 
4/5) 

10/14 
(A, 2/4; B, 3/5) 

14/15 
(A, 4/5) 

15/15 

internal shell 
(no external 
shell) 

0/12 3/14 
(A, 1/4; 
BJ/4) 

4/15 
(A, 1/5; B, 1/5; C, 
2/5) 

0/14 0/15 0/15 

extenul shell 0/12 0/14 11/15 
(A. 4/5; B. 4/5; C. 
3/5) 

14/14 15/15 15/15 

intestine 0/12 I/I4 
(B. 1/4) 

14/15 
(A. 4/5) (J) 

14/14 15/15 15/15 

operculum 0/12 0/14 3/15 
(A, 1/5; C. 2/5) 

14/14 15/15 15/15 

at least one 
statocyst with 
statolith 

0/12 0/14 2/15 
{A, 1/5; C. 1/5) 
(6) 

14/14 15/15 15/15 

two statocysts 
with statoliths 

0/15 9/14 
(A. 3/4; B. 3/5; 
C. 3/5) 

15/15 15/15 

Notes for Table 1: 
1) For each timepoint, the proportion of larvae with each larval structure is 
shown. The three capsules used are referred to as A, B and C, and the subtotals 
for each capsule are shown when applicable. 
2) I observed a total of 16 embryos with only one eye. In all cases where it could 
be determined whether a single eye was the right or the left (13/16 single eyes), it 
was foimd to be the right eye. 
3) The same larva possessed a bi-lobed velum and single eye. 
4) Treatment at 3q+120 produced a range of shell shapes and sizes, including 
small disks, small uncoUed cup-shaped shells, and shells with normal coiling 
which were also smaller than controls. 
5) When an intestine was present, it was generally accompanied by a fully 
developed digestive tract, but I did not score the other organs individually. 
6) Of the seven larvae with one statocyst/statolith, six were on the left side, one 
was on the right. I did not observe any statocysts in the absence of statoliths, nor 
vice versa. 
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Figure 3.5 Progressive 
acquisition of 
tnicromere ceil fate 
following application of 
U1026. Plot of the 
frequencies of 
differentiation of larval 
organs after inhibition of 
MAPK activation at 
successive timepoints. 
Values from Table I 
were converted to 
percentages and plotted. 
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Figure 3.6 Eight day old larvae treated with the MAPK inhibitor at successive timepoints 
after the production of the third quartet. Left panels are brightfield images of larvae, and 
right panels are labeled drawings of the same larvae. (A,B) Left lateral view of control 
eight day old larva. Statocysts are paired larval balance organs that contain biomineral 
granules called statoliths. The operculum is a biomineral plate on the posterior face of 
the foot. The larval eyes are on the anterior surface of the head. The velum is the ciliated 
swimming organ that surrounds the head. (C,D) Lateral view of larva treated with U0126 
at 3q+15 minutes. (E,F) Anterior view of a larva treated with U0126 3q+100 minutes. 
(G,H) Ventral view of larva treated with U0126 at 3q+120. This larva has two eyes (not 
shown) but no statocysts or statoliths. (I,J) Left lateral view of a larva treated with 
U0126 at 3q+150. This animal has a full complement of larval organs. In A, G and I, the 
mantle has separated from the shell during processing. Scale bar represents 50^m. 
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reminiscent of larvae that develop after ablation of 3D (Clement, 1962). 

Treatment at 3q+30 produced the same phenotype as treatment at 3q+0-15 

(described above; Fig, 6C,D). Treatment at 3q+60 (not shown) was essentially the 

same, except that one of twelve larvae had an eye and a bi-lobed velum, rather 

than the disorgaiuzed ciliated bands observed with earlier treatments. Inhibition 

of MAPK at 3q+100 (Fig. 6E,F) resulted in the formation of two normal velar 

lobes in almost all larvae and at least one eye was present in most larvae. These 

larvae lacked external shell, but internal shell masses were present in some. The 

following treatment, at 3q+120 (Fig. 6G,H), produced larvae which uniformly 

developed at least one eye. Most had external shell, and the remainder had 

internal shell masses. Almost all had differentiated intestine, but few had foot 

structures such as operculvim or statocysts. In all of these cases, the dorsal 

mantle edge was behind the right velar lobe. The anus was in the correct (right-

dorsal) position with respect to the shell, but was ventral in relation to the head. 

This unusual configxiration suggests a defect in torsion, the dramatic 

morphogenetic event in gastropods whereby the anterior of the body is twisted 

coimter-clockwise relative to the posterior. Similar defects have been observed 

after 3c deletion (Clement, 1986b); cf Figs. 3,4,7). Treatment at 3q+150 (Fig. 6IJ) 

resulted in mostly normal larvae which usually had a complete foot. Several 

were lacking half of the foot and some lacked one eye. Treatment at 3q+180 (and 

3q+210, not shown) produced larvae that were essentially the same as controls. 

In stun, the differentiation of micromeres improved in a progressive fashion. 
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consistent with a requirement for the observed spread of MAPK activation for 

micromere differentiation. 

When U1026 is applied after activated MAPK is no longer detected in 3D, 

(aroimd 3q+90), micromere fates are nonetheless altered. Thus, the U0126 

phenotypes are not simply the result of blocking MAPK activation in 3D and 

consequently preventing this cell from signaling. MAPK activation is required in 

the micromeres themselves. This is shown directly for the second and third 

quartets, since structures descended from these cells— external shell and foot 

structiures- were not differentiated when U0126 was added after 3q+90 (Fig. 

6E,F). However, the earliest treatment which allowed eyes to differentiate 

(3q+100; Fig. 6G,H) coincided with the loss of MAPK activation in 3D. Thus, I 

cannot distinguish whether the lack of eyes after U0126 treatment reflects a role 

for MAPK exclusively in 3D or exclusively in first quartet micromeres, or 

whether MAPK is required in both macromere and micromeres for eye 

development. Finally, these results show that U0126 is not preventing normal 

differentiation by inhibiting MAPK signaling in downstream events, since 

treatment at 3q+180 resulted in normal patterning (Fig. 6I,J). 

Effect of inhibiting MAPK activation on cleavage patterns 

Since MAPK plays a role in the regulation of cell division in some systems, 

I wondered if U0126 treatment was inhibiting differentiation by a general 

disruption of cell division among the micromeres. About twenty cell divisions 

occur between the production of the third quartet and the end of the U0126-
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sensitive period (3q+180). In order to determine whether these cell divisions 

proceeded normally, I examined cell division patterns in U0126-treated embryos, 

polar lobe deletion embryos and controls. For each of these classes of embryo, I 

fixed two or three embryos from each of three capsules, at two arbitrary time 

points (3q+150, and 3q+210; 44 embryos total). For most micromeres, U0126-

treated embryos were identical to controls in the timing of micromere divisions, 

as well as in the proportions of daughter cells of unequal divisior\s. The two 

exceptions are described below. The general congruence between micromere 

cleavage patterns in the U0126-treated embryos and controls shows that the 

phenotype observed after inhibition of MAPK signaling is not a simple 

consequence of a global disruption of the cell cycle in micromeres. 

The most significant difference between U0126-treated embryos and 

controls was in the third quartet micromeres. In normal embryos, the division of 

the 3rd quartet micromeres 3c and 3d is different from 3a and 3b. About 1 hour 

after the production of 4d, 3c and 3d divide unequally, producing a much 

smaller daughter cell towards the vegetal pole (Fig. 7A,B). 3a and 3b divide 

equally about an hour later. After either polar lobe deletion or U0126 treatment, 

all four third quartet cells (3a, 3b, 3c, 3d) divide equally, at the time when 3a and 

3b are dividing in controls (Fig. 7C,D). The difference in cleavage time and 

proportion between dorsal (3c and 3d) and ventral (3a and 3b) third quartet cells 

may be an early diagnostic of differential cell fate specification by MAPK 

activation. 
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In normal embryos, the 3D macromere divides to produce 4d 3.5 to 4 

hours before 3ABC divide to produce 4abc. About 1 hour after its birth, 4d 

divides to produce two equal daughter cells. In embryos lacking the polar lobe, 

the fourth quartet is produced sjmchronously, at about the same time as 4a-c are 

produced in normal embryos(Fig. 7E,F; Clement, 1952). In U0126 embryos, the 

birth of 4d was delayed compared to controls, but 4d was still bom before 4abc. 

In embryos fixed at 3q+210, there was also a delay in the division of 4d, such that 

in U0126-treated embryos 4d was in metaphase when cytokinesis was complete 

in controls (4d normally divides at about 3q+160). Thus, the behavior of 4d in 

U0126-treated embryos is intermediate between normal embryos and embryos 

lacking the polar lobe: without activated MAPK, 4d divides later than in 

controls, but before the fourth quartet is produced in embryos lacking the polar 
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Figure 3.7 Diagrams of cell cleavage patterns in U0126-treated embryos, polar 
lobe deletion embryos, and controls. All panels show nuclei stained with YOYO-
1, and cell boimdaries drawn from optical sections of phalloidin staining. All 
embryos were fixed at approximately 3q+210 minutes (2 hours after 4d formation 
in controls). (A) Animal view of control embryo. The micromeres la-c", which 
were larger than Id"^ have divided to produce la-c'^and la-c"^. The divisions of 
Id and its progeny are delayed compared to la-c (Qement, 1952, and data not 
shown),. 2d"^ is approximately the same size as 2d"but2a-c" are much smaller 
than 2a-c". (B) Left lateral-annual view of control embryo. 3a is in cytokinesis, 
and cleaving equally. 3d' is much larger than 3d^ (C) Animal view of U0126-
treated embryo. As in controls, the divisions of Id and its progeny are delayed 
compared to la-c, la-c" are larger than Id", and 2d* has divided equally. (D) 
Left-lateral view of U0126 embryo. The 4D nucleiis is behind 3d^ and the 2d" 
nucleus is behind 3d'. Unlike controls, 3d' is approximately the same size as 3d\ 
(E) Animal view of polar lobe deletion embryo. All first quartet cells divide at 
about the same time, and daughter cells are similarly proportioned in all 
quadrants. 2q' divides unequally in all four quadrants. (F) Lateral view of polar 
lobe deletion embryo. The division of 3q cells occurs at same time and produces 
equally sized daughter cells. 
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lobe. This suggests that activated MAPK is partly responsible for the early 

division of 3D to produce 4d, but other signals or liiieage-dependent mechanisms 

are also involved. The difference in cleavage of 4d observed after treatment with 

U0126 may reflect disruption of fate specification of this cell, since the tissues 

normally produced by 4d, such as intestine and heart, are not produced after 

U0126 treatment. 

DISCUSSION 

In Hyanassa, the dorsal-ventral axis of the embryo is specified at the four 

cell stage, when one blastomere inherits material from the polar lobe. This event 

itself, however, is not sufficient for normal axial patterning of the embryo. The 

polar lobe maiiily functions later, by enabling the D quadrant macromere to 

signal to the micromeres after the production of the third quartet. The source of 

this signal— the 3D macromere— has been characterized as an embryonic 

organizer, because it induces multiple cell fates and is required for the normal 

axial organization of the larva. I have identified the first known moleaolar 

component of this signaling event. Using an antibody that recognizes 

phosphorylated, activated ERKl/2 MAPK, I have found that this molecule is 

differentially activated in the Uyanassa embryo at the stage when 3D is signaling 

to the micromeres. MAPK activation is initially detected in 3D; shortly 

afterward, activation is detected among the dorsal, vegetal micromeres. Among 

the micromeres, activation then spreads from dorsal-vegetal cells that directly 
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overlie 3D, to more ver\trally located cells. The sequence of activation intuitively 

suggests the spread of a diffusible signal from 3D. 

If MAPK activation in the micromeres is a result of the inductive signal 

from 3D, then the normal pattern of activation should not be observed when the 

signal does not reach the target cells. I showed this in two ways. Ablation of the 

source of the signal, the 3D macromere, prevents the normal activation of MAPK 

in the micromeres. Moreover, ablation of the polar lobe, which prevents the 

specification of the entire D quadrant, results in a delayed and radial pattern of 

MAPK activation. The simplest explanation of these data is that MAPK 

activation in the micromeres is downstream of the inductive signal from 3D. 

At the outset of these experiments, there was no indication as to whether 3D was 

sending several parallel signals to different micromeres, or sending one signal to 

several different target cells. If a cell gives rise to a structure that does not 

differentiate without a signal from 3D, and if that cell is required for normal 

development of that structure, then I infer that the cell requires an induction 

from 3D for normal fate specification. I found that MAPK is ultimately activated 

in all the cells for which an inductive influence of 3D can be thus inferred. Thus, 

this signaling cascade could be the critical inductive signal in all of the target 

cells of 3D induction. 

Preventing the induction of the micromeres by ablation of the polar lobe 

or a D quadrant macromere has a well-defined larval phenotype. These animals 

have disorganized velvim, esophagus and stomodeum, but lack eyes, foot 

structures and external shell. The phenotype obtained when MAPK signaling is 
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inhibited at its onset precisely mimics D macromere abIatior\s, in the general 

appearance of the larvae, as well as in the complement of tissues which are 

differentiated. This demonstrates that MAPK activation is required for 

establishment of all of the fates that require D quadrant induction. 

MAPK activation is observed in all cells that require the induction from 

3D, and all of the tissues which are lacking in D macromere deletions are missing 

when MAPK activation is inhibited. These results suggest that MAPK activation 

is required in the micromeres for normal fate specification. However, an 

alternative explanation remained, that the phenotype obtained when MAPK was 

inhibited was a result of inactivating MAPK in 3D and thereby blocking 

signaling. To distinguish between these possibilities, I blocked MAPK activation 

at successive timepoints. Blocking MAPK activation at timepoints when there 

was no MAPK activation in the D macromere (3q+100 to 3q+150) still blocked 

differentiation of micromeres, demonstrating that the effects of inhibiting MAPK 

are not solely the result of perturbing 3D. Rather, the micromeres are specified 

progressively during the spread of activated MAPK, indicating that the MAPK 

activation observed in the micromeres is required for the proper fate 

specification of these cells. In this experiment, I recovered the same series of 

larval phenotj^es that is produced by ablation of 3D at successive stages 

(Clement, 1962; Sweet, 1996). This suggests that later 3D deletions result in better 

patterning becaxise a longer period of contact between 3D and the micromeres 

allows sufficient signal to be secreted for the mature pattern of MAPK activation 

to develop in the micromeres. 
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Model for the specification of multiple fates by MAPK 

My experiments suggest that the same response— MAPK 

activation—elicits different cell fates in different micromeres. Since equivalent 

levels of MAPK activation are observed in cells with different fates, I rule out a 

morphogen model. Instead, I propose that MAPK activation serves as a trigger 

to allow cells to follow different fates in different quartets based on competencies 

established prior to induction by 3D. Within a quartet the presence or absence of 

MAPK activation can, with few exceptions, predict micromere fate. The 

exceptions are those few cells which express MAPK, but do require the 3D signal. 

These exceptions implicate additional signals or alternative mechanisms, 

described below, in the patterning of all micromere fates. 

Several lines of evidence suggest that the micromere quartets have 

different developmental potencies before the induction by 3D. First, the cell 

lineage of Ilyanassa shows that the micromeres within a quartet share cell 

cleavage programs that are more similar to each other than they are to 

micromeres in other quartets, and this is even true without induction from 3D 

(Clement, 1952; Crampton, 1896). Also, the set of fates adopted by cells in one 

quartet is different from the set of fates adopted by cells in other quartets. For 

instance, cells of the second quartet generally contribute to shell, velum or 

stomodeum, while cells in the third quartet generally contribute to foot 

structures, velum or esophagus (Render, 1997). Queurtet-spedfic cleavage 

patterns and fates are both consistent with the existence of quartet-spedfic 
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identities. However, the most convincing evidence for a quartet-specific pre-

pattem comes from an elegant series of cell transplantation experiments (Sweet, 

1998). Sweet's primary discovery Weis that all cells in the first quartet are equally 

competent to form eyes after induction by 3D, but that lb was prevented from 

doing so by its position in the embryo, and that Id was insensitive to induction 

because of substances in the polar lobe. However, she also found that the ability 

to form eyes after induction was specific to the first quartet; when transplanted 

into the position of a first quartet cell, second quartet cells formed shell material 

after induction, rather than eye. Sweet thus showed the signal from 3D induces 

different fates in different quartets, regardless of position in the embryo. 

Rigorous understanding of the patterns of competency among the micromeres 

will only come after Sweet's experiments are repeated with the second and third 

quartets. However, her transplantation data, combined with the similarities of 

cleavage patterns and fates within each quartet, strongly argue that micromeres 

acquire quartet-spedfic identity at, or soon after their birth, and that the 

competency of D-quadrant cells can be further modified. If there are pre-existing 

differences among the micromeres in the response to induction, then a single 

signal, transduced by MAPK activation, could specify several different fates 

among different quartets. 

I propose that cells of each quartet share the potential to follow two 

different developmental pathways: a defeult developmental pathway, which 

includes fates that do not depend on the signal from 3D for differentiation, and 

an inducible pathway, which includes fates that depend on the 3D induction. 



86 

Since the quartets are arranged in tiers along the animal-vegetal axis, this quartet 

specific pre-patteming represents differentiation along the primary axis of the 

embryo. The signal from the dorsal macromere 3D reaches the dorsal and lateral 

micromeres and activates MAPK in those cells. This selects for the inducible 

quartet-spedfic pathway in those cells. Since they lack the appropriate MAPK 

activation, the ventral cells carry out the default quartet-specific program. In this 

way, the signal from 3D integrates anterior-posterior patterning with positional 

information along the dorsal-ventral axis, and thus spatially organizes the 

micromere fates. 

In my model the cells in a quartet initially have equivalent fates and 

MAPK activation selects for an inducible pathway among dorsal and lateral cells. 

I have direct evidence that MAPK activation is required in second and third 

quartet micromeres, since inhibition of MAPK activation at time points after the 

end of MAPK activation in 3D disrupts development of tissues descended from 

these cells. I propose that MAPK activation in the second quartet derivatives 

specifies shell production. All second quartet cells contribute, in varying 

degrees, to mantle, which secretes shell. Despite this, deletion of 2b has no effect 

on shell development, while deletions of 2a, 2c or 2d result in shell defects 

(Clement, 1986a). The different requirements of second quartet cells for shell 

development suggests that 2a, 2c and 2d are specified differently than 2b. I 

propose that MAPK activation in the 2a, 2c and 2d directs these cells to play a 

primary role in shell development. The development of external shell is 

complex, and probably requires further interactions between these shell 
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producing cells after induction by 3D (McCain, 1992), as well as D quadrant 

specific properties of 2d. 

In the case of the third quartet, the two dorsal micromeres, 3c and 3d, give 

rise to foot structures, while the ventral cells, 3a and 3b, produce esophagus 

(Render, 1997). In my model, the esophageal contribution made by the ventral 

cells is the default pathway for third quartet cells and the MAPK activation 

observed in 3c and 3d induces these cells to produce foot structures. This model 

is supported by the observation that U0126-treated embryos often have several 

patches of esophageal tissue, consistent with an over-abundance of esophageal 

precursor cells. 

In the first quartet, I hypothesize that the MAPK activation observed in 

the lateral cells la'^ and Ic'^ directs them to produce eyes. However, since the 

MAPK activation in 3D overlaps with the MAPK activation in these cells, my 

experiments do not directly show that MAPK activation in these cells is required 

for differentiation. It is possible that there is another signal from 3D that 

specifies differential fates among the first quartet micromeres and that this signal 

is not sent when MAPK activation is blocked in 3D, resulting in a lack of eye 

specification. Two additional observations, however, suggest that MAPK 

activation in la" and Ic" is required for eye differentiation. Activation is 

observed in Ic*^ before la", and activation is usually noticeably stronger in Ic". 

Accordingly, when U0126 treatment produces larvae with one eye, it is always 

the right eye that is produced, which develops from Ic. Also, when one eye 

develops after 3D deletion, it is usually the left, which develops from la 
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(Clement, 1962). When I deleted 3D, was the only cell in which MAPK was 

activated. These experimental correlatiorts between eye differentiation and 

MAPK activation in la'* and Ic" argue that MAPK activation may directly select 

eye fate. 

In general, there is good correspondence between the set of micromeres 

which require induction by 3D, and the set in which MAPK is activated. 

However, there are a few cells in which MAPK activation is observed, but which 

follow ventral fates that do not require induction. For instance, in the case of the 

third quartet, activation is detected in the ventral cell 3b', well after activation is 

detected in 3c and 3d. Why is this cell not induced to form foot structtores? The 

fact that MAPK activation is observed in this cell and additional ventral cells (e.g. 

lb" and 2b") seems inconsistent with my model. However, activation is always 

observed in these ventral cells later than in the dorsal and lateral cells of a given 

quartet, so it is possible that this difference in timing could prevent MAPK 

activation from affecting ventral cells. This could happen in at least two ways. 

The effects of activated MAPK might be limited in ventral cells by additional 

sigrieils from dorsal and lateral cells once they are specified. For instance, I 

suggest that MAPK activation in la'^ and Ic'^ specifies eye fates in these cells, but 

activation is subsequently observed in Ib*^, which does not produce an eye, but is 

competent to do so if it receives the inductive signal firom 3D (Sweet, 1998). The 

lateral cells may signal to lb" after they are specified and inhibit the ability of 

this cell to form an eye. The existence of such an inhibitory mechanism is 

supported by the results of experiments with the "half-embryos" that or\ly 
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contain cells of the B and D quadrants (McCain and Gather, 1989; Sweet, 1998). 

In these cases, lb and Id are able produce eyes, and this may reflect the absence 

of a normal inhibitory signal from la and Ic derivatives. 

Another way that the effects of late MAPK activation could be suppressed 

is by a restricted window of sensitivity. For example, the MAPK activation in 3b' 

is after the division of 3a and 3b. I found that the division of 3a and 3b differs 

from the division of 3c and 3d, in timing and the relative sizes of daughter cells, 

and that the all third quartet cells follow the ventral cleavage pattern in polar 

lobe deletion embryos. This suggests that the third quartet cells are already 

specified by the time of their first division. Hence, the division of 3a and 3b may 

mark the end of a window of sei\sitivity, after which MAPK activation has no 

effect on their fate specification. 

Activation of MAPK in the 3D macromere 

The observation that MAPK is initially activated in 3D was surprising, 

since this cell is thought to be sending a signal, not receiving one. I do not know 

whether MAPK activation in 3D is required for this cell to signed to the 

micromeres. However, I have shown that MAPK activation is required for a 

different behavior of 3D, its division to produce 4d at the appropriate time. 

Since MAPK activation is observed in 3D very soon after the production of the 

third queirtet, MAPK activation in this cell could be required for signaling to the 

micromeres. In some other molluscs, the D quadrant is specified after the 

production of the third quartet, by signaling from the micromeres to the 
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presumptive 3D macromere (Martindale et al., 1985; van den Biggelaar and 

Guerrier, 1979). It will be interesting to learn if this signaling event is associated 

with the activation of MAPK in 3D in these other embryos. 

In Uyanassa, the activation of MAPK in 3D is dependent on the polar lobe, 

whose contents are inherited by the D macromere. Unlike the case of MAPK 

activation in the micromeres, which seems to be a direct consequence of 

signaling from 3D, MAPK may be activated in 3D in a cell-autonomous fashion 

by molecules irJierited from the polar lobe. For many years, polar lobe 

determinants were sought as differentially expressed mRNA's or proteins 

(Collier, 1983). Activated MAPK may not have been easily identified in these 

screens since MAPK transcript and protein might be present in similar amounts 

in embryos lacking the polar lobe versus controls. 

MAPK activation after removal of the polar lobe 

I observed radial MAPK activation in polar lobe deletion embryos at 

3q+210. If the normal pattern of MAPK activation is a consequence of a signal 

from 3D and the D quadrant is not specified after the polar lobe is removed, then 

why is MAPK activation observed after polar lobe ablation? I do not know 

whether these cells autonomously activate MAPK at this stage or if activation is a 

result of signaling by other cells. Gather (Gather, 1967) provided evidence that 

the internal shell masses that are common after polar lobe deletion are a result of 

signaling from the macromeres to the micromeres, even though 3D is not 

specified after polar lobe ablation. The MAPK activation observed after polar 
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lobe ablation may be a result of such signaling. Consistent with MAPK 

transducing this signal, U0126 treatment results in a much lower frequency of 

internal shell material (5/54 or 9%, conservatively assuming all of the internal 

birefringent masses were shell material) than polar lobe deletion (60%; Atkinson, 

1971). 

MAPK activation in 4d 

The 4d micromere, or mesentoblast, gives rise to mesodermal and 

endodermal orgai\s such as muscle, heart, kidney and intestine. It is bom after 

the initiation of signaling by 3D, and deletions of the D macromere after its birth 

(4D) have no effect on development (Clement, 1962). These results suggest that it 

may be specified by a lineage dependent mechanism. I observed that MAPK 

activation in 3D was concentrated in the animal part of the cell which contains 

the yolk-free cytoplasm that will be inherited by 4d. After the division of 3D to 

produce 4d and 4D, MAPK activation is only detected in 4d. This is consistent 

with activated MAPK being segregated into 4d at its birth. My results also 

suggest that activated MAPK in 4d is required for normal fate specification; one 

tissue produced by this cell, intestine, is absent when U0126 is added right after 

the birth of 4d (3q+100), but does differentiate when MAPK activation is allowed 

to persist longer (until 3q+120). 
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Nature of the signal transduced from 3D to the micromeres 

My results are consistent with a single signal emanating from 3D to the 

micromeres to specify cell fate. Sweet (1996) analyzed the cell contacts in the 

Uyanassa embryo during induction of the micromeres by 3D. Some cells that 

activate MAPK were found to contact 3D, e.g. first quartet derivatives, 2d 

derivatives, 3c, and 3d. Others, such as the 2a and 2c derivatives were not found 

in contact with 3D. This suggests that the signal is a secreted protein that can 

diffuse short distances in the extracellular matrix. The FGF and EGF class 

ligands are obvious candidates for this role, because they are known to signal 

through the MAPK cascade in other systems. Indeed, during early 

embryogenesis in Drosophila and Xenopus, all detectable MAPK activation is 

associated with EGF or FGF signaling (Qiristen and Slack, 1999; Gabay et al., 

1997). EGF and FGF ligands bind receptor tyrosine kinases, which activate the 

MAPK pathway in a ras-dependent fashion. Therefore, a proposed role for these 

ligands is contradicted by the observation that an antibody against a human ras 

protein does not recognize an epitope during this stage in Uyanassa (Yan and 

Collier, 1993). Resolution of this question awaits further analysis of the 

components that activate MAPK signaling in Uyanassa. 

The evolution of spiialian development 

In the current view of metazoan phytogeny, there are three clades of 

bilaterian phyla, the deuterostomes, ecdysozoans, and lophotrcchozoans 

(Aguinaldo et al., 1997; Halanych et al., 1995). Since very littie is known about 
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the moleailar events that pattern lophotrochozoan embryos, most comparisons 

of the molecular basis of embryonic patterning have focused on the 

deuterostomes and ecdysozoans. Embryos of at least six lophotrochozoan phyla 

display the patterns of cell division and cell fate that characterize spiralian 

development; these are the annelids, platyhelminths, echiurans, nemerteans, 

sipunculans, and molluscs (Aguinaldo et al., 1997; Boyer and Henry, 1998; 

Halanych et al,, 1995; Henry and Martindale, 1998; Newby, 1940; Rice, 1967; 

Wilson, 1892). The conserved patterns of cell division and fate maps in these 

spiralian embryos may reflect some conservation in the mechanisms of 

patterning in these taxa. Indeed limited experimental data suggest that the role 

of the D quadrant in embryonic organization is conserved among some embryos 

(Damen and Dictus, 1996; Henry and Martindale, 1987; Martindale, 1986; Render, 

1983). 

Nevertheless, despite the apparent conservation of the function of the D 

quadrant, modifications in the cellular mechanisms by which the D quadrant is 

specified have appeared in spiralian lineages (Boyer and Henry, 1998; Freeman 

and Lundelius, 1992). Because the antibody that recognizes activated MAPK in 

Uyanassa is likely to recognize activated MAPK in other spiralian embryos 

(Gould and Stephano, 1999), I can now begin to examine the extent to which the 

similarity in cell cleavage patterns and fete maps in spiralian embryos reflect 

conserved patterning mechanisms. 



94 

Chapter 4 
The role of Dpp/BMP signaling in early embryonic patterning in the mollusc 

Ilyanassa 

Raven found that lithium-treated embryos of Lynmaea stagnalis developed various 
head malformations... He concluded that the lithium caused the depression of a 
morphological field with gradient properties, which normally define the form of the head. 

(Gather, 1971) 
Introduction 

During the development of metazoans, cellular interactions are crucial for 

patterning and cell fate specification. In many embryos, cell signaling events can 

mediate global embryoruc patterning by specifying axial polarity and 

establishing various organ anlagen. A well characterized example is the role of 

the conserved cell signaling pathway typified by Drosophila Decapentaplegic 

(Dpp) and vertebrate Bone Morphogenetic Proteins 2,4 (BMP-2 and BMP-4). In 

both Drosophila and vertebrates, this pathway establishes fates along the dorsal-

ventral axis during early embryogenesis. These proteins are members of the 

large family of transforming growth factors (TGF-B), with multiple functior^s in 

development (Attisano and Wrana, 1998). In the early Drosophila embryo, cells 

on the dorsal side of the embryo express Dpp, and this protein antagonizes 

neural ectoderm specification. The neural ectoderm consequently forms on the 

ventral side of the embryo. Over-expression of Dpp at this stage thus results in a 

restriction, or complete elimination, of neuroectoderm (Ferguson and Anderson, 

1992; Wharton et al., 1993). Xenopus, the Dpp orthologs BMP-2&4 are 

expressed all over the embryo but are specifically repressed on the dorsal side, 

where neuroectoderm is specified. Accordingly, over-expression of BMP-4 

inhibits the differentiation of neuroectoderm in Xenopus embryos (Wilson and 
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Hemmati-Brivanlou, 1995). While this pathway is deployed on different sides of 

the adult dorsal-ventral axis in these phylogenetically distant animals, in both 

cases this signaling pathway represses neuroectoderm. Thus, if the pathway is 

generally conserved in metazoans, it is expected that the Dpp/BMP-2&4 

pathway should be expressed in a region opposed to presumptive 

neuroectoderm and inhibit neuroectoderm during early embryonic patterning in 

other animal groups that share a common ancestor of vertebrates and 

arthropods. 

The molluscs represent just such a group of animals. They are 

representatives of the Lophotrochozoans, the only major clade of bilateral phyla 

where Dpp/BMP 2-4 signaling has not been examined. In this chapter, I report 

the residts of my analysis of the function of the Dpp pathway in the mud snail, 

Uyanassa. I focused on two components of this pathway in Uyanassa: the 

orthologs of the Dpp/BMP-4&2 ligand, and of the ToUoid/ToUoid-related 

protease that is a secreted enhancer of Dpp/BMP-2&4 signaling in vertebrates 

and flies (Blitz et al., 2000; Scott et al., 1999; Shimell et al., 1991). 

In Uyanassa, and in nearly all molluscs, the animal-vegetal axis of the 

zygote roughly corresponds to the anterior-posterior axis of the larvae and adult, 

and the secondary embryonic axis roughly corresponds to the dorsal-ventral axis 

of the adult. However, these assignments are approximate, as in most animals, 

because of dramatic movements by fields of cells during gastrulation and 

morphogenesis. For instance, the embryonic dorsal-ventral axis corresponds 

directly with the dorsal-ventral axis of the larval head. In contrast, the foot forms 
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the definitive ventral structure in the larva, but the foot precursor cells start on 

the dorsal side of the embryo and move all the way around the vegetal pole 

during gastrulation. The axial position of the nervous system is equally difficult 

to define precisely in molluscs, but is generally ventro-lateral. The prediction 

would then be that, in a mollusc, Dpp/BMP-2&4 signaling should be expressed 

dorsally in the embryo and antagonize neuroectoderm specification. 

The events underlying the specification of the Uyanassa dorsal-ventral axis 

have been well characterized by classical experiments. The dorsal-ventral axis of 

the embryo is specified by the four cell stage by an asymmetric cleavage that 

results in one cell inheriting a lobe of cytoplasm—the polar lobe— from the 

vegetal region of the zygote (see Figure 1 and legend for a description of early 

Uyanassa development). This event makes one cell at the four cell stage larger, 

and thereby specifies it as the D cell. As described below, this cell will go on to 

play a special role in early embryonic patterning. The cells present at the four 

cell stage are known as macromeres, and in the successive cleavage cycles, they 

divide synchronously to produce sets of smaller cells towards the animal pole. 
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Figure 4.1 Early cleavage of 77>'anas5a and the cell lineage of first quartet cells. The first 
division (A) is accompanied by the production of a polar lobe. Inheritance of the polar 
lobe material by one macromere at the four cell stage (B) specifies the D macromere. In 
successive cleavage cycles, the macromeres divide synchronously towards the anin:ial 
pole to produce quartets of micromeres. C) First quartet (blue) D) Second quartet 
(green). E> Third quartet (orange). Asterices denote cells that require induction by 3D. 
F,G) Color-coded cartoon of the contribution of micromeres at the 24 cell stage to the 
head region in a hatched veliger larva, la produces the left eye, Ic produces the right, 
and lb produces the ectoderm above the mouth and undemeath either eye. 
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These cells are known as micromeres, and the four micromeres produced by the 

macromeres in a given cleavage cycle are known as a quartet. All of the 

ectodermal structures of the larva, including the head neuroectoderm, are 

derived from the micromeres of the first three quartets. 

While quartets of micromeres are prepattemed, likely by asymmetric 

inheritance of determinants at their birth (Sweet, 1998; Chapter 2), the 

micromeres also require one or more inductive signals from the D macromere for 

development of the normal pattern of cell fates. This is shown by ablations of the 

D macromere (Clement, 1952; 1962). Polar lobe ablations—which prevent 

specification of the D macromere—or ablations of the D macromere at the four, 

eight or sixteen cell stages prevent the differentiation of most ectodermal organs. 

Since these organs mainly develop from cells not descended from the D 

macromere, this implies that this cell is required to induce the normal pattern of 

cell fates in the micromeres. This signaling event occurs shortly after the 

production of the third quartet. Ablatiorts of the D macromere (3D) soon after 

the birth of the third quartet have the same poor differentiation as earlier D 

macromere ablations, but progressively later ablations have increasingly better 

differentiation. By the end of this period, shortly before 3D divides, ablations 

result in a complete complement of ectodermal organs, demonstrating that the 

role in micromere induction has been met at this point. I have shown that this 

induction is mediated at least in part by the MAPK pathway (Chapter 3; Lambert 

and Nagy, 2001). MAPK is activated in 3D when the cell is required to signal, 

and subsequently activated, in a 3D dependent fashion, in the micromeres that 
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require induction. In this chapter, I present evidence that there is a parallel 

signal from 3D to certain nucromeres that is mediated by Dpp/TGF-B signaling. 

Specifically, I show that the patterns of mRNA distribution for both loDpp 

and loTld are biased towards the dorsal side of the embryo, and loDpp is 

expressed ir\ the cell that is required to induce eye specification (3D). Exposing 

embryos to a closely related ligand (human BMP-4) induces ectopic eye 

differentiation in intact embryos. Moreover, this ligand can rescue the eyeless 

phenotype of polar lobe deletions, which lack induction by 3D. I propose that 

the eye precursors are specified by a signal from 3D that is mediated by loDpp 

signaling, which functions in parallel with the MAPK signal. Since eyes develop 

in association with particular ganglia in the head, my results suggest that in this 

mollusc, Dpp/BMP-2&4 signaling is selecting, rather than repressing 

neuroectoderm. 

Materials and methods 

Snail husbandry 

Adult snails were obtained from the Marine Resources Center at the Marine 

Biological Laboratories, Woods Hole MA, and were fed every other day on 

frozen clams. Embryo collection was performed as described (Collier, 1981). All 

experiments were performed with embryos from at least two capsules. (Each 

capsule contains a brood of 50-200 synchronously developing zygotes laid by a 

single female.) Embryos were reared in small groups at 23C (+/-1C) in .2jim-

filtered artificial sea water (FASW, Instant Ocean). For periods longer than about 
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14 hours, perudllin (100 uiuts/ml) and streptomycin (200 ug/ml) were added, 

and embryos were moved to fresh FASW every two days. 

Cloning 

A cDNA library was constructed with poIy-A RNA from the first 48 hours 

of development (Lambda-Zap, Stratagene). This represents early cleavage and 

gastrulation, and the beginning of organogenesis. The primary library contained 

about 1.5X10' clones. I amplified a fragment of cDNA with a nested primer set 

designed against conserved residues in Dpp and vertebrate BMP-2/4's (J. Doctor, 

personal communication). The amino acid sequences of the outer primers were 

[Hindin]L/FYVDF (5'-3') and CCVPT[EcoRI] (3'-5'). The inner primer set was 

[HindinjGWDDWI (5'-3') and NHAWQ[EcoRI] (3'-5'). Using this sequence I 

used 3' RACE-PCR (Frohman, 1993) to amplify a larger portion of the reading 

frame. Using this sequence I designed gene specific primers and used these to 

recover a cDNA clone from the library by recursively subdividing the library and 

screeriing sibling pools until I amplified the clone from a pool representing a 

single clone. I named this gene IoE>pp. To clone loTld I used degenerate primers 

with the following amino add sequences in PGR amplifications from the library: 

LAMRHWE (5'-3') and FWHEHNR (3-5'). I designed gene specific primers and 

doned a larger piece using 3' RACE-PCR. Sequence comparisons were made 

using NCBIBLAST-X (Altschul et al., 1990). Orthology assigiiments were 

confirmed by reconstructing phylogemes of these genes using maximum 

parsimony (Swofford, 2000). 
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In situ hybridization 

Embryos were fixed in either PEM (lOOmM PIPES; pH 6.9; lOmM EGTA; ImM 

MgS04) with 8% paraformaldehyde, 100 mM sucrose and .1% Triton-X, or in 

3.7% formalin in 90% filtered artificial seawater. The former fix may have 

produced less background with some probes. Embryos were pretreated for 10 

min. in 2% acetic anhydride in TEA buffer, and prehybridized for 3 hrs at 63C in 

Hyb Solution (5X SSC, IX Denheirts, 50% Formamide, .1% Tween, 100 ug/ml 

heparin, lOOug/ml yeast r+tRNA), hybridized with 1-10 ng/ml digoxigerun 

labeled probe for 12-18 h, washed three times over two hours with Hyb Solution 

at 63C. Embryos were then washed 3 X 10 minutes in PBTw+2%BSA, and 

incubated overnight at 4C with anti-digoxygenin (Boehringer-Mannheim), and 

detected by NBT/BCIP precipitation according manufacturer's instructions 

(Roche). After detection embryos were washed 3 X10 minutes PBTw, stained 

with DAPI lug/ml and mounted in IX PBS 80%glycerol+4%n-propyl gallate. 

Polar lobe removal and MAPK inhibition 

Polar lobes were removed by pipetting trefoil stage embryos against the bottom 

of the dish in Ca++MG++-low ASW as described (Collier, 1981; Lambert and 

Nagy, 2001). MAPK inhibition with U0126 (Promega) was performed as 

described (Lambert and Nagy, 2001). 
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Protein incubation experiments 

Embryos were removed from their capsules, staged and maintained in FASW 

until the treatment. Recombinant human BMP-4 (rhBMP-4, R&D Systems) was 

diluted in FASW with 2 ug/ml heparin and 0.5% BSA. Protein dilutions were 

made immediately before use. To conserve protein, incubations were carried out 

in drops of 50 ul on the bottom of new polystyrene petri dishes. In new dishes, 

the drop did not spread out, even over long incubatioris. Embryos were 

transferred into the drop in 3-5ul of FASW with a micropipette, and dishes were 

kept in humid chambers during incubation. After treatment, embryos were 

washed twice in FASW with a dilution of at least 1/100 each wash. Control 

embryos were treated with the FASW; Heparin; BSA solution. Embryos were 

reared to larvae, fixed, stained with DAPI and mounted as described (Lambert 

and Nagy, 2001). Larvae were scored individually with DIG optics at 200-400X 

on a Zeiss Axioplan microscope. I scored explicitly for eyes, general shape of the 

velum, foot morphology, statocysts and statoliths, operculum, size and 

morphology of the shell. 

Results 

Cloning Ilyanassa orthologs of Dpp and Hd 

I cloned a TGF-beta ortholog from Ilyanassa that has highest amino acid 

sequence similarity to vertebrate BMP 4 and 2 genes and arthropod 

Decapentaplegic (Dpp) genes. The loDpp sequence is most closely related to 

vertebrate BMP-4's, then vertebrate BMP-2's and arthropod Dpp orthologs. This 
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cDNA is missing about 50-100 amino acids at the 5' end, but contains the stop 

codon, and about 1 kb of 3' UTR sequence. I also cloned a 2kb fragment of a 

matrix metalloprotease with highest sequence similarity to Tolkin and Tolloid 

from Drosophila and vertebrate ToUoid-related genes. Maximum parsimony 

analysis of these genes confirmed the orthology assigiunents (not shown). I call 

these genes loDpp and loTld. 

Spatial distribution of loDpp and loTld transcripts 

I examined the spatial distribution of loDpp and loTld during early 

cleavage using in situ hybridization. Surprisingly, I found that in cells where 

transcripts are present, they are usually loccdized to spherical subcellular 

domains. Subsequent experiments demonstrated that these mRNAs, and those 

of several other putative patterning genes, are bound to the pericentriolar matrix 

(PCM) of the centrosome and sorted into different subsets of cells during early 

cleavage cycles (Chapter 3; Lambert and Nagy, submitted). Here I examine the 

history of these sorting events for loDpp and loTld to show how they come to be 

localized in discrete groups of cells. In general, loDpp and loTld are 

progressively localized to subsets of cells along the animal vegetal axis. Later, 

the distribution of each mJRNA becomes biased towards dorsal cells. 

For each mRNA, I consider the segregation along the animal vegetal axis, and 

then the transition to a dorsal pattern. During the two and four cell stages, 

loDpp is diffusely distributed in the cytoplasm (Fig 2A,B). At the very start of the 

eight cell stage, the mRNA is abruptly localized to the interphase centrosomes of 

the macromeres but not the first quartet micromeres (Fig 2C). This mRNA is 
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inherited by the second quartet micromeres when the macromeres divide. At the 

16 cell stage loDpp mRNA is thus present in the second quartet cells, and is 

again present on the macromere centrosomes, where it remains until it is 

delivered to the micromere daughter cells during the production of the third 

quartet (Fig 2D,E). Soon after the production of the third quartet, the loDpp 

message begins to decay in second quartet cells, so that among the micromeres, 

almost all of the message is in the third quartet cells (Fig. 2E). These events 

create a pattern of loDpp message accumulation that is radially symmetric 

because it is present in equivalent levels in all four quadrants of the embryo. 
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Figure 4.2 (legend follows) 



lOd 

Figure 4.2 Expression of loDpp and loTld mRNAs during early cleavage. 
mRNAs are visualized by in situ hybridization detected with dark blue alkaline 
phosphatase chromogenic substrate. Nuclei are visualized with light blue 
fluorescence (DAPI). loDpp is shown in the left column, loTld in the right. A,G) 
At the second cleavage (2-4 cells), loDpp is diffuse, but loTld is starting to 
associate with the centrosomes. B,H) During the four cell stage, loDpp is still 
diffuse, but loTld is present on cortical patches associated with the centrosomes. 
C,H) At the eight cell stage, loDpp is present only on macromere centrosomes 
but loTld is present on all eight centrosomes, boiii macromeres and micromeres. 
In the dorsal Id cell, loTld is broadly distributed on the cortex. DJ)At the 15-16 
cell stage, loDpp is present on centrosomes in second quartet cells and 
macromeres, but not first quartet cells. loTld is weak on second quartet cells and 
will soon be indetectable, but present in all animal first quartet daughters 
(labcd') on centrosomes and tluoughout the cell. Signal is significantly stronger 
in Id*. E,K)After the production of the third quartet, at the 24-27 cell stage, 
loDpp is abundant on centrosomes in all three third quartet cells, and detectable 
on second quartet cells. loDpp is also present in a diffuse cloud above the 3D 
nucleus (see also Fig. 6A). At this stage, loTld is only detectable in Id'. F,L) At 
the 28-36 cell stage, loDpp is present in a diffuse cloud in 4d, and becoming more 
abundant and more difhise in 3d and 3c, but not 3a and 3b. loTld is still present 
in Id^ Scale bar represents 50um. 
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However, the message is not imiform along the aiiimal-vegetal axis of the 

embryo, since the mRNA is abimdant in the third quartet and rare or 

undetectable in the second and first quartet cells respectively. This segregation 

along the animal vegetal axis persists for the duration of cleavage cycles, but the 

symmetry along the dorsal-ventral axis disappears soon after the production of 

the third quartet of micromeres. 

The first strong indication of dorsal-ventral asjonmetry for loDpp occurs 

about 30 minutes after the production of the third quartet (3q+30): among the 

macromeres, only the dorsal cell 3D has detectable levels of loDpp message at 

this stage. In this cell the mRNA is in a diffuse cloud above the nucleus, rather 

than being tightly bound to the centrosome as in earlier interphase stages (Fig 2E; 

also see Fig. 6A). At the division of 3D to produce the 4d micromere (3q+100), 

the cloud of mRNA is inherited by the micromere. At this stage, dorsal-ventral 

asymmetry of the loDpp expression pattern appears in the third quartet cells. In 

the dorsal cells (3c and 3d) loDpp begins to acciunulate in a diffuse cloud above 

the nucleus, but in the ventral cells (3a and 3b) message abundance does not 

change and it remains boimd to the centrosome (Fig. 2F). 

loTld mRNA is also segregated into a subset of cells along the aiumal 

vegetal axis, and progressively localized to the dorsal side of the embryo. Unlike 

loDpp, loTld mRNA is present on the macromere centrosomes during the four 

cell stage and delivered to the first quartet micromeres (Fig. 2G,H,I). During the 

eight cell stage, the message is present on the centrosomes in all four first quartet 

micromeres, but it is also distributed in the cytoplasm and on the cortex of the 
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dorsal first quartet micromere Id. This is the first indication of dorsal-ventral 

asymmetry for this gene. loTld is also detectable on the centrosomes of the 

macromeres during the eight cell stage, and is inherited by the second quartet 

cells (Fig. 2I,J). When the first quartet cells divide, the message is segregated to 

the animal daughter cells (labcd'; Fig. 2J). After the production of the third 

quartet, the message is present in the dorsal first quartet cell IdS but is entirely 

cytoplasmic, and has decayed in labc^ (Fig. 2K). The message persists in Id^ (Fig. 

2L) and when this cell divides, it is present in the vegetal daughter cell Id'^ (not 

shown). 

Both loDpp arid loTld are initially radially localized, but as cleavage 

progresses, both resolve into dorsally polarized patterns. The mature cleavage 

stage pattern for loDpp is in disuse clouds of message in 3D (then 4d), 3c and 3d, 

and on the centrosomes in 3a and 3b. The mature pattern of loTld is in the dorsal 

first quartet micromere ld\ These patterns suggest that the Dpp pathway might 

play a role in patterning cells along the dorsal-ventral axis in Uyanassa. 

Overstiinulating the loDpp pathway lateralizes the head 

The expression of two secreted signaling molecules in dorsal cells at the 

time when dorsal and lateral micromere fetes are being specified of course 

suggested that loDpp signaling might be involved in specifying some or all 

micromere fates, especially since loDpp message is abundant in the 3D cell 

which is necessary for these cell fate specifications. To determine which fates 

might be specified by loDpp signaling, I treated embryos at various timepoints 
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with a closely related ligand, the human BMP-4 protein. The amino acid 

sequence of loDpp is more similar to human BMP-4 than any other available 

TGF-beta molecule (76% identical, 85% similar). Furthermore, vertebrate BMP-2 

and 4 can substitute for Drosophila Dpp, and vice versa (HoUey et al., 1995; Padgett 

et al., 1993). These observations, together with the fact that the Ilyanassa embryo 

is especially suited to direct application of purified protein, because it has no 

extra-embryonic membranes, led me to use human recombinant BMP-4 protein 

(hereafter BMP-4) to examine the effects of overactivating loDpp signaling in 

Uyanassa. 

Preliminary experiments demonstrated that treatment with heterologous 

BMP-4 produced extra eyes and a range of velum defects (described below), but 

did not affect patterning of the other structures in the larva. I first sought to 

determine the effects of a range of BMP-4 concentrations. I treated embryos from 

the sixteen cell stage to about 10 hours after the birth of 4d, a period which spans 

the sensitive period defined below. At 10 ng/ml, larvae all developed normally. 

At 100 ng/ml some larvae had extra eyes and mild defects of the velum. At 500 

ng/ml, 1 ug/ml, 2 ug/ml and 6 ug/ml almost larvae had extra eyes and all had 

velar defects, which were most severe with the highest concentrations. These 

experiments show that there is a simple relationship between the dose of ligand 

used and the induction of eyes, indicating that the ectopic eyes are not an artifact 

of exposing the cells to overly high levels of ligand. Other observations suggest 

that eye induction is the normal result of loDpp activation and not an artifact of 

overexpression. I noticed serendipitously that aliquots of protein that had been 



110 

stored at 4C for several weeks often produced a lower frequencies of ectopic 

eyes, and higher frequencies of zero or one eyes than identical exposures with 

freshly thawed protein. Consistent with this, I found that treatment with BMP-4 

(1 ug/ml) that had been incubated at 55C for 30 minutes before use resulted in 

eyeless larvae (n=9 larvae). Since it hard to imagine how this treatment could 

have enhanced ligand activity, I think the suppression of eye specification in this 

experiment is a result of interfering with endogenous loDpp specification of eye 

fate, perhaps by modifying the ligand such that it competes for receptors, but 

does not activate them. 

In order to examine the temporal djmamics of ectopic eye induction I used 

1 ug/ml in all subsequent experiments; this dose gave a significant effect after 

short treatments, but had milder effects on the velum than higher doses, making 

the eye phenotype more reliable to score. I characterized the effects of BMP-4 by 

treating groups of embryos for defined time periods, then scoring the resulting 

larvae. Figure 3 shows the duration of the treatments and the number of eyes in 

the resultant larvae, and Figure 4 shows representative phenotypes. Treatment 

from the eight cell stage to 30 minutes after the birth of the 4d cell (4d+30) 

produced mostly normal larvae, though a few had three eyes (Fig. 3; Fig. 4C,D). 

In a few cases, there were two eyes, but they were spaced too closely together; 

this condition, called synopthalmia, also occurs when the ventral first quartet 

cell lb is deleted (Clement, 1967). Treatment from 4d+30 to 4d+5h encompassed 

the period of maximum sensitivity to BMP-4. Most (15/17) of these larvae had at 

least one extra eye. While velum defects made it impossible to accurately score 
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the positions of all the eyes in these larvae, it was clear that there was 

considerable variability in the arrangement of the eyes on the head. Occasionally 

a third eye was positioned in the dorsal portion of the head, but more often it 

was ventral. Often an extra eye was located near each normal eye (Fig. 3E,F). I 

do not think that these cases are due to fragmentation of an eye, because the two 

eyes in a pair were usually normal size and both usually had lenses. In the case 

were five eyes developed, two were paired on each side in the locations of the 

normal eyes, and one was in the dorsal part of the head. 

BMP-4 also affected the development of the velum, the ciliated swimming 

organ, but these effects were often harder to score conclusively that eye defects. 



Figure 4.3 Qegend follows) 



113 

Figure 4.3 (legend) Effects of BMP-4 on larval differentiation. Eight day old 
larvae are shown in left colunui correspoding drawings are shown in right 
column. A,B) Left lateral and anterior views of controls. C) Larva treated from 
3q+lh to 4d+30 is essentially normal, with two eyes, which are somewhat closely 
spaced. D) Larva treated from 4d+30 to 4d+lh30 has two closely spaced eyes, 
anda continuous row of large pigmented velar cells on the ventral part of the 
velum. E) Larva treated from 4d+2h30 to 4d+3h30 has three eyes and everted 
stomodeimi. F) Larva treated from 4d+lh30 to 4d+2h30 has four eyes. G) Left 
lateral view of a larva treated from 4d+2h30 to 4d+3h30 which has three eyes and 
defective velum, but shows normal development of gut, shell, statocysts, 
operculum and foot. Scale bar represents 50 um. 
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Figure 4.4 The effects of ectopic BMP ligand on larval differentiation. The 
lineage of the la, lb and Ic first quartet micromeres is in the upper left. All of 
these cells are competent to form an eye if they are induced. The time course of 
the treatments is shown below. For temporal landmarks, I used the eight ceU 
stage, and the birth of the 4d cell. I treated embryos with lug/ml recombinant 
human BMP-4 ligand for either 4-5 hours or one hour at various times during 
early cleavage. I scored several markers of ectodermal differentiation but here 
show the number of eyes observed in larvae after various treatments (bar 
diagram on lower right). Treatments from the 8 cell stage to 30 minutes after the 
birth of 4d produced mostly normal larvae, but a few had an extra eye. After 
treatment fiom 4d+30 to 4d+5h, most of the larvae had either three or four eyes, 
and one had five. Other ectodermal structures were normal (see text). In one 
hour treatments, ta determine the onset of the sensitivity, treatm^ts before 
4d+lh30 had only low frequencies of ectopic eyes, but treatment from 4d+lh30 
to 4d+2h30 (and the following treatment), produced high frequencies of ectopic 
eyes, that were comparable to the five hour treatment. Treatment from 4d+9 to 
4d+14 resulted in mostly two-eyed animals that still had serious velar defects. 
* One animal in this treatment had five eyes. 
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Normally the velum is strongly pigmented on the lateral edges, which are 

mainly derived from the la and Ic micromeres (Render, 1991). The ventral 

portion of the velum, which is derived mainly from lb, is not heavily pigmented. 

In some BMP-4 larvae, the velum was pigmented all around its venfral edge, and 

misshapen, so that it formed a bib-like flap above the mouth (Fig 3D). This may 

suggest that treatment converted the ventral lb cell to a more lateral fate. In 

many BMP-4 larvae, the velum was so severely misshapen that it was impossible 

to follow the normally conspicuous band of ciliated cells around the head. It was 

unclear in these cases if any transformatior\s had taken place in velar cell 

identities, but the morphogenesis of the velum was certainly faulty. 

Other than defects in the eyes and the velum, which are descended from 

the first quartet, treated larvae developed normally. The shell, which is mainly 

derived from second quartet cells, was always present and normally shaped. 

The foot, including the statocysts or balance organs, was always normal. There 

were occasionally everted stomodeum (17/123 of the larvae treated during the 

sensitive period and scored for Fig. 4). Many cells contribute to the mouth, and 

defective head patterning might be expected to disturb the differentiation of this 

structure. These resvilts strongly suggest that the targets of loDpp signaling are 

the first quartet cells, which produce the head, including the eyes and the velum. 

Further experiments allowed me to better define the critical period for 

serisitivity to BMP-4. To determine when, in the maximal period from 4d+30 to 

4d+5, the sensitivity arises, I treated embryos for one hour intervals and scored 

larvae for exfra eyes. Treatment from 1 hour after the production of the third 
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quartet (3q+lh) to 4d+30 was the same as the 8 cell— 4d+30 treatment; most 

larvae were normal and few had a third eye. Treatment from 4d+30—4d+lh30 

produced more extra eyes, and the next two treatments in the series (4d+lh30— 

4d+2h30 and 4d+2h30—4d+3h30) produced high frequencies of exfra eyes which 

were comparable to the maximal five hour treatment (4d+30—4d+5h). Thus, the 

sensitivity to BMP-4 arises 1-2 hours after the birth of 4d, around the time of the 

division of the labc'^. I did not determine precisely the end of sensitivity. 

Treatments from 4d+5h—4d+9h were similar to the maximal window 

(4d+30—4d+5h) treatments, but the frequency of extra eyes was somewhat less 

(not shown). Treatments from 4d+9h—4d+14h produced sigruficantly fewer 

extra eyes (Fig. 4). I interpret this to mean that the window of sensitivity for the 

induction of extra eyes has maiiUy ended by 4d+9, but that even then potential 

target cells can be diverted to produce eyes. 

Ectopic BMP-4 rescues eyelessness in polar lobe deletion embryos 

I wondered if ectopic BMP-4 could rescue embryos that lack 3D induction 

of eye specification. Removal of the polar lobe prevents eye differentiation by 

blocking the specification of the D macromere, which is required to induce eye 

fate in the micromeres after the production of the third quartet (Clement, 1962; 

Sweet, 1998). Polar lobe deletiorxs never develop eyes (Atkinson, 1971; Clement, 

1952); my observations). 

I first examined the expression of loDpp and loTld after polar lobe 

deletion. At the 24 cell stage, when loDpp is present in 3D and on the 
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centrosomes in the third quartet cells in normal embryos, the message is present 

only on the third quartet cells in polar lobe deletion embryos, not in any third 

order macromeres (Fig. 5A). Later, at the 36 cell stage, when loDpp in controls is 

abundant and diffuse In the dorsal third quartet cells 3c and 3d, the message is 

equally abundant and radially symmetrical in all the third quartet cells in polar 

lobe deletion embryos (Fig 5B). loTld, which is lost from all but the dorsal first 

quartet cell (Id') at the 24 cell stage, is lost from all first quartet cells at the 24 cell 

stage after polar lobe deletion (not shown). These results show that D quadrant 

specification is required for development of the dorsal expression pattem of 

loDpp and loTld. Since eyes do not differentiate after polar lobe deletion, and 

the distribution of these genes is restricted, rather than expanded by polar lobe 

deletion, these results support the hj^othesis that these genes are required for 

induction of eyes. 

To test whether BMP-4 could rescue the polar lobe deletion eyeless 

phenotype, I treated polar lobe deletion embryos from 4d+30 (in controls) to 

4d+5h, the maximal window of BMP-4 sensitivity in the above experiments. 
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Figure 4.5 loDpp expression after polar lobe deletion, and BMP-4 rescue of eyes 
after polar lobe deletion. At the 24 cell stage in a polar lobe deletion (PL-) 
embryo, loDpp is abundant on third quartet centrosomes in a radially symmetric 
pattern, but is not present in any macromeres. Compare to Fig. 2E. B) ^ a PL-
embryo at the transition from the 28-36 cell stage, loDpp is present in all third 
quartet cells at similar levels, and not diffuse in any. Compare to Fig. 2F. C) 
Eight-day old PL- larva, viewed from the animal pole. No eyes are present. D) 
Eight day old PL- embryo, treated with 1 ug/ml BMP-4 from 4d+30 to 4d+5h, 
has two eyes. Scale bars represent 50 um. 
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Essentially all these larvae developed one or more eyes, in the region (pre-

trochal) that is produced by first quartet cell derivates (Fig. 5C,D). Of 20 larvae 

scored, one had five eyes, one had four, six had three, nine had two, two had one 

and one had no eyes. All twenty controls lacked eyes. Polar lobe deletion also 

prevents the differentiation of external shell, and foot structures like operculum 

and statocysts. Treatment with BMP-4 did not rescue these deficiencies in any 

larvae. These results indicate that overstimulation of loDpp signaling specifies 

eye fate. 

MAPK and loDpp signaling 

Recently I demonstrated that the MAPK cascade is activated in 3D when it 

was signaling to specify micromere fates, and that MAPK was subsequently 

activated in micromeres in response to a signal from 3D (Lambert and Nagy, 

2001). Since blocking MAPK activation prevented the differentiation of all 

structures that require induction from 3D, including eyes, I argued that the 

MAPK activation observed in eye precursors might be required for their 

differentiation. The fact MAPK activation is observed in 3D at the same time that 

Dpp mRNA is abundant in this cell led me to wonder whether the eyeless 

phenotype observed after MAPK inhibition might be an effect of MAPK 

activation on loDpp signaling. 

After the production of the third quartet, loDpp mRNA is present in a 

diffuse cloud above the 3D nucleiis (Fig. 6A). Inhibition of MAPK activation 

with the drug U0126, starting right after the production of the third quartet 



prevented the release of loDpp message from the centrosome in 3D (Fig 6B,C). 

MAPK is also activated in the 3c and 3d micromeres during the interval that 

loDpp mRNA accumulates in these cells and is released from the centrosome. 

Inhibiting MAPK activation prevented the accumulation and release of loDpp 

message in these cells (not shown). This shows that MAPK activation is required 

for the normal dynamics of loDpp mRNA in 3D, suggesting that MAPK 

activation in this cell might be required for loDpp signaling. 
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1 • • • 
Figure 4.6 The effects of blocking MAPK activation on the distribution of loDpp 
mRNA. MAPK activation was inhibited with 10 uM U0126 at the birth of the 
third quartet. A) Dorsal view of 24-27 cell control embryo. loDpp is present on 
the 3c and 3d centrosomes and in a cloud above the 3D nucleus (arrowhead). B) 
Closeup of 3D nucleus in a control, same stage, showing loDpp distribution. C) 
Closeup of U0126-treated embryo, showing loDpp still tightly associated with 
the 3D centrosome. Scale bars represent 50um. 
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Discussion 

My results suggest that during early cleavage stages in Uyanassa, a cell 

signaling pathway orthologous to Drosophila Dpp and vertebrate BMP-2/4 

pathways is involved in regional specification of head precursor cells. The 

mRNAs for both loDpp and loTld are localized to specific dorsal cells during 

early cleavage stages, and loDpp mRNA is abundant in the 3D cell at the time 

that this cell is known to be inducing eye fate in the first quartet micromeres. 

Exposure of embryos to human recombinant BMP-4 protein induced ectopic 

eyes, and BMP-4 could also rescue the eyeless phenotype that results from 

preventing 3D specification. Taken together, these results indicate that loDpp 

signaling from 3D specifies eye fate in the la and Ic micromere lineages. 

Both loDpp and loTld are present from the earliest cleavage cycles. As a 

result of both centrosome-mediated mRNA segregation during cleavage, and 

decay in specific lineages, each is iteratively sorted to different tiers of cells along 

the animal-vegetal axis. loDpp is eventually localized to the third quartet cells, 

and loTld is localized to the animal tier of first quartet cells. Dorsal-ventral 

asymmetry is evident in the distribution of both of these mRNAs. From the eight 

cell stage on, loTld is more abimdant in the dorsal Id cell than its first quartet 

cousins, and due to decay in these other cells, by the 24 cell stage loTld is found 

only in this dorsal cell. The distribution of loDpp mRNA is radially symmetrical 

until the 24 cell stage when it is observed in the dorsal macromere 3D and not the 

other macromeres. Asymmetries also develop in the third quartet cells where the 

dorsal cells 3c and 3d acciimulate more mRNA than the ventral cells. These 
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patterns suggested that this pathway might specify a pattern of cell fates along 

the dorsal-ventral axis in some micromeres. 

I used a heterologous recombinant BMP-4 ligand to examine the effects of 

overactivating the loDpp pathway. This approach has obvious caveats— namely 

the uncertainties of using a heterologous protein, and the possible complications 

implicit in any over-expression experiment. However, the phenotypes that I 

obtained are very well defined and fit the predictions generated by experimental 

embryology remarkably well. This approach may have wide application for 

examining the role of conserved cell signaling pathways in non-genetic systems. 

I note that, unlike most mRNA injection experiments, this method allows 

investigation of the timing of signaling events, which is important for signaling 

pathways that are used repeatedly in different contexts in development. 

I find that incubation of embryos with human BMP-4 ligand specifically 

disrupts patterning of the head, which is mairUy derived from first quartet 

micromeres. The most striking phenotype is the development of multiple ectopic 

eyes in treated larvae. After treatments during the period of maximal sensitivity, 

most larvae had three or four eyes. The ligand also disrupted velar patterning; 

larvae treated during the sensitive period usually had misshapen velar lobes, 

which are also derived mostly from first quartet cells. In contrast with the first 

quartet, the differentiation of tissues descended from the second and third 

quartets was normal in treated larvae. The shell, which is chiefly derived from 

the second quartet, and the foot (third quartet) were both complete and had 

normal morphology. Together with the expression of loDpp message in 3D—the 
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cell that is known to induce eye fates in the micromeres— these phenotypes 

indicate that loDpp signaling from 3D functions to specify bilateral eye 

precursors in the first quartet. 

loDpp and specification of head precursor cells 

In a normal Uyanassa embryo, the first quartet cells la and lb form the left 

and right eyes respectively (Clement, 1967; Render, 1991). Cell transplantation 

experiments have demonstrated that only first quartet micromeres are capable of 

being induced to make an eye (Sweet, 1998). Of the first quartet, la, lb, and Ic 

are all competent to form eyes but the dorsal cell Id is prevented from forming 

an eye by substances in the polar lobe. The ventral cell lb is thought to be too far 

firom the source of the induction (the 3D macromere) to be specified. The 

simplest prediction from these data is that over-expressing the eye-inducing 

signal would produce three eyes, one each from la, lb and Ic. In these 

experiments, when ectopic eyes were present, there were usually three: of 64 

larvae with ectopic eyes, 50 had three, 14 had four and one had one eye. While I 

did not follow the lineage of the first quartet cells to determine which made an 

eye in these cases, this suggests that in most cases, one first quartet lineage was 

converted to form an eye. The ventral position of most extra eyes suggests that 

this was lb. 

There are at least two ways that four eyes could form in these 

experiments. The clone of cells descended from lb has an odd, moustache-

shaped pattern in the larva, because lb descendants migrate to either side of the 
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mouth and lie near the cerebral ganglia which underlie each eye (see Fig. 1). It is 

therefore possible that lb descendants on either or both sides of the head are 

occasionally producing eyes. This is supported by the observation that the 

ectopic eyes are often near another eye, in the approximate region of the lb clone 

(i. e.. Fig. 4F). Four eyes could also form if the timing or strength of the ectopic 

inducer was able to overwhelm the mechanisms that render Id insensitive to 

induction. The timing of divisions of Id is delayed relative to the other first 

quartet cells, and it may be that this delay helps prevent eye induction in the Id 

lineage by preventing the competent cells (perhaps from being bom 

during induction. Interestingly, while the window of sensitivity to BMP-4 is 

quite long, the period of endogenous signaling may be much shorter, since the 

loDpp message is basically imdetectable after about 4d+2h. The Id cleavage 

delay might therefore put a competent descendant cell temporally out of reach of 

the normal signal, but not the exogenous BMP-4. 

Deletions of 3D even relatively soon after its birth allow the development 

of the head and bi-lobed velum (Clement, 1962) (Sweet, H. C. 1996 PhD thesis), 

meaning that the requirement for eye induction by 3D has been met by this 

point I have found that the window of sensitivity to BMP-4 signaling is well 

after this stage, suggesting that 3D has secreted sufficient loDpp by this point to 

induce head structures. The role of 3D in patterning the head may also be 

augmented by loDpp signaling firom dorsal third quartet cells. After the division 

of 3D, loDpp is abimdant in 3c and especially 3d. These cells have not been 

regarded as signaling to eye precursors, but interestingly, their deletion can 
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result m the loss of an eye, albeit rarely (Clement, 1986b) (5/26 larvae lacked an 

eye after 3d deletion; 2/23 lacked an eye after 3c deletion). Similarly deletion of 

3d sometimes causes velar defects—specifically small left velar lobes, even 

though 3d does not contribute to this structure (Clement, 1986b) (6-9/26 

deletions of 3d produced this phenotype). Putative secretion of loIDpp from 

third quartet cells might therefore signal to eye precursors redundantly with 3D, 

and also play a role in velar patterning. 

Micromere specification and cell signaling in Ilyanassa: MAPK and loDpp 

Based on these experiments, I propose that loDpp secreted from 3D 

specifies eye fate in derivatives of the la and Ic derivatives. I have shown 

previously that a signal from 3D activates MAPK in the micromeres and that this 

activation is required in second and third quartet cells for induction-dependant 

differentiation. Due to the overlap in activation in 3D and eye precursor cells, I 

was not able to test whether eye precursor cells required MAPK activation cell 

autonomously, or whether inhibiting activation repressed eye formation by 

effecting concurrent activation in 3D. I now have evidence for the latter. 

Blocking MAPK activation early in the life of 3D prevents the spread of loDpp 

mRNA off the centrosome in that cell, suggesting that loDpp signaling is 

impaired. Therefore in my cxirrent model, MAPK activation in 3D serves to 

release loDpp mRNA from the centrosome and thus potentiate loDpp secretion 

and signaling to the first quartet cells. In parallel, another signal from 3D 

activates MAPK in certain second and third quartet cells and specifies their fates. 
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Eye induction in Ilyanassa and the axis inversion hypothesis 

The Dpp/BMP-2&4 signaling cascade is used during early dorsal-ventral 

axis specification in arthropods and vertebrates, and these observations led to the 

proposal that the conrunon ancestor of these aiiimals used this pathway in dorsal 

ventral patterning. An important test of this hypothesis is to ask whether other 

animals that shared this conunon ancestor also use this pathway to pattern the 

dorsal-ventral axis, and whether it plays a potentially homologous role in that 

event. I report here the first analysis of the role of Dpp/BMP-2&4 signaling in a 

member of the large clade of bilaterian animals known as the Lophotrochozoans 

(Halanych et al., 1995). For this animal, the hypothesis predicts that loDpp 

should be secreted on the dorsal side of the embryo, since molluscs have a more 

or less ventral-lateral nervous system. It also predicts that the pathway should 

be antagonizing the specification of neuroectoderm, since that is its role in 

vertebrates and insects. As described above, the patterns of both loDpp and 

loTld mRNAs are biased towards the dorsal side of the embryo. While this 

fulfills the prediction of the hypothesis, it is a somewhat weak test, since all of 

the signaling during early embryogenesis is thought to be coniing from the 

dorsal side. 

The other prediction, that the pathway should antagonize the specification 

of neuroectoderm in the molluscs, as it does in the other groups, is not supported 

by my data. In fact, the loDpp pathway is probably specifying rather than 

repressing neuroectoderm, since BMP activity induces extra eyes, and eyes 
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develop within a specific type of ganglia and are thus something of a neural 

marker. The origin of the eyes in Uyanassa is not well knovm beyond the fact that 

they differentiate in association with the cerebral ganglia (Gibson, 1984). While it 

is not clear which part of these later processes in eye development are effected by 

my early BMP-4 treatments, the fact that the treatment creates an excess of a 

structure that develops within a ganglion suggests that there may be an excess of 

nervotis tissue. 

Conclusion 

During the development of metazoans, cellular interactions are crucial for 

patterning and cell fate specification. In contrast to the large repertoire of other 

classes of conserved patterning genes— such as transcription factors— there is a 

relatively small set of conserved ceU signaling pathways in metazoan genomes. 

An apparent result of this is that the same pathways are used repeatedly in 

different contexts during embryogenesis and organogenesis. This suggests that, 

during evolution, cell signaling pathways can be co-opted to pattern different 

structures. Despite this pattern— and the serious caveat that it entails- similar 

roles for orthologous cell signaling pathways in distantly related species have 

been used as evidence for homology of the structures or embryonic regions that 

these pathways pattern. I have provided evidence for a positive role of loDpp 

signaling in neuroectoderm specification, which is opposite of the observed effect 

in vertebrates and insects. This suggests that role of this pathway during early 

embryoruc patterning can, and has, changed drastically dxiring evolution. 
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Chapter 5 
The role of MAPK-mediated signaling in other spiralian embryos 

Our second task in the investigation of any problem of morphology or physiology must 
accordingly be to look into the historical background of the phenomena; and in the course 
of this inquiry we must make the attempt, by means of comparisons with related 
phenomena, to sift out the adaptations to existing conditions from those which can only 
be comprehended by references to former conditions. Phenomena of the latter class may, 
for the sake of brevity conveniently be termed "ancestral reminiscences,"... 

(Wilson, 1899) 

Introduction 

Most animal phyla have idiosyncratic patterns of early cell division, so 

that is often possible to assign an embryo to a phylum based solely on the early 

cleavages. This is not the case for the several phyla known as spiralians. These 

animals share a distinctive kind of early cell division that is characterized by 

regularities in the direction and proportion of early cleavages, and by the 

similarities in the fate map that is produced by these cell divisions (reviewed in 

Chapter 1). Very little is known about the moleoilar mechanisms which pattern 

spiralian embryos. I have recently shown that the MAPK pathway is involved in 

a crucial patterning event in one spiralian embryo (Chapter 3; Lambert and 

Nagy, 2001). In this chapter, I examine the role of the MAPK pathway in other 

spiralian embryos. 

Spiralian embryogenesis: general features 

In spiralian embryos, regularities in the proportion and direction of early 

cleavages have engendered a general nomenclature for describing these cell 

divisions. The cells of the four cell stage are known as macromeres. At 
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successive cleavage cycles, these cells divide towards the animal pole to produce 

a set of four smaller cells that are known as micromeres. The four micromeres 

produced during a cleavage cycle are known as a quartet. The four divisions 

that produce a quartet are all at same oblique angle to the animal pole, and this 

angle alternates to either side of the aitimal pole during successive cleavage 

cycles. This results in the distinctive spiralian blastula, where the cells are 

arranged in a pattern that is quadrilaterally sjmimetrical and vaguely spiral 

(Wilson, 1892). 

The similarities in cleavage patterns of spiralian embryos are accompanied 

by similarities in the fate maps of these embryos (Wilson, 1899). Most notably, 

one of the four macromeres in spiralian embryos is specified to become the 

founder cell of the D quadrant, and executes cell divisions which differ from the 

other three macromeres. The cells descended from this macromere are known as 

the D quadrant, and produce the dorsal and dorso-lateral tissues of the animal. 

Furthermore, in most spiralians examined, one particular cell produces the 

visceral mesoderm including major muscle bands: this is the 4d cell, the fourth 

micromere produced by the D macromere. 

The similarities in cleavage patterns and fate maps in spiralian 

embryology are strong support that this mode of development is homologous. 

However, modifications have arisen in the basic spiralian program. Below I 

review current understanding of patterning in spiralian embryos. 
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Mollusc embryos 

Mollusc embryos, and spiralian embryos in general, can be divided into 

two classes: those with equal cleavage, and those with unequal cleavage 

(Freeman and Lundelius, 1992). In equal cleavage, the first two cell divisions are 

equal, producing four equal sized cells. In equal cleaving embryos that have 

been examined, the D quadrant macromere is specified later than the four cell 

stage, when cell-cell interactions select one of the macromeres to be 3D, and thus 

specifies the cells produced by this macromere to be the D quadrant lineage 

(Martindale et al., 1985; van den Biggelaar and Guerrier, 1979). 3D then signals 

to other cells in the embryo to establish the correct pattern of cell fates. In this 

work, I consider the role of the MAPK pathway in two equal cleaving molluscs, 

the common pond snail Lymnaea and the chiton Chaetopleura. In both, the D 

quadrant is specified after the production of the third quartet of nticromeres. 

Soon after the production of the third quartet cells, one of the macromeres 

establishes contact with overlying micromeres in the animal hemisphere, and 

this macromere is then specified as the D quadrant macromere 3D; the contact 

between the presumptive 3D macromere and the overlying micromeres has been 

shown to be necessary for 3D specification in both Lymnaea and a chiton 

(Martindale et al., 1985; van den Biggelaar and Guerrier, 1979). In Lymnaea, 

ablation experiments suggest that after 3D is specified, it signals to micromeres, 

because 3D specification is required for the normal development of cells that 

have already been bom when 3D is specified (Martindale, 1986; Martindede et al., 

1985). This signaling is also reflected in the cleavage patterns of these cells (van 
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den Biggelaar, 1977). Before the specification of 3D, the cleavage patterns of the 

cells within a quartet are identical to the corresponding cells in other quadrants, 

but after the specification of 3D, the cleavage patterris of the micromeres in some 

quartets begin to differ based on their position relative to 3D. In chitons, 

signaling from 3D to micromeres has not been demonstrated experimentally; 

nevertheless, the cleavage patterris in this arumal also suggest that 3D 

specification is exerting a similar influence on the micromere specification 

(Heath, 1899; van den Biggelaar, 1996). This is likely due to signaling by 3D. 

In molluscs with unequal cleavage, the first two divisions are unequal and 

produce one large cell and three smaller cells. The large cell is specified to be the 

D quadrant macromere at this stage; this is several cell cycles earlier than in the 

equal cleavers. The snail Uyanassa is the best-characterized unequal-cleaving 

mollusc. In this embryo, as in equal cleavers like Lymnaea, the 3D macromere 

signals to the micromeres after the production of the third quartet (Clement, 

1962). The bivalves are a large class of molluscs that includes clams, scallops, 

oysters and mussels. Bivalves also have unequal spiral cleavage. It is not known 

whether the D macromere signals to the micromeres in bivalve embryos, as it 

does in other molluscs examined (Guerrier, 1970). 

Other spiralian embryos 

The annelids are a large phylum of protostome worms. Among the 

annelids, the polychaetes are the most diverse class, and polychaete development 

is thought to represent the ancestral character state for the phylum (Freeman and 
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Lundelius, 1992). Polychaetes have classic spiralian development: the first tv/o 

cleavages produce four macromeres that subsequently divide towards the 

animal pole to produce micromeres, and as in molluscs, the dorsal or D quadrant 

may play a special role in patterning the embryo (Henry and Martindale, 1987; 

Render, 1983). In some polychaetes, the D quadrant is specified by inequalities 

in the first two cleavages— in these embryos the largest cell at the four cell stage 

becomes the D macromere. In equal-cleaving polychaetes, the D cell seems to be 

specified later in development, but it is not known whether this event involves 

an interaction between the prospective D macromere and the micromeres, as it 

does in molluscs. In unequal-cleaving polychaetes, the first two divisions are 

unequal and the largest of the cells produced by these cleavages is specified to be 

the D macromere. It is also not known whether cells in the D quadrant (i.e. the 

3D macromere) signal to other cells in the embryo to specify the correct pattern 

of cell fates, but there are indications that such signaling may occur, at least in 

one polychaete (Render, 1983). 

The Nemertea is a small phylum of unsegmented protostome worms 

which is distinguished by the presence of an eversible fang (the stylet) that is 

used for killing prey. Nemertean embryos display a modified form of spiral 

cleavage. The blastomeres are arranged in a typical spiral pattern, with divisions 

occurring oblique to the animal-vegetcil axis. However, the proportions of these 

divisions differ from other spiralians, so that the vegetal "macromeres" are 

smaller than the animal "micromeres". Furthermore, there is evidence that the 
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fates of the lineages produced by these divisions are different from those of other 

spiralians (Martindale and Henry, 1995). 

MAPK in Ilyanassa 

Recently, I discovered that a crucial signaling event in the embryo of one 

spiralian, the snail Ilyanassa obsoleta, is mediated by the ERKl/2 MAP Kinase 

cascade (hereafter MAPK). In Ilyanassa, the D quadrant is specified at the 4 cell 

stage by ir\heritance of the polar lobe material. Later in development, one cell in 

the D lineage— the 3D macromere— signals to other cells in the embryo to 

specify the proper pattern of cell fates in these cells. The MAPK pathway is a 

conserved signal transduction pathway which transduces extracellular signals to 

targets in the cell (Ferrell, 1996). In Ilyanassa, this pathway is activated first in 

3D, and later in the micromeres, in response to a signal from 3D (Chapter 3). In 

order to determine whether the role of MAPK activation observed in Ilyanassa is 

a conserved component of spiralian patterning, I examined the patterns of 

MAPK activation in several other spiralian embryos. The relationships of these 

animals are shown in Figure 1. 
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Taxon Equal or 
survayed unequal 

Chaatopterus unequal 

Hydroidas equal 

Cerebratulus equal 

Chitopleura equal 

Spltula unequal 

Lymnaea equal 

llyanaaaa unequal 

Figure 5.1 Phylogenetic relationships of spiralian taxa surveyed. Chaetopterus and 
Hydroides are polychaete annelids; Cerebratulus is a nemertine worm; remainder are 
molluscs. The relationships of these three phyla are not known. Chitopleura is a chiton, 
in the class Polyplacophora. Spisula is a clam (Bivalvia). Hyanassa and Lymnaea are 
snails (Gastropoda). 
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Materials and Methods 

For Lymnaea, animal maintenance, embryo collection, staging, and 

prefixation processing was as described (Morrill, 1982). Adult Cerebratiilus, 

Spisula and Chaetoptenis were obtained from the Marine Resources Center (MRC) 

at the Marine Biological Laboratories, Woods Hole, MA. Gamete collection and 

fertilization has been described for Chaetoptenis, Spisula and Cerebratiilus 

(Costello and Henley, 1971). For Cerebratulus, jelly coats of the embryos were 

removed from zygotes by gravity-driven filtration through 130 micron Nitex 

mesh. 

For Chaetopleura, adults were collected from the underside of rocks in the 

low intertidal-subtidal in the vicinity of Old Silver Beach, MA, or obtained from 

the MRC. Adults were separated and allowed to spawn spontaneously, after 

which diluted sperm was mixed with eggs for fertilization. Embryos are 

surrounded by an intricate chorion, which was usually removed by hand with 

fine forceps. I found that the chorion was easier to remove after fixation and 

washing in PBTw (phosphate-buffered saline and .1% Tween), and that this was 

less likely to damage the embryos than dechorionation while alive. 

For Hydroides, aiiimals were obtained from the MRC, and animals were 

induced to spawn by 1) chipping away the posterior portion of the calcareous 

tube, and 2) progressively chipping away the anterior edge of the tube until the 

animal was annoyed or scared enough to spawn and gametes spilled from the 

posterior end. 
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MAPK activation was localized with the anti-diphosphorylated MAPK 

monoclonal antibody (anti-dpErkl/2; Sigma). This antibody was generated 

against an 18 amino add region in the kinase domain that is broadly conserved 

in eukaryotes. Detection followed standard protocols (Chapter 3; Lambert and 

Nagy, 2001). For Spisula, Hydroides, Chaetopterus, and Cerebratiialus, the antibody 

was used at a 1/20 dilution, which is ten times higher than the dilution used for 

llyamssa. 

Results 

MAPK activation in Lymnaea 

To determine whether the MAPK pathway is used in dorsoventral 

patterning in Lymnaea palustris, I used a monoclonal antibody that specifically 

recognizes the diphosphorylated, activated form of MAPK (Fig 2). If the MAPK 

pathway is activated by a cell-cell signal, then this antibody will recognize the 

activated protein in the cell that receives the signal. As in Uyanassa, I did not 

detect MAPK activation before the production of the third quartet of micromeres. 
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Figure 5.2 MAPK activation in Lymnaea paltistrus. A Lymnaea embryo fixed 1 
hour and 30 minutes after the birth of the third quartet (3q+180). 
Diphosphorylated, activated MAPK is visualized with precipitate (brown). 
This vegetal view of the embryo shows that MAPK is strongly activated in one of 
the two cross-furrow macromeres (3D) but not the other three. The embryo is 
about lOOtim in diameter. 
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nor did I detect MAPK activation 60 minutes after the production of the third 

quartet (hereafter 3q+60). However, one hour later (3q+120), around the time 

that 3D is specified by contact with the micromeres (Martindale et al., 1985; van 

den Biggelaar, 1976), MAPK was activated in one of the macromeres (Fig. 2). 

This cell is likely to be 3D for two reasons. First, the cross-furrow macromeres 

are the two cells which are in contact with each other at the vegetal pole. It is 

always one of the cross-furrow macromeres that is selected to be 3D (van den 

Biggelaar, 1976), and I always detected MAPK in a cross-furrow cell. Second, 3D 

is the only macromere that establishes contacts with the animal micromeres, and 

the cell with MAPK activation has such contacts (not shown). MAPK activation 

is still observed in 3D an hour later (3q+180), just prior to its division. After 3D 

divides, MAPK activation is no longer observed. In the three hours after the 

division of 3D, when this cell is thought to be signaling to the micromeres, I did 

not detect MAPK activation in the micromeres. This is in contrast with Uyanassa, 

where MAPK activation is initially observed in 3D, but is then observed in 

micromeres as they respond to signaling from 3D. These results suggest that 

MAPK activation in 3D may be downstream of a signal from the micromeres to 

this cell, but that in Lymnaea, the MAPK pathway does not transduce the 

subsequent signal from 3D back to the micromeres. 

MAPK activation in the chiton Chaetopleura apiculata 

I examined the pattern of MAPK activation during cleavage and D 

quadrant specification in the chiton Chaetopleura apiculata. In chitons, the first 
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indication of which macromere is 3D comes at the 36 cell-stage, when the 

presumptive 3D macromere makes contacts with the micromeres on the roof of 

the blastocoel cavity (van den Biggelaar, 1996). I first see activation of MAPK in 

one macromere at this stage, and through-focus lateral images reveal that this 

macromere is in contact with the micromeres, demonstrating that MAPK 

activation is first observed in 3D in the chiton embryo (Fig. 3). MAPK activation 

persists in 3D until shortly before the cell divides. I examined embryos fixed at 

several points after the division of 3D, the period during which 3D is signaling to 

the micromeres, and found no MAPK activation in the micromeres. This shows 

that in Chaetopleura, like Lymnaea, the MAPK cascade does not transduce the 

signal from 3D to the micromeres, but may be involved in specification of 3D by 

signals from the micromeres. 

MAPK activation in the dam Spisula solidissima 

Even with concentrations of the anti-active MAPK antibody ten-fold 

higher than used with other mollusc embryos, I could not detect any MAPK 
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Figxire 5.3 MAPK activation in the chiton Chaetopleura apiculata. A) At the 36 cell 
stage, activated MAPK is detected in the one of tiie third order macromeres 
(3ABCD). The antigen is predominaiiantiy nuclear. B) A lateral view of a 36 cell 
embryo reveals that the macromere with activated MAPK is extended up to the 
roof of the blastocoelic cavity and making contact with the macromeres, 
demonstrating that MAPK activation is observed in 3D. Embryos are about 
190um in diameter. 
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activation in the Spisiila embryo. I examined embryos from the 2,4,8,16,24 and 

32-cell stages, and several timepoints during the life of the 3D macromere. This 

is not because the amino acid sequence of the Sipsula MAPK has diverged such 

that it is not recognized by the antibody, since this monoclonal antibody has been 

used to detect activated MAPK in Spisula zygote extracts (Katsu et al., 1999). 

MAPK in the polychaetes Chaetopterus and Hydroides 

In order to determine whether the MAPK pathway was playing a similar 

role in polychaete embryos as that observed in molluscs, I examined embryos of 

the unequal-cleaving polychaete Chaetopterus variopodatus. In contrast to the 

mollusc embryos examined, I detected low levels of activated antibody in all cells 

from the 2 cell-stage onwards (data not shown). The levels of MAPK activation 

sometimes varied between the cells, and this might be explained by the cells' 

position in the cell-cycle, since cells with the same cleavage schedule tended to 

have similar levels of MAPK activation at any given timepoint. I examined the 

levels of MAPK activation in 3D (but importantly not 4d, see below), at several 

timepoints. I did not detect significantly higher MAPK activation in this cell. 

Since equal spiral cleavage is thought to be the ancestral character state for 

annelids, I wanted to examine an equal-cleaving polychaete to see if it was more 

similar to molluscs than the derived Chaetopterous. Accordingly, I examined 

embryos from the cleavage stages of the equal-cleaver Hydroides hexagonus. Like 

the equal-cleaving molluscs, I did not detect MAPK activation before the birth of 

the third quartet. I did not detect MAPK activation at several timepoints during 
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the life of 3D. Suprisingly, I did detect MAPK activation in one of the daughter 

cells of 3D, the 4d micromere. Activation was not detected iirunediately after the 

birth of 4d, but was strong at a later timepoint, after the division of the third 

quartet cells and during the division of 2d^ (Fig. 4). This division of 2d^ is the first 

cleavage in the embryo that departs from the four-fold quadrant symmetry of the 

early cleavages, e.g. 2d^ divides early and produces differently proportioned 

daughter cells thein 2abc^. Since the equivalent cells in all four quadrants behave 

equally until this point, this shows that MAPK activation in 4d coincides with the 

onset of dorsal-ventral axis specification in Hydroides. 

MAPK in the nemertean Cerebratulus lacteus 

I examined the pattern of MAPK activation during cleavage of the 

nemertean Cerebratulus lacteus (not shown). From the earliest cleavage stage (2 

cell), MAPK activation was observed in low levels in all cells, and activation 

appeared to vary with the cell-cycle, similar to Chaetoptenis. I did not observe 

significantly higher levels of activation in any one third order macromere 

(3ABCD), but I did not examine 4d. 
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Figure 5.4 MAPK activation in the equal cleaving polychaete annelid Hydroides. 
MAPK activation was not observed in 3D. However, this figure shows a vegetal 
view of an embryo fixed about 40 minutes after the birth of 4d, where strong 
MAPK activation is observed in 4d, a daughter cell of 3D. Embryo is about 50 
microns in diameter. 
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Discussion 

In Hyanassa, MAPK activation is first observed in the 3D macromere. It is 

subsequently observed in certain micromeres, and activation in these cells is 

downstream of a signal from 3D, and is required for the correct patterning of the 

micromeres that receive the signal. Since MAPK activation is required for this 

signal, which has been inferred to take place in other mollusc embryos, I 

expected that the role for the MAPK pathway demonstrated in Uyanassa would 

be conserved in other molluscs, and possibly other spiralian phyla. This does not 

seem to be the case. Instead, these results demonstrate that there is much 

variation in the role of this signaling cascade in spiralian embryos, despite the 

overt similarities in cleavage patterns in these embryos (Fig. 5). 

In molluscs, the ancestral condition is thought to be equal spiral cleavage, 

and in two equal cleavers examined, MAPK is observed only in 3D— activation 

is not observed in the micromeres. Together with current understanding of the 

phylogenetic relationships of the molluscs, these results suggest that the pattern 

of MAPK activation observed in equal cleaving molluscs was in place in the last 

conrunon ancestor of the phylum. 

Chitons are the most basally branching class of molluscs for which 

embryos are readily available. (Aplacophorans are the other extant class which 



146 

Taxon Equal or 
unequal 

Chaatoptorus unaqual 

Hydroldaa aqual 

Carabratulua 

Ctiitoptoura 

unaqual 

Lywnaaa 

unaqual 

MAPK 
activation 

? 

4d 

? 

30 

nona 

3D 

30 and 

Figure 5.5 Inferred evolution of MAPK activation in spiralian embryos. The role 
of the MAPK pathway in the common ancestor of aimelids, nemertines and 
molluscs cannot be inferred, though the similarities between Hydroides and the 
molluscs suggest a role in the D quadrant lineage. The common ancestor of the 
molluscs is predicted to have used MAPK to specify 3D. This trait was 
apparently lost in the lineage leading to Spisula. In the lineage between the last 
common ancestor of Lymnaea and Ilyanassa and Uyanassa, a role for MAPK 
activation in the micromeres evolvei 
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is in contention with chitons to be the outgroup to the rest of the molluscs, but 

these embryos are extremely diffioolt to obtain.) I found the same pattern of 

MAPK activation in a chiton embryo as in the equally cleaving gastropod 

Lymnaea. The most parsimoruous recoristruction of these data is that in the last 

common ancestor of chitons and Lymnaea, MAPK was activated in 3D and not in 

the micromeres. This implies that the role for MAPK activation in the 

micromeres of Uyanassa evolved at some point since the last common ancestor of 

Ilyanassa and Lymnaea. In equal cleavers, as in Uyanassa, 3D is required to signal 

to the micromeres and specify the proper pattern of cell fates. Since MAPK 

activation was not observed in the micromeres in the equal cleaving molluscs, 

this pathway does appear to transduce this signal. The Dpp/TGF-B signaling 

pathway is a good candidate for this role, based on data from Uyanassa (see 

Chapter 4). If the last common ancestors of the molluscs had MAPK activation in 

3D, this implies that MAPK activation in 3D has been lost in the bivalve Spisula, 

although I do not know at this point whether this is a typical feature of the 

bivalves. 

In the other spiralians sampled, the observed variation in the role of 

MAPK pathway is too great for me to recor\struct the history of this pathway in 

the evolution of patterning in these groups. In an equal cleaving polychaete 

annelid, MAPK is not activated in 3D but is activated in its daughter cell, 4d. In 

the nemertean Cerebratuliis and the polychaete annelid Chaetoptenis, I could not 

discern a role for the MAPK pathway in D quadrant specification or signaling. 
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In the latter two animals, I have not examined possible MAPK activation in 4d, 

which is important given the data from Hydroides. 

This work was a preliminary screen to examine the conservation of a 

signaling event in related embryos. The results demonstrate that there is 

significant variation in the role of MAPK in patterning spiralian embiyos, but 

they are incomplete because they 1) do not allow confident reconstruction of the 

evolutionary history of MAPK signaling because only one member of large 

taxonomic groups was sampled, and 2) they were not designed to address the 

function of the MAPK pathway in other embryos. Below I frame several 

hypotheses based on this data and suggest experiments to test them. 

In equal cleaving mollusc embryos, does a signal from the micromeres specify the 3D 

macromere by activating MAPK? 

In equal cleaving molluscs, 3D specification requires contact between the 

presumptive 3D macromere and the micromeres. This suggests that the 

micromeres may signal to this macromere to specify it as 3D. In Lymnaea and 

Chaetopleura, MAPK activation is observed in the 3D macromere, shortly after it 

makes contact with the overlying micromeres, suggesting that the MAPK 

pathway may fransduce a signal from the micromeres. This could be tested, by 

preventing the contact between the micromeres and the presumptive 3D 

macromere. This can be done by either by treating with drugs that prevent the 

cell-cell contact (as in Martindale et al, 1985) or by deleting the first quartet 

nucromeres (as in van den Biggelaar, 1996). If MAPK activation was not 
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observed in the micromeres after these treatments it would provide strong 

evidence that this pathway was downstream of the signaling event. 

If MAPK activation in 3D is required for the specification of this cell, then 

one would predict that the subsequent behaviors of this cell would depend on 

MAPK activation. This could be tested by blocking MAPK activation with the 

drug U0126, and determiiung whether 1) 3D divided asynchronously and 

disproportionately to produce its daughter cell 4d, and 2) whether treatment 

prevented the differentiation of the micromeres that require a signal from 3D. 

Is MAPK activation in 4d in equal-cleaving annelids homologous to activation 3D in 

molluscs? 

In the equal cleaving annelid Hydroides, MAPK is activated in 3D, but in 

one of its daughter cells, 4d. In aimelids (as in molluscs) equal spiral cleavage is 

thought to be the ancestral condition. This meai\s that comparisons of the 

patterning mechanisms in these two phyla should focus on equal cleaving 

embryos, since the last common ancestor of these groups likely had equal 

cleavage. If the role of MAPK in the annelid 4d is homologous to the role in the 

mollusc 3D, then this pathway has undergone a heterochronic shift— that is, 

there has been a temporal shift in one developmental process relative to other 

temporal landmarks in development. Heterochrony has been predicted to be an 

important mode of evolutionary change of development, but clear cut cases are 

rare. In order to determine whether such a shift has occurred in spiraliar\s, 

several additional pieces of data will be required. First, in order to decide 
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whether the pattern of MAPK activation observed in Hydroides really represents 

the ancestral condition for annelids, it will be necessary to exaniine other equal 

cleaving annelid embryos. If MAPK is found to be activated in 4d in other 

armelids, then the question tiuns to whether its role is homologous with MAPK 

in the moUuscan 3D. This problem is more difficult— as are most questions of 

biological homology. An initial test will be to determine whether MAPK 

activation 4d has a patterriing role, by inhibiting activation and examining the 

phenotype. Later, as we leam which molecules are upstream or downstream of 

MAPK activation in molluscs, a another test of homology will be to determine 

the extent of conservation of these components in annelids. 

Conclusions 

Thus far, I have sampled orUy a small portion of spiralian taxa. The 

developmental programs of many phyla have been described as spiralian (e. g. 

(Costello and Henley, 1976). In some cases, the similarity of cleavage patterns 

and cell fotes provide strong evidence that the mechanisms of development are 

homologous: these include the molluscs, the aimelids, the polyclad flatworms, 

the sipunculids, the echiurans, and the nemerteans. Other protostome taxa have 

been described as spiralian, but the evidence for homologous spiralian 

development is either equivocal or lacking; these include the lophophorates and 

the arthropod crustaceans. Examination of the role of the MAPK pathway in 

other protostome taxa should provide an important new class of evidence 

supporting the existence of homologous patterning mechanisms among 
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protostome embryos. As such evlder\ce acciimulates, comparative ar\alysis of the 

MAPK pathway will provide the first glimpse into the evolutionary changes that 

have occurred during the long history of spiralian embryogenesis. 
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Chapter 6 
Conclusions 

A century ago, if you had walked up to Thomas Hunt Morgan on Water 

Street in Woods Hole, and asked him what system would be most important for 

understanding how development works, he would have probably told you about 

a mollusc, likely Uyanassa. He would have been wrong, and in part, it would 

have been his own fault. While Uyanassa remained an important system in 

developmental biology through much of the century, the importance of 

developmental biology within the biological sciences waned after the discovery 

of DNA and the rise of genetics. Developmental biology orUy rose again, in the 

1970's emd 80's, when it was integrated with, and put under the scrutiny of, 

genetic methodologies. As a result we can now say that we understand how 

development works. Not all the details, or even all the important parts, but we 

are surely on the right track. 

This has come at a medium-sized price. Developmental processes involve 

multiple iterations of subdivision, instruction and specification: they are, by 

nature, idiosyncratic. In the early days of developmental biology, questions were 

pursued in parallel in many different systems, and so the sampling of the 

diversity of mechanisms in nature was simultaneous with the discovery of 

commonalities. As a result, people paid attention to exceptions, and so the 

commonly held truths were in this sense more true. 

Studying strange embryos is slower than studying genetic model 

organisms, in the sense that the same number of experiments, or hours in the lab. 
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gets you fewer concrete facts. There are at least three reasons to do it, however. 

First, understanding the evolutionary events that led to the current world of 

organisms is one of the greatest scientific problems that humanity has. The fact 

that some scientists do not think it solvable only confirms this. Understanding 

the evolution of organisms with disparate body plans will probably not be 

possible without understanding something of the changes in developmental 

processes that created these differences. And even if it is, the spindly tree of life 

will beg explanation for how these transitions happened, and comparative 

development will offer some of these explanations. 

The second reason to study strange embryos is that better sampling of 

different modes of development is an excellent way to reconstruct actual 

evolutionary transitions in the activity, deployment eind interaction of genetic 

networks. Understanding how these networks can change is essential to 

knowing how genetic variation can manifest itself in the phenotype, where it is 

subject to natural selection. 

The third reason for studying strange embryos is that you can sometimes 

see something entirely new. 

This thesis represents the first successful attempt to characteriae the 

molecular basis of early embryonic patterning in a mollusc. I think it is an 

important step forward in understanding the development of one strange 

embryo. Did I learn something that will help to reconstruct the history of animal 

evolution? Probably not, unless the affinity of molluscs and annelids ever comes 
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in doubt again. Did I leam something about how a developmental process 

changed with the divergence of taxa during evolution? To some extent, yes. 

And I did see something entirely new. 

The role of cell lineage in patterning 

During early cleavage cycles in spiralian embryos, the four macromeres 

divide synchronously towards the animal pole to create the series of quartets of 

micromeres. Based on evidence from molluscs, and the comparison of fate maps 

from other spiralian groups, these asymmetric cell divisions are associated with 

the segregation of developmental potential along the animal vegetal axis. My 

work (Chapter 2) strongly suggests that the micromeres produced by these 

asymmetric cell divisions are specified by inheritance of particular patterning 

molecules at their birth. I showed that mRNAs for multiple developmental 

patterning genes are localized to centrosomes during interphase, and different 

messages associate with centrosomes in different cells. During macromere 

division, these mRNAs move to the presumptive daughter cell cortex and are 

inherited by the micromeres. These events result in quartet-specific patterns of 

mRNA distribution for different messages. It is unlikely that any of the 

developmental patterning genes that I have characterized during these early 

cleavage stages are the determinants that specify quartet identity, with the 

possible exception of loEve, which encodes a transcription factor and is 

specifically localized to three of the cells which will give rise to the ciliated band 

of the larva. In terms of quartet specification, the significance of this centrosome 
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mediated segregation is that it provides a mechanism for asymmetric inheritance 

which is capable of introducing putative quartet determinants into the 

micromeres. 

It is not clear why different mRNAs bind centrosomes in different cells. In 

experimentally produced cells with two interphase centrosomes, the mRNAs 

acoimulate on the same centrosome that they would have in intact embryos. 

This is an important result, since it seemed possible that the spatial patterns of 

these mRNAs might controlled at the level of the whole cell, and the centrosome 

localization was just an intermediate step towards the daughter cell cortex in 

cells where a given message was abimdant. Instead, it seems that different 

messages accimiulate on different centrosomes. 

There are several models for how this might happen. There may actually 

be historical differences between mother and daughter centrosomes, such that in 

a given cleavage cycle the mother always goes to one daughter, and the daughter 

centrosome always goes to the other daughter. In this model, differences 

between the two control the behavior before division (in terms of which end of 

the spindle each end up on), and after division when each accumulates different 

mRNAs in the next cleavage cycle. Another model is that there is an input to the 

centrosomes from a pre-existing patterning system in the cortex of the zygote. 

The interphase centrosomes are very close to the cortex during these stages— less 

than one centrosome diameter in the cases that I have looked at. Importantly, 

each quartet of micromeres inherits a predictable latitudinal region of the zygote 

cortex during cleavage, and the centrosomes in the macromeres are likewise in a 
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predictable location relative to the cortex in each cleavage cycle. In each cleavage 

cycle, these respective regior\s shift closer to the vegetal pole. In this model, the 

mRNA affinities of a centrosome could be determined by signals from the 

nearest cortical pattern element. 

Neither of these models is concerned with how mRNA accumulation on 

centrosomes is controlled. My results suggest that mRNAs are transported to the 

centrosome on microtubules. However, mRNA decay also plays an important 

role in mRNA localization. For several messages, decay can be ii\ferred because 

the message is abundant in a cell at one stage, but is not detectable soon 

afterward. It is therefore is possible that the specific associations between 

mRNAs and certain centrosomes are controlled by local suppression of decay in 

the pericentriolar matrix. 

The centrosome: a link between cleavage and patterning in spiralians 

The discovery of centrosome-mediated segregation of mRNA molecules in 

Uyanassa was satisf5ang because it was strange and oddly beautiful, two traits 

which appeal to most biologists, including this one. More importantly, it was 

also satisfying because it potentially lii\ks the two most distinctive aspects of 

spiralian embryos: the conserved pattern of asymmetric cell divisions during 

cleavage, and the cor\served pattern of cell fates in the embryo. I still do not 

know if cell fate detemunants are segregated via the centrosome in Uyanassa. 

However, I have already shown that mRNAs for several patterning genes (which 

were essentially picked at random since they are the only transcripts that I know 
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to be present during cleavage stages) are segregated on the centrosome. This 

suggests that the pathway is used by many molecules. Furthermore, these 

mRNAs are localized in essentially quartet-specific patterns, demoristrating that 

this mechanism is predisposed to accomplish this. Therefore, I predict that cell 

fate determinants— for the quartets and for individual cells with special identities 

(i.e. 4d)—will be segregated by this centrosome mechanism. 

I have not rigorously investigated the relationship of the Uyanassa 

centrosomes and cleavage asymmetries. Given the role of the centrosome in 

cleavage, it is almost inevitable that this structure is somehow involved in 

generating cleavage asymmetries. In fact, some of my observations suggest that 

the cormection might be quite direct. The mRNAs studied were associated with 

a portion of the interphase pericentriolar matrix that leaves the core mitotic 

centrosome during prophase, and makes a lens-shaped plaque on the 

presumptive daughter cell cortex. After prophase aster migration, the spindle 

forms in an orientation that is usually transverse to the animal pole—e.g. not yet 

oriented with the axis of the next division. The spindle then rotates so that its 

animal end is precisely centered on the plaque of mRNA-containing matrix on 

the cortex. Similar spindle rotation events are observed in early C. elegans 

cleavages and in Drosophila neuroblasts (Doe and Bowerman, 2001). These 

preliminary observations lead me to predict that the orientation of the spiral 

micromere cleavages is controlled by the same centrosomal material that 

segregates the putative determinants. 
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What is the link between the pattern of asymmetric cell divisions and the 

pattern of cell fates in spiralian embryos? This is a question that has rarely been 

asked, because it is simultaneously too obvious to spiralian embryologists and 

too difficult to address. If the predictioris above are borne out, then the 

centrosome may be the answer to this question. 

Conservation of centrosome-mediated segregation? 

The role of the centrosome in asymmetric cell division in Ilyanassa is very 

prominent, judging from the several messages already known to be segregated, 

and the sheer size of the structure. It seems unlikely to me that such an 

prominent role for the centrosome has been overlooked in embryos of well-

studied genetic organisms. It will not be surprising, however, if the centrosome 

is found to be playing this role in more narrow contexts in non-spiralian 

organisms. There may be a role for this mecharusm in systems where a stem cell 

produces a series of daughter cells with different fates. These include Drosophila 

and vertebrate neuroblasts and leech teloblast cells. The ability of the Ilyanassa 

centrosome to mediate the assembly of different sets of patterning molecules for 

each of a series of daughter cells makes this mechanism an interesting candidate 

for stem cell specification in other animals. 
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II. Induction of the secondary axis: the roles of conserved cell signaling 

pathways 

Compared to most embryos familiar to the contemporary developmental 

biologist, Ilyanassa is notable because of the large amount of cell fate specification 

that goes on in very early cleavage stages. This is one of its appeals, both 

aesthetically and from an experimental perspective— many important events can 

be approached when the embryo is very simple. After the animal-vegetal axis 

has been subdivided by the specification of the quartets, at the 24 cell stage, one 

cell sends a signal to most of the other cells in the embryo which specifies their 

fates. This induction specifies the secondary axis of the embryo, which roughly 

corresponds to the dorsal-ventral axis. 

I found that the MAPK cascade is a central component of this event 

(Chapter 3). MAPK is activated in 3D (the signaling cell) at the time that it is 

predicted to signal. It is then observed in target cells, where it spreads ventrally 

from the dorsal most micromeres to eventually form an arc of MAPK activation 

that includes all the cells which require 3D induction for normal specification. 

Blocking MAPK activation prevents the differentiation of all induction-

dependant structures. This led me to propose a model for the specification of the 

dorsal-ventral axis in Uyanassa, where 3D sends a diffusible signal to the 

micromeres which activates the MAPK pathway in responding cells. In the 

model, MAPK then specifies a cell fate in each target cell that depends on that 

cells quartet-spedfic pre-pattem, but would be different from the fate adopted by 

ventral cells in the same quartet that did not experience MAPK activation. 
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This model adequately explained the available data, but was at least 

partly wrong. I subsequently found that another cor\served cell signaling 

system, the Dpp pathway, was also involved in the signal to 3D (Chapter 4). 

EXiring induction, loIDpp is expressed in 3D, and treating the embryos with the 

closely related human protein BMP-4 caused two very specific defects: extra eyes 

and malformed velums. These two structures are made from the first quartet 

cells. It did not, however, affect the main products of the second and third 

quartets, shell and feet. Importantly, BMP-4 could also induce ectopic eyes in 

polar lobe deletion larvae, in which 3D is not specified and thus does not induce 

eye differentiation. This makes it much less likely that BMP-4 was synergizing 

with endogenous loDpp activity to somehow produce a phenotype opposite of 

the normal role of loDpp. The ability of the MAPK inhibitor to block eye 

differentiation can be explained by the fact that MAPK activation in 3D is 

required for the normal spatial dynamics of the loDpp mRNA, suggesting that 

loDpp signaling from this cell may require MAPK activity. 

The amazing thing about 3D is that a single cell so profoundly influences 

the fate of most of the other cells in the embryo, and in doing so is able to specify 

at least three different cell fates among the target cells. Together, the results from 

Chapters 3 and 4 suggest an amendment to the earlier model. Now I think that 

3D sends two parallel signals to the micromeres: one activates MAPK and 

specifies shell and foot differentiation firom second and third quartet cells, and 

the other is the loDpp signed, which specifies eye fate in the first quartet cells. 
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An important test of the model is whether MAPK activation is sufficient 

for cell fate specification in the micromeres or 3D signaling or both. This could 

be approached by creating equalized embryos with two D quadrants (Render, 

1989). Conversely, it will also be very interesting to leam the effects of blocking 

loDpp activity, either with recombinant inhibitors of BMP signaling or, if 

someone figures out how to inject Uyanassa, with dominant negative components 

of Dpp signaling. 

Patterning other spiralian embryos 

Spiralians have long been considered the outstanding example of a truism 

of evolutionary-developmental thought: that early embryogenesis is more 

conserved than later stages of development. This is because of the strong 

similarity of the cleavage pattern between animals that have been separated for 

long periods of time (at least 500 million years have passed since the armelids 

diverged from the molluscs (Bowring et al., 1993; Wray et al., 1996). The 

cleavage program of spiralian embryos is very distinct firom that of other animal 

phyla, and I suspect that the moleciilar mechanisms that underlie these 

distinctive cell divisions will be conserved. My results (Chapter 5) suggest that 

this overt similarity hides a large degree of variation in the patterrung 

mechaiiisms that operate during these early stages. Perhaps this should not be 

too surprising, since the morphologies that are produced by spiralian 

embryogenesis are highly divergent, in terms of both the larval and adult forms. 
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There is a precedent for patterning mechanisms evolving faster than 

patterns of cell division. By comparing the development of the vulva in various 

nematodes, it was found that while the ceil division patterns are fairly constant, 

the mechanisms which underlie the patterning of these cells can vary 

considerably between taxa (Sommer, 1997). It may be that patterning is generally 

more labile to evolutionary change than cleavage. One reason for this might be 

that cleavage pattern is more constrained by the mechanical necessities of cell 

division. Another possibility is that there is more redundancy in patterning, so 

that it is more labile to evolutionary change. 

Evidence from Uyamssa (Chapter 2) suggests that there could be another 

reason for the conservation of the distinctive pattern of cell division among the 

spiralians: there may be a special relationship between the control of cell division 

and the assortment of patterrung molecules, because both rely on the 

centrosome. If this mechanism is indeed general for the spiralians, then 

disruption of the cleavage pattern would be expected to disrupt the functions of 

many patterning molecules, but an individual patterning molecule would be 

free to change without disrupting other pathways or events. 

Specification of the D quadrant in Ilyanassa; an outstanding mystery 

In the introduction to this thesis, I describe two phases of patterning in the 

Ilyanassa embryo: subdivision of the animal vegeted axis by asymmetric 

inheritance, and signaling from 3D to specify dorsolateral versus ventral fates. 

There is one other crucial patterning event during early cleavage. It is the 
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phenomenon that people who remember Uyanassa from introductory biology 

most remember—the specification of the D quadrant by the polar lobe. This 

event is the first asymmetric cell division in the embryo, but here, determinants 

cannot be partitioned by the same centrosome mediated mechanism I described. 

We still do not know how the polar lobe specifies the D lineage. 

My work has confirmed two predictions about the polar lobe. First, it has 

long been assumed that the polar lobe functions to make some D quadrant 

micromeres different from their cousir\s in the A, B and C lineages. In line with 

this, I saw that for all the mRNAs that I examined, before 3D signaling the 

behavior of the mRNA in the ABC micromeres was the same, but sometimes 

their D cousin differed. This was true for loEve in Id^, and loTld in Id and its 

descendants. Second, the polar lobe is thought to exert much of its patteming 

effect through its descendant 3D. I showed that the polar lobe is required for 

MAPK activation in 3D, and in turn that MAPK activation is required for several 

behaviors of 3D. These certairUy include its division chronology and the 

behavior of loDpp mRNA, and it is possible that MAPK is also required for 

signaling. So, we can now put a finger on how 3D does what it does, and thus 

are closer to understanding the function of the polar lobe. Nevertheless, the 

interval between the inheritance of the polar lobe and 3D induction is long— 

there could be many steps involved in transmitting the patteming information in 

the polar lobe to the 3D macromere at the critical stage. Unraveling these steps 

will be very hard, but this is still the preeminent challenge posed by this embryo, 

and still one of the best in all of developmental biology. 
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