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ABSTRACT OF THE DISSERTATION 
 
 
 

Migration and Multidrug Transporters in Primordial Germ Cells 
of the Sea Urchin, Strongylocentrotus purpuratus 

 
 
 

by 
 

Joseph Paul Campanale 
 

Doctor of Philosophy in Marine Biology 
 

University of California, San Diego, 2015 
 

Professor Amro Hamdoun, Chair 
 
 

Animal primordial germ cells (PGCs) that become eggs and sperm pass 

their genomes onto the next generation. Little is known about how PGCs are 

protected from toxic chemicals. In this dissertation, I explore the function and 

activity of ATP binding cassette (ABC) transporters in PGCs of the sea urchin 

Strongylocentrotus purpuratus known as small micromeres (Smics). I found that  

Smics down-regulate the activity of two ABC transporter families that confer 

multidrug resistance to chemotherapeutic resistant cancers. Nascent Smic 

plasma membranes are formed in the 16-cell embryo, which have reduced ABCB 
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activity. Other echinoid species, including Lytechinus pictus and Dendraster 

excentricus also produce Smics with reduced ABCB-mediated efflux activity, 

showing that this reduction in activity is conserved within euechinoids. ABC 

transporters may also play a developmental role in addition to a protective role. 

To understand why PGCs would remove protective transporters from their 

plasma membranes, I grew embryos in ABC transporter inhibitors. Smics in 

inhibitor-treated embryos display altered left/right coelomic pouch distributions in 

the pluteus larva. To confirm that ABC transporters efflux chemoattractants that 

serve to guide Smics along the left/right axis, I completed a study that is now the 

first characterization of PGC migration in the sea urchin embryo. In addition to 

passively riding on the elongating archenteron, the eight Smics are highly motile 

and move independently on the tip of the archenteron. Throughout gastrulation, 

the eight Smics produce cortical blebs and filopodia, hallmarks of migratory 

PGCs in other organisms. When the ABC transporter ABCB1a is overexpressed 

in the Smics, the production of blebs and filopodia is severely reduced and Smics 

do not migrate to the two coelomic pouches as fast as control cells or those cells 

expressing efflux null ABCB1a. Moreover, when ABCB1a is expressed in Smics, 

they become significantly more left fated. In summary, the reduction of ABC 

transporter activity, including ABCB1a activity in Smics, is necessary for their 

directed migration and morphogenesis, presumably through the detection of 

morphogenetic signals effluxed by ABC transporters from other cells. 
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Chapter 1 

Introduction to This Dissertation 
	  
	  
	  
	  
	  

	  
	  
	  
	  
 



	  

	  

2 

1.1 Primary objective of this dissertation 
	  

Sea urchin small micromeres, like the primordial germ cells (PGCs) of 

many organisms, are an irreplaceable cell lineage. PGCs are immortal cells 

because they give rise to the adult germ cells. They are the only cell type 

responsible for passage of the genetic information that bridges generations. In 

most animal phyla, PGCs form during embryogenesis and migrate to somatic 

mesoderm precursor tissues that will become the gonads. There they will 

eventually produce eggs or sperm. Little is known about whether these cells are 

vulnerable to chemicals during their differentiation and stereotypic migration. The 

focus of this dissertation is in measuring the activity and function of protective 

ATP binding cassette (ABC) transporters in PGCs of the sea urchin embryo. The 

overall hypothesis that my dissertation tests is whether in addition to efflux of 

toxic environmental chemicals, protective ABC transporters efflux developmental 

signaling molecules necessary for PGC development and directed motility. Thus, 

my dissertation explores the regulation of ABC transporters in sea urchin PGCs 

called small micromeres, and their role in mediating the efflux of 

chemoattractants necessary for small micromere migration to the two coelomic 

pouches of the pluteus larva.  

 The organization of this chapter is to provide a context from which to 

frame the whole dissertation. I begin with a general background on the 

prevalence and power of chemicals in the environment and their role in 

damaging organisms. Next, I briefly describe the genomic basis of chemical 
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defenses called the defensome. This is followed by a specific discussion on the 

ABC transporter gene family. I then summarize sea urchin development and 

introduce the formation of their PGCs in the early embryo. Finally, I discuss the 

current state of knowledge regarding the developmental signals guiding PGCs to 

the larval gonad in fly, fish and mouse.  

 

1.2 Why should one study chemical stress during early 
development? 
	  

Embryo-environment interactions are critical in determining adult health. In 

animals, embryonic exposure to toxic anthropogenic chemicals causes several 

disease states (Anway et al., 2006; Gluckman and Hanson, 2004). 

Environmental chemicals, including pharmaceuticals, can produce immediate 

teratologies, as in the historic case of thalidomide killing limb bud mesoderm 

(Kim and Scialli, 2011), or they may alter specific epigenetic marks that are 

inherited by subsequent generations not exposed to the chemical (Skinner, 2008; 

Skinner et al., 2010). A variety of chemical pollutants including polychlorinated 

biphenyls, organochlorine pesticides and heavy metals such as nickel, arsenic, 

chromium, and mercury alter the epigenome (Desaulniers et al., 2009; Salnikow 

and Zhitkovich, 2008; Sutherland and Costa, 2003). These chemicals and/or their 

metabolic byproducts can exert profound physiological and ecological stress on 

organisms. Moreover, changes in an epigenome induced by exposure to 

endocrine disrupting compounds during early life stages are detrimental to many 

animals. For example the widely used fungicide vinclozolin results in delayed 
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disease onset and reduced reproductive capacity for generations in mice (Anway 

et al., 2006; Uzumcu et al., 2004).  

The large number of chemicals in the environment represents a significant 

emerging risk to the health of most embryos. Recent research by the 

Environmental Working Group indicates 287 environmental chemicals, including 

pesticides, herbicides, heavy metals, DDT and dioxins are detected in human 

umbilical cord blood (http://ewg.org/). These results indicate that human embryos 

are exposed to many chemicals in utero, as are embryos of most other species 

that develop in direct contact with the external environment. Reports from the 

Toxic Substances Control Act (TSCA) suggest that 93% of high production 

volume industrial chemicals lack complete toxicity data (http://www.epa.gov/).  A 

variety of developmental animal models, including the zebrafish, Danio rerio, are 

used to screen chemicals in Europe (http://ec.europa.eu/) and the US (Kari et al., 

2007; Zhang et al., 2001). Mouse derived embryonic stem cell lines are also 

being used in developmental toxicology to identify hazardous chemicals 

(Rohwedel et al., 2001; Rolletschek et al., 2004). A large gap exists in our 

understanding of developmental specific vulnerabilities during embryogenesis, 

especially in PGCs that transmit epigenomes to subsequent generations. Thus, 

sea urchin embryos could be a great marine invertebrate model for 

understanding interactions of chemicals within a developmental context. 
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1.3 The defensome, an arsenal of proteins combating chemical 
stress 
	  
 Eukaryotic cells have evolved a variety of defense mechanisms to protect 

themselves from environmental toxicants. Complete genomic sequences of 

several animals have allowed for broad classifications of genes particular to 

cellular defense processes. The first example of a complete synthesis of the 

genes and proteins used for maintaining homeostasis, the chemical defensome 

(Goldstone et al., 2006), was provided for the sea urchin, Strongylocentrotus 

purpuratus (Sodergren et al., 2006). The defensome is a conceptual description 

of the entire complement of genes protecting the organism, many of which are 

involved in efflux and biotransformation of toxins (Figure 1). As part of the 

defensome, cells/embryos use enzymes to protect against harmful chemicals. 

These include cytochrome P450s, oxidative detoxification proteins, and the 

conjugating enzymes, glutathione transferases (Goldstone et al., 2006, Figure 1).  
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Figure 1. Illustration of the chemical defensome. A host of intracellular 
enzymes oxidize, reduce or conjugate chemical toxins before they are 
effluxed by ABC transporters. Chemical stress can activate transcription 
factors that elevate the expression of the detoxifying enzymes and efflux 
pumps. Figure taken from Goldstone et al., 2006. 
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The defensome framework has become instrumental in elevating the sea 

urchin as a model for studying the effects of environmentally regulated 

development in response to pollution (Matranga and Yokota, 2008). More 

importantly, it has renewed interest in exploring the interaction between innate 

and acquired responses in embryos as they use environmental cues to regulate 

their development (Hamdoun and Epel, 2007; Laland et al., 2008). An important 

chemical defense protein family is the ABC transporter superfamily. ATP Binding 

Cassette (ABC) transporters are considered a “first line of defense” for aquatic 

species, especially marine invertebrate embryos. This is because they pump 

many chemicals out of cells fueled by ATP hydrolysis (Epel, 1998, Figure 1). 

Numerous studies indicate that emerging environmental contaminates are ABC 

transporter inhibitors (Anway et al., 2006; Bridges and Zalups, 2005; Desaulniers 

et al., 2009; Kurelec et al., 1992; Salnikow and Zhitkovich, 2008; Smital et al., 

2004; Stevenson et al., 2006), thus they may limit the protective and endogenous 

signaling functions of these efflux proteins. 

 

1.4 ABC transporters 
Humans have seven ABC transporter gene families (ABCA-ABCG). These 

transporters efflux endogenous compounds including lipids and lipid-modified 

proteins (Aye et al., 2009; Borst et al., 2000; Deeley et al., 2006), natural 

products (Gottesman and Pastan, 1988), and chemotherapeutic drugs used to 

treat cancer (Gottesman, 1993; Leslie et al., 2005). ABC transporters are linked 
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to at least 14 human genetic disorders (Dean and Annilo, 2005). These include 

cystic fibrosis, cholestasis and cancer chemotherapeutic resistance (Dean et al., 

2001; Guggino and Stanton, 2006). ABC transporters are also important 

regulators of embryonic exposure to chemicals in placental mammals (Ceckova-

Novotna et al., 2006; Kalabis et al., 2005; Smit et al., 1999). 

Three subfamilies of ABC transporters are regulators of cellular protection 

against exogenous compounds, including the ABCBs, ABCCs and the ABCGs. 

The genome of the sea urchin, Strongylocentrotus purpuratus, contains 104 

ABC-transporter genes, including 18 ABCBs, 44 ABCCs, and 11 ABCGs. The 

majority of these genes are expressed during oogenesis and embryonic 

development (Goldstone et al., 2006). Members of these transporter families 

encode the “multidrug” efflux transporters involved in the active elimination of 

toxic "xenobiotics". ABCB (also known as P-glycoprotein, P-gp, or multidrug 

resistance transporters, MDR) and ABCC (also known as multidrug resistance 

protein, MRP) transporters, provide xenobiotic resistance to embryos (Elbling et 

al., 1993; Hamdoun et al., 2004; Luckenbach and Epel, 2008). Members of the 

ABCG subfamily afford drug resistance to breast cancer cells and are known as 

breast cancer resistance proteins (BCRP). ABCG-type transporters may be 

necessary for protecting the mammalian fetus from drug exposure (Jonker et al., 

2000) and are expressed at relatively high levels on the surface of embryonic 

stem cells before differentiation (Zhou et al., 2001).  
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1.4.1 ABC transporters in development 
	  

ABC transporters did not evolve to protect cells and embryos from 

anthropogenic chemicals, their primary function is thought to be the efflux of 

endogenous cell-signaling molecules and morphogens. The importance of ABC-

transporters to drive cell specification and differentiation in developmental 

systems is currently being studied. Cell differentiation in Dictyostelium is 

regulated by the ABC-transporters TagA, RhT and TagCm (Anjard et al., 1998; 

Good and Kuspa, 2000; Good et al., 2003). TagA, a serine protease/ABC-

transporter, regulates Dictyostelium spore differentiation (Good et al., 2003). RhT 

activity is down-regulated in prestalk cells, presumably to increase the local level 

of DIF-1, a morphogen involved in Dictyostelium terminal stalk differentiation 

(Good and Kuspa, 2000). Peptide signaling through TagC is necessary for the 

production of the chemokine SDF-2, that promotes spore encapsulation (Anjard 

and Loomis, 2005; Anjard et al., 1998). Plants also use transporters to create 

morphogenetic gradients (Geisler and Murphy, 2006). For example, phototropic 

growth responses are mediated by light induced activation of Phot1 kinase that in 

turn inactivates the auxin transporter ABCB19 in Arabidopsis thaliana (Christie et 

al., 2011).  

Regulation of development and differentiation by ABC-transporters is also 

observed in animals. Dauer larva formation in C. elegans is enhanced when 

multiple tissues express defective SDF-14, an ABCC-type transporter (Yabe et 

al., 2005). In Drosophila, an ABCB transporter, MDR-49, effluxes a prenylated 

peptide from somatic mesoderm that attracts migrating germ cells to the gonad 
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(Ricardo and Lehmann, 2009). In adult mammals, hematopoietic stem cells are 

characterized by increased levels of the MDR transporters ABCB1 and ABCG2 

that reduce rhodamine 123 and Hoechst 33342 accumulation (Chaudhary and 

Roninson, 1991; Spangrude and Johnson, 1990; Wolf et al., 1993). The 

hematopoietic stem cells in both mouse and human, termed "the side 

population", are characterized by reduced drug accumulation (Kim et al., 2002; 

Zhou et al., 2001). Overexpression of ABCG2 increases the relative number of 

the side population cells and prevents their differentiation (Bunting et al., 2000; 

Zhou et al., 2002). Differences in the expression and activity of these 

transporters during vertebrate embryogenesis remain unclear. Even less is 

known about the patterns of ABC transporter expression in invertebrate 

deuterostome embryos, or how their activity changes during embryogenesis. 

 

1.4.2 ABC transporter mediated cell migration 
	  

ABC transporters play an important role in mediating directed migration in 

many cells types. ABC transporter members efflux lipids that serve as 

chemoattractants, including during cancer cell metastasis (Fletcher et al., 2010). 

These can act in either an autocrine or paracrine manner, or contribute to a 

feedback such that paracrine signaling then induces autocrine signaling. 

Additional examples include murine dendritic cell migration, which is dependent 

on the efflux of lipid derived chemoattractants for which the secreting cell types 

are not known (Randolph, 2001). Efflux of platelet-activating factor by the ABC 
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transporter, ABCB1, in human Mesangial cells (Ernest and Bello-Reuss, 1999) 

and leukotriene C4 by the ABC transporter, ABCC1 (Prieschl and Baumruker, 

2000) may contribute to dendritic cell migration. Moreover, leukotriene 

derivatives drive potent T-cell recruitment through their binding with the G-protein 

coupled receptor (GPCR), BLT1 (Goodarzi et al., 2003; Tager and Luster, 2003) 

in human and murine systems. Both autocrine and paracrine siganaling through 

transporters efflux the sphingolipid derivative, sphingosine-1-phosphate (S1P), 

which is responsible for the development of embryonic vascular systems through 

the GPCR, SP1R (Allende and Proia, 2002) in mice. S1P is a substrate of 

ABCC1 (Mitra et al., 2006) which stimulates murine T-cell chemotaxis to lymph 

nodes (Honig et al., 2003). 

 

1.4.3 ABCB1 is a polyspecific multidrug transporter  
	  

ABCB1 was the first multidrug resistance transporter identified in chinese 

hamster ovary cells (Juliano et al., 1976). To date it is the best-studied 

transporter exhibiting multidrug resistance (MDR) against a broad range of 

structurally unrelated chemicals. Thus, ABCB1 is considered to be polyspecific 

because it binds and effluxes several structurally unrelated signaling molecules 

(Fletcher et al., 2010) as well as cytotoxic chemotherapeutics (Gottesman et al., 

2002). ABCB1 is expressed in a wide variety of differentiated mammalian 

tissues, including liver, intestine, testis, placenta and the blood brain barrier 

(Leslie et al., 2005). Interestingly, knockout mice for ABCB1a are morphologically 
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normal, show no overt sign of disease, and remain fertile (Schinkel et al., 1994), 

although they are more sensitive to accumulation of cytotoxic agents.  

The tertiary structure of ABCB1 is evolutionarily conserved and complex. 

ABCB1 is an integral membrane protein with 12 transmembrane alpha-helices 

(Leslie et al., 2005). Critical to its function is the binding and hydrolysis of ATP.  

Structural studies provide a better understanding of its polyspecificity. X-ray 

analysis of crystalized mouse ABCB1a has revealed a roughly 6000 Angstrom 

drug binding pocket that acts as a portal between the cytoplasm and inner leaflet 

of the plasma membrane (Aller et al., 2009). Mutational analysis of bacterial 

MDRs has revealed that polyspecificity is, in part, the result of loose hydrophobic 

and electrostatic interactions that "grease" the drug binding pocket, thus making 

it an efficient pump for a variety of compounds (Neyfakh, 2002; Zheleznova, 

2000). 

 

1.4.4 ABCB1a is the sea urchin ortholog of ABCB1 
	  

Sea urchin ABCB1a is an ortholog of the human transporter, ABCB1 

(Whalen et al., 2012). Trafficking of ABCB1a to the plasma membrane within 25 

min after fertilization contributes to the 80-fold increase in efflux activity observed 

during the egg to embryo transition (Hamdoun et al., 2004).  Like human ABCB1, 

it is capable of effluxing multiple structurally unrelated molecules that include 

calcein-AM, vinblastine and verapamil (Gokirmak et al., 2012). Sea urchin 

ABCB1a is a 1328 amino acid integral membrane transporter that has 12 
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transmembrane helices organized into two membrane spanning domains and 

two intracellular ATP binding domains (Figure 2). Sea urchin ABCB1a contains 

one predicted N-linked glycosylation site at N139 (Figure 2). 
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Figure 2. Illustration of the S. purpuratus transporter, ABCB1a. ABCB1a is 
a 1328 amino acid integral membrane protein with twelve transmembrane 
helices (green). Both the amino and carboxy terminus are intracellular. 
There are two membrane-spanning domains (MSDs) that each contain six 
alpha helices. Between each MSD, two nucleotide-binding domains (NBD) 
contain conserved Walker A, B and C motifs (blue, red, yellow, 
respectively). The predicted glycosylation site at N139 is on the first 
extracellular loop of the protein. Figure adapted from Gökirmak et al., 2012. 
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1.5 Sea urchin development 
	  

The sea urchin embryo is a powerful cellular and developmental model for 

investigating the temporal expression of ABC-transporters in different cell types. 

Recently, echinoid embryos (including sea urchins) have been proposed as a 

valuable model embryonic system for studying toxicological effects of 

environmental factors such as temperature, oxidative stress, chemical 

pollutants and ultraviolet radiation (Adams and Shick, 1996; Epel et al., 2006; 

Lesser et al., 2003; Pesando et al., 2003; Russo et al., 2003). Sea urchins 

inhabit all of the world oceans. Many are found intertidally and have a 

reproductive life cycle characterized by broadcast spawned gametes. Later, 

embryonic stages become ciliated and once larvae, they swim and feed in the 

plankton (Bosch et al., 1987). These planktonic embryos are microscopic, and 

they divide rapidly in synchrony. Interestingly, S. purpuratus larvae, like those of 

many echinoderms, undergo maximal indirect development, meaning a 

complete separation of adult and larval stages as the adult body plan grows 

within the larva as a rudiment (Ransick et al., 1996).  

 

1.5.1 Sea urchin small micromeres 
	  

Strongylocentrotus purpuratus eggs are 80 µm in diameter. Shortly after 

fertilization, the single cell zygote undergoes two radial and equal cleavages 

that bisect the embryo into left and right sides. The third cell division occurs 
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equatorially to bisect the embryo into eight symmetric cells called blastomeres 

(Figure 3).  

At the fourth embryonic cleavage, which gives rise to the 16-cell embryo, 

4 cells termed the micromeres arise through asymmetric cell division at the 

vegetal pole (Minokawa and Amemiya, 1999). The 4 micromeres undergo one 

more cell division to create 4 large and 4 small micromeres. Large micromeres 

will become the skeletogenic mesenchyme, and small micromeres will 

contribute to the two coelomic pouches of the pluteus larva (Ettensohn, 2009; 

Pehrson and Cohen, 1986; Tokuoka et al., 2002). Small micromeres eventually 

comprise 40% of the cells in the coelomic pouches (Davidson et al., 1998). 

Shortly after they arise, the small micromeres express the germ line specific 

markers Vasa, Nanos, and Seawi (Juliano et al., 2006; Voronina et al., 2008), 

which is characteristic for germ cell progenitors. Recently, small micromere 

removal experiments resulted in adult sea urchins lacking germ cells, positively 

identifying small micromeres as germ line progenitors (Yajima and Wessel, 

2011). Throughout gastrulation the small micromeres are passively pushed to 

the animal pole by the extension of the archenteron (Figure 3; Yajima et al., 

2014). How the eight small micromeres become part of the coelomic pouches 

remains unknown. 
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Figure 3. Illustration of sea urchin embryogenesis. Starting at 8-cell 
through pluteus. The symmetrical 8-cell embryo cleaves to reveal the 
asymmetric 16-cell embryo. At this stage, each group of cells has been 
specified as one of the primary germ layers with mesomeres on the animal 
cap as ectoderm (blue), the macromeres in the middle as endoderm 
(yellow) and the micromeres on the vegetal half of the embryo as 
mesoderm (pink). At the 32-cell stage a group of cells called the small 
micromeres segregates from their sisters the large micromeres. Small 
micromeres are sea urchin PGCs and large micromeres will become the 
skeleton of the pluteus. The embryo gastrulates by ingression and 
invagination on the vegetal region to eventually form the prism and early 
pluteus larva. Small micromeres will eventually reside in coelomic pouches 
on either the left or right sides of the pluteus larva (red). 
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1.6 The primordial germ cells 
	  

In sexually reproducing organisms, the gametes pass genes to the next 

generation. This theory, first proposed by August Weisman, stated that 

inheritance could only occur through the union of sperm and egg (Weismann, 

1893). Primordial germ cells (PGCs) give rise to the gametes and can be 

specified in one of two ways; by preformation, in which maternal determinants 

control germ line specification, or by epigenesis meaning germ line initiation 

through inductive signals from surrounding cells and tissues. Both forms of PGC 

specification result in the expression of germ line-specific proteins such as Vasa 

and Nanos (Juliano et al., 2010). Evolutionary analysis of these two modes of 

PGC specification indicate that epigenesis is the basal condition and that 

preformation has arisen independently multiple times (Extavour and Akam, 

2003). Although many model organisms have a bonafide "germ plasm", the 

extent to which their PGCs are specified is on a somewhat sliding scale between 

epigenesis and the maternal deposition of germ line dependent cytoplasm 

(commonly called germ plasm). Plants represent an epigenetic extreme and can 

produce the next generation from somatic precursors, gametes or spores. 

Germ line specification also involves genome wide changes in epigenetic 

marks that re-establish sex-specific germ line imprints (Allegrucci et al., 2005). 

The timing and mechanism controlling germ line specification determine the 

degree of influence that environmental selection, upstream of gametogenesis, 

will act on the compliment of heritable material (Extavour and García-Bellido, 

2001; Extavour and Akam, 2003). This means that between the time the PGCs 
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are specified and the initial production of the gametes is the developmental 

window for major changes in heritable material. Because they are formed early in 

development they must migrate to the embryonic gonad.  

 

1.7 Primordial germ cell migration 
	  

Primordial germ cell migration has been extensively studied in three model 

species, namely the fruit fly Drosophila melanogaster, the fish Danio rerio, and 

the mouse Mus musculus (Molyneaux and Wylie, 2004; Richardson and 

Lehmann, 2010; Tarbashevich and Raz, 2010). These reviews synthesize the 

current understanding, and show that common mechanisms exist for PGC 

migration.  

PGCs require guidance cues from chemoattractants secreted by somatic 

cells during their migration. Common to all three species is the use of G-protein 

coupled receptors (GPCRs). In Drosophila, the protein "Trapped in endoderm" 

(Tre1) is necessary for the down-regulation of cadherin protein (Kunwar et al., 

2008; Kunwar et al., 2003), development of cell polarity and the induction of 

migratory structures that allow PGCs to undergo transepithelial migration through 

posterior midgut endoderm. Although the ligand for the Tre1 receptor remains 

unknown, the downstream target is thought to be RhoA (Kunwar et al., 2003). In 

both Danio and Mus, PGCs migrate up gradients of Stromal-derived factor 1 

(SDF-1) secreted by somatic cells (Ara et al., 2003; Dumstrei, 2004). SDF-1 is 
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the ligand for the GPCR, CXCR4b, expressed by PGCs (Knaut et al., 2002; 

Molyneaux et al., 2004). 

The composition of membrane proteins must be tightly regulated in PGCs 

because their guidance cues rely on transmembrane and membrane associated 

molecules (Kunwar et al., 2006). Regulation of membrane receptors, such as 

GPCRs and cell adhesion molecules, are critical for PGC migration. PGCs may 

also sense the amount of E-cadherin (Kardash et al., 2009; Tarbashevich and 

Raz, 2010), because the surface concentration of cadherin molecules mediates 

essential cell-cell contacts during migration to the gonad (Bendel-Stenzel et al., 

2000; Blaser et al., 2005; Di Carlo and De Felici, 2000; Jenkins et al., 2003).  

PGC migration and survival are dependent on secreted lipid signaling 

derivatives of cholesterol and isoprenoids (Ding et al., 2008; Thorpe et al., 2004; 

Van Doren et al., 1998). The enzyme 3-hydroxy-3-methylglutaryl coenzyme A 

reductase (HMGCR) regulates the production of isoprenoid lipids. Inhibitor 

studies in both Danio and Drosophila have shown that production of these lipids 

is necessary for PGC migration to gonadal precursors (Thorpe et al., 2004; Van 

Doren et al., 1998). A major breakthrough in our understanding of the 

mechanism for the lipids as chemoattractants came in 2009 when Ricardo and 

Lehmann  (2009) showed that the efflux of lipid modified peptides, synthesized 

through an HMGCR dependent pathway, were controlled by the ABC transporter, 

MDR-49. Moreover, they showed that lipid modified peptide efflux is conserved 

between yeast and fly by rescuing MDR-49 knockout embryos with STE-6, a 

yeast transporter used for the efflux of mating pheromones (Ricardo and 
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Lehmann, 2009). Fatty acid derived ligands of many types of GPCRs are 

common for cell migration because they also serve as chemoattractants for 

leukocytes (Wang, 2009). 

 The interactions between developmental signaling and ABC transporter 

activity are not known. Even less information exists for how these interactions 

might govern primordial germ cell migration and morphogenesis. Thus in the 

following data chapters, I explore how the loss of ABC transporters from sea 

urchin primordial germ cells supports a developmental signaling hypothesis and 

argues that this signaling is in direct opposition to chemical defense. 

 

1.8 Literature Cited 
	  
Adams, N. L. and Shick, J. M. (1996). Mycosporine-like amino acids provide 

protection against ultraviolet radiation in eggs of the green sea urchin 
Strongylocentrotus droebachiensis. Photochem Photobiol 64, 149–158. 

Allegrucci, C., Thurston, A., Lucas, E. and Young, L. (2005). Epigenetics and 
the germline. Reproduction 129, 137–149. 

Allende, M. L. and Proia, R. L. (2002). Sphingosine-1-phosphate receptors and 
the development of the vascular system. Biochim Biophys Acta 1582, 222–
227. 

Aller, S. G., Yu, J., Ward, A., Weng, Y., Chittaboina, S., Zhuo, R., Harrell, P. 
M., Trinh, Y. T., Zhang, Q., Urbatsch, I. L. and Chang, G. (2009). Structure 
of P-Glycoprotein reveals a molecular basis for poly-specific drug binding. 
Science 323, 1718–1722. 

Anjard, C. and Loomis, W. F. (2005). Peptide signaling during terminal 
differentiation of Dictyostelium. P Natl Acad Sci Usa 102, 7607–7611. 

Anjard, C., Zeng, C., Loomis, W. F. and Nellen, W. (1998). Signal transduction 
pathways leading to spore differentiation in Dictyostelium discoideum. 
Developmental Biology 193, 146–155. 



	  

	  

22 

Anway, M. D., Leathers, C. and Skinner, M. K. (2006). Endocrine disruptor 
vinclozolin induced epigenetic transgenerational adult-onset disease. 
Endocrinology 147, 5515–5523. 

Ara, T., Nakamura, Y., Egawa, T., Sugiyama, T., Abe, K., Kishimoto, T., 
Matsui, Y. and Nagasawa, T. (2003). Impaired colonization of the gonads by 
primordial germ cells in mice lacking a chemokine, stromal cell-derived 
factor-1 (SDF-1). P Natl Acad Sci Usa 100, 5319–5323. 

Aye, I. L. M. H., Singh, A. T. and Keelan, J. A. (2009). Transport of lipids by 
ABC proteins: Interactions and implications for cellular toxicity, viability and 
function. Chem-Biol Interact 180, 327–339. 

Bendel-Stenzel, M. R., Gomperts, M., Anderson, R., Heasman, J. and Wylie, 
C. (2000). The role of cadherins during primordial germ cell migration and 
early gonad formation in the mouse. Mech Dev 91, 143–152. 

Blaser, H., Eisenbeiss, S., Neumann, M., Reichman-Fried, M., Thisse, B., 
Thisse, C. and Raz, E. (2005). Transition from non-motile behaviour to 
directed migration during early PGC development in zebrafish. J Cell Sci 118, 
4027–4038. 

Borst, P., Evers, R., Kool, M. and Wijnholds, J. (2000). A family of drug 
transporters: the multidrug resistance-associated proteins. J Natl Cancer I 92, 
1295–1302. 

Bosch, I., Beauchamp-Nicoud, A., Steele, M. E. and Pearse, J. S. (1987). 
Development, metamorphosis, and seasonal abundance of embryos and 
larvae of the antarctic sea urchin Sterechinus-Neumayeri. Biol Bull 173, 126–
135. 

Bridges, C. and Zalups, R. (2005). Molecular and ionic mimicry and the 
transport of toxic metals. Toxicol Appl Pharm 204, 274–308. 

Bunting, K., Zhou, S., Lu, T. and Sorrentino, B. (2000). Enforced P-
glycoprotein pump function in murine bone marrow cells results in expansion 
of side population stem cells in vitro and repopulating cells in vivo. Blood 96, 
902–909. 

Ceckova-Novotna, M., Pavek, P. and Staud, F. (2006). P-glycoprotein in the 
placenta: Expression, localization, regulation and function. Reprod Toxicol 
22, 400–410. 

Chaudhary, P. and Roninson, I. B. (1991). Expression and activity of P-
glycoprotein, a multidrug efflux pump, in human hematopoietic stem cells. 
Cell 66, 85–94. 



	  

	  

23 

Christie, J. M., Yang, H., Richter, G. L., Sullivan, S., Thomson, C. E., Lin, J., 
Titapiwatanakun, B., Ennis, M., Kaiserli, E., Lee, O. R., Adamec, J., Peer, 
W. A. and Murphy, A. S. (2011). phot1 inhibition of ABCB19 primes lateral 
auxin fluxes in the shoot apex required for phototropism. PLoS Biol 9, 
e1001076. 

Davidson, E. H., Cameron, R. A. and Ransick, A. (1998). Specification of cell 
fate in the sea urchin embryo: summary and some proposed mechanisms. 
Development 125, 3269–3290. 

Dean, M. and Annilo, T. (2005). Evolution of the ATP-binding cassette (ABC) 
transporter superfamily in vertebrates. Annu. Rev. Genom. Human Genet. 6, 
123–142. 

Dean, M., Rzhetsky, A. and Allikmets, R. (2001). The human ATP-binding 
cassette (ABC) transporter superfamily. Genome Res 11, 1156–1166. 

Deeley, R., Westlake, C. and Cole, S. (2006). Transmembrane transport of 
endo- and xenobiotics by mammalian ATP-binding cassette multidrug 
resistance proteins. Physiol Rev 86, 849–899. 

Desaulniers, D., Xiao, G.-H., Lian, H., Feng, Y.-L., Zhu, J., Nakai, J. and 
Bowers, W. J. (2009). Effects of mixtures of polychlorinated biphenyls, 
methylmercury, and organochlorine pesticides on hepatic DNA methylation in 
prepubertal female Sprague-Dawley rats. Int J Toxicol 28, 294–307. 

Di Carlo, A. and De Felici, M. (2000). A role for E-cadherin in mouse primordial 
germ cell development. Developmental Biology 226, 209–219. 

Ding, J., Jiang, D., Kurczy, M., Nalepka, J., Dudley, B., Merkel, E. I., Porter, 
F. D., Ewing, A. G., Winograd, N., Burgess, J., and Molyneaux, K. (2008). 
Inhibition of HMG CoA reductase reveals an unexpected role for cholesterol 
during PGC migration in the mouse. BMC Dev Biol 8, 120. 

Dumstrei, K. (2004). Signaling pathways controlling primordial germ cell 
migration in zebrafish. J Cell Sci 117, 4787–4795. 

Elbling, L., Berger, W., Rehberger, A., Waldhör, T. and Micksche, M. (1993). 
P-glycoprotein regulates chemosensitivity in early developmental stages of 
the mouse. FASEB J 7, 1499–1506. 

Epel, D. (1998). Use of multidrug transporters as first lines of defense against 
toxins in aquatic organisms. Comp Biochem Phys A 120, 23–28. 

Epel, D., Cole, B., Hamdoun, A. and Thurber, R. V. (2006). The sea urchin 
embryo as a model for studying efflux transporters: roles and energy cost. 
Mar Environ Res 62 Suppl, S1–4. 



	  

	  

24 

Ernest, S. and Bello-Reuss, E. (1999). Secretion of platelet-activating factor is 
mediated by MDR1 P-glycoprotein in cultured human mesangial cells. J. Am. 
Soc. Nephrol. 10, 2306–2313. 

Ettensohn, C. A. (2009). Lessons from a gene regulatory network: echinoderm 
skeletogenesis provides insights into evolution, plasticity and morphogenesis. 
Development 136, 11–21. 

Extavour, C. and García-Bellido, A. (2001). Germ cell selection in genetic 
mosaics in Drosophila melanogaster. P Natl Acad Sci Usa 98, 11341–11346. 

Extavour, C. G. and Akam, M. (2003). Mechanisms of germ cell specification 
across the metazoans: epigenesis and preformation. Development 130, 
5869–5884. 

Fletcher, J. I., Haber, M., Henderson, M. J. and Norris, M. D. (2010). ABC 
transporters in cancer: more than just drug efflux pumps. Nat. Rev. Cancer 
10, 147–156. 

Geisler, M. and Murphy, A. (2006). The ABC of auxin transport: The role of p-
glycoproteins in plant development. Febs Lett 580, 1094–1102. 

Gluckman, P. D. and Hanson, M. A. (2004). Living with the past: evolution, 
development, and patterns of disease. Science 305, 1733–1736. 

Gokirmak, T., Campanale, J. P., Shipp, L. E., Moy, G. W., Tao, H. and 
Hamdoun, A. (2012). Localization and substrate selectivity of sea urchin 
multidrug (MDR) efflux transporters. J Biol Chem. 287, 43876-43883. 

Goldstone, J. V., Hamdoun, A., Cole, B. J., Howard-Ashby, M., Nebert, D. 
W., Scally, M., Dean, M., Epel, D., Hahn, M. E. and Stegeman, J. J. (2006). 
The chemical defensome: environmental sensing and response genes in the 
Strongylocentrotus purpuratus genome. Developmental Biology 300, 366–
384. 

Good, J. and Kuspa, A. (2000). Evidence that a cell-type-specific efflux pump 
regulates cell differentiation in Dictyostelium. Developmental Biology 220, 
53–61. 

Good, J. R., Cabral, M., Sharma, S., Yang, J., Van Driessche, N., Shaw, C. 
A., Shaulsky, G. and Kuspa, A. (2003). TagA, a putative serine 
protease/ABC transporter of Dictyostelium that is required for cell fate 
determination at the onset of development. Development 130, 2953–2965. 

Goodarzi, K., Goodarzi, M., Tager, A. M., Luster, A. D. and Andrian, von, U. 
H. (2003). Leukotriene B4 and BLT1 control cytotoxic effector T cell 
recruitment to inflamed tissues. Nat Immunol 4, 965–973. 



	  

	  

25 

Gottesman, M. M. (1993). How cancer cells evade chemotherapy: sixteenth 
Richard and Hinda Rosenthal Foundation Award Lecture. Cancer Res 53, 
747–754. 

Gottesman, M. M. and Pastan, I. (1988). The multidrug transporter, a double-
edged sword. J Biol Chem 263, 12163–12166. 

Gottesman, M. M., Fojo, T. and Bates, S. E. (2002). Multidrug resistance in 
cancer: role of ATP-dependent transporters. Nat Rev Cancer 2, 48–58. 

Guggino, W. B. and Stanton, B. A. (2006). New insights into cystic fibrosis: 
molecular switches that regulate CFTR. Nat Rev Mol Cell Bio 7, 426–436. 

Hamdoun, A. and Epel, D. (2007). Embryo stability and vulnerability in an 
always changing world. P Natl Acad Sci Usa 104, 1745. 

Hamdoun, A., Cherr, G., Roepke, T. and Epel, D. (2004). Activation of 
multidrug efflux transporter activity at fertilization in sea urchin embryos 
(Strongylocentrotus purpuratus). Developmental Biology 276, 452–462. 

Honig, S. M., Fu, S., Mao, X., Yopp, A., Gunn, M. D., Randolph, G. J., and 
Bromberg, J. S. (2003). FTY720 stimulates multidrug transporter- and 
cysteinyl leukotriene-dependent T cell chemotaxis to lymph nodes. J Clin 
Invest 111, 627–637. 

Jenkins, A. B., McCaffery, J. M. and Van Doren, M. (2003). Drosophila E-
cadherin is essential for proper germ cell-soma interaction during gonad 
morphogenesis. Development 130, 4417–4426. 

Jonker, J., Smit, J., Brinkhuis, R., Maliepaard, M., Beijnen, J., Schellens, J. 
and Schinkel, A. (2000). Role of breast cancer resistance protein in the 
bioavailability and fetal penetration of topotecan. J Natl Cancer I 92, 1651–
1656. 

Juliano, C., Swartz, S. and Wessel, G. (2010). A conserved germline 
multipotency program. Development 137, 4113. 

Juliano, C., Voronina, E., Stack, C., Aldrich, M., Cameron, A. and Wessel, G. 
(2006). Germ line determinants are not localized early in sea urchin 
development, but do accumulate in the small micromere lineage. 
Developmental Biology 300, 406–415. 

Juliano, R., Ling, V. and Graves, J. (1976). Drug-resistant mutants of chinese 
hamster ovary cells possess an altered cell surface carbohydrate component. 
Journal of supramolecular structure. 4, 521-526. 

Kalabis, G. M., Kostaki, A., Andrews, M. H., Petropoulos, S., Gibb, W. and 



	  

	  

26 

Matthews, S. G. (2005). Multidrug resistance phosphoglycoprotein (ABCB1) 
in the mouse placenta: fetal protection. Biol Reprod 73, 591–597. 

Kardash, E., Reichman-Fried, M., Maître, J.-L., Boldajipour, B., Papusheva, 
E., Messerschmidt, E.-M., Heisenberg, C.-P. and Raz, E. (2009). A role for 
Rho GTPases and cell–cell adhesion in single-cell motility in vivo. Nat Cell 
Biol 12, 47–53. 

Kari, G., Rodeck, U. and Dicker, A. P. (2007). Zebrafish: an emerging model 
system for human disease and drug discovery. Clin Pharmacol Ther 82, 70–
80. 

Kim, J. H. and Scialli, A. R. (2011). Thalidomide: the tragedy of birth defects 
and the effective treatment of disease. Toxicol Sci 122, 1–6. 

Kim, M., Turnquist, H., Jackson, J., Sgagias, M., Yan, Y., Gong, M., Dean, M., 
Sharp, J. G. and Cowan, K. (2002). The multidrug resistance transporter 
ABCG2 (breast cancer resistance protein 1) effluxes Hoechst 33342 and is 
overexpressed in hematopoietic stem cells. Clin Cancer Res 8, 22–28. 

Knaut, H., Werz, C., Geisler, R., The Tübingen 2000 Screen Consortium and 
Nüsslein-Volhard, C. (2002). A zebrafish homologue of the chemokine 
receptor Cxcr4 is a germ-cell guidance receptor. Nature 421, 279–282. 

Kunwar, P. S., Sano, H., Renault, A. D., Barbosa, V., Fuse, N. and Lehmann, 
R. (2008). Tre1 GPCR initiates germ cell transepithelial migration by 
regulating Drosophila melanogaster E-cadherin. J Cell Biol 183, 157–168. 

Kunwar, P. S., Siekhaus, D. E. and Lehmann, R. (2006). In vivo migration: a 
germ cell perspective. Annu Rev Cell Dev Bi 22, 237–265. 

Kunwar, P. S., Starz-Gaiano, M., Bainton, R. J., Heberlein, U. and Lehmann, 
R. (2003). Tre1, a G protein-coupled receptor, directs transepithelial 
migration of Drosophila germ cells. PLoS Biol 1, e80. 

Kurelec, B., Krca, S., Pivcevic, B., Ugarkovic, D., Bachmann, M., Imsiecke, 
G. and Muller, W. (1992). Expression of p-glycoprotein gene in marine 
sponges - identification and characterization of the 125 Kda drug-binding 
glycoprotein. Carcinogenesis 13, 69–76. 

Laland, K. N., Odling-Smee, J. and Gilbert, S. F. (2008). EvoDevo and niche 
construction: building bridges. J Exp Zool B Mol Dev Evol 310, 549–566. 

Leslie, E. M., Deeley, R. G. and Cole, S. (2005). Multidrug resistance proteins: 
role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense. 
Toxicol Appl Pharm 204, 216–237. 



	  

	  

27 

Lesser, M. P., Kruse, V. A. and Barry, T. M. (2003). Exposure to ultraviolet 
radiation causes apoptosis in developing sea urchin embryos. J Exp Biol 206, 
4097–4103. 

Luckenbach, T. and Epel, D. (2008). ABCB- and ABCC-type transporters confer 
multixenobiotic resistance and form an environment-tissue barrier in bivalve 
gills. Am J Physiol-Reg I 294, R1919–29. 

Matranga, V. and Yokota, Y. (2008). Responses of marine organisms to 
physical and chemical impacts. Cell Biol Toxicol 24, 471–474. 

Minokawa, T. and Amemiya, S. (1999). Timing of the potential of micromere-
descendants in echinoid embryos to induce endoderm differentiation of 
mesomere-descendants. Dev Growth Differ 41, 535–547. 

Mitra, P., Oskeritzian, C. A., Payne, S. G., Beaven, M. A., Milstien, S. and 
Spiegel, S. (2006). Role of ABCC1 in export of sphingosine-1-phosphate 
from mast cells. P Natl Acad Sci Usa 103, 16394–16399. 

Molyneaux, K. A., Wang, Y., Schaible, K. and Wylie, C. (2004). Transcriptional 
profiling identifies genes differentially expressed during and after migration in 
murine primordial germ cells. Gene Expr Patterns 4, 167–181. 

Molyneaux, K. and Wylie, C. (2004). Primordial germ cell migration. Int J Dev 
Biol 48, 537–544. 

Neyfakh, A. A. (2002). Mystery of multidrug transporters: the answer can be 
simple. Molecular microbiology, 44, 1123-1130. 

Pehrson, J. R. and Cohen, L. H. (1986). The fate of the small micromeres in 
sea urchin development. Developmental Biology 113, 522–526. 

Pesando, D., Huitorel, P., Dolcini, V., Angelini, C., Guidetti, P. and Falugi, C. 
(2003). Biological targets of neurotoxic pesticides analysed by alteration of 
developmental events in the Mediterranean sea urchin, Paracentrotus lividus. 
Mar Environ Res 55, 39–57. 

Prieschl, E. E. and Baumruker, T. (2000). Sphingolipids: second messengers, 
mediators and raft constituents in signaling. Immunol. Today 21, 555–560. 

Randolph, G. J. (2001). Dendritic cell migration to lymph nodes: cytokines, 
chemokines, and lipid mediators. Semin Immunol 13, 267–274. 

Ransick, A., Cameron, R. A. and Davidson, E. H. (1996). Postembryonic 
segregation of the germ line in sea urchins in relation to indirect 
development. P Natl Acad Sci Usa 93, 6759–6763. 



	  

	  

28 

Ricardo, S. and Lehmann, R. (2009). An ABC transporter controls export of a 
Drosophila germ cell attractant. Science 323, 943–946. 

Richardson, B. E. and Lehmann, R. (2010). Mechanisms guiding primordial 
germ cell migration: strategies from different organisms. Nat Rev Mol Cell Bio 
11, 37–49. 

Rohwedel, J., Guan, K., Hegert, C. and Wobus, A. (2001). Embryonic stem 
cells as an in vitro model for mutagenicity, cytotoxicity and embryotoxicity 
studies: present state and future prospects. Toxicol In Vitro 15, 741–753. 

Rolletschek, A., Blyszczuk, P. and Wobus, A. (2004). Embryonic stem cell-
derived cardiac, neuronal and pancreatic cells as model systems to study 
toxicological effects. Toxicol Lett 149, 361–369. 

Russo, R., Bonaventura, R. and Zito, F. (2003). Stress to cadmium monitored 
by metallothionein gene induction in Paracentrotus lividus embryos. Cell 
stress & Chaperones, 8, 232-241. 

Salnikow, K. and Zhitkovich, A. (2008). Genetic and epigenetic mechanisms in 
metal carcinogenesis and cocarcinogenesis: Nickel, arsenic, and chromium. 
Chem Res Toxicol 21, 28–44. 

Schinkel, A. H., SMIT, J., van Tellingen, O., Beijnen, J. H., Wagenaar, E., van 
Deemter, L., MOL, C., Van der Valk, M. A., Robanus-Maandag, E. C. and 
Riele, Te, H. (1994). Disruption of the mouse mdr1a P-glycoprotein gene 
leads to a deficiency in the blood-brain barrier and to increased sensitivity to 
drugs. Cell 77, 491–502. 

Skinner, M. K. (2008). What is an epigenetic transgenerational phenotype? F3 
or F2. Reprod Toxicol 25, 2–6. 

Skinner, M. K., Manikkam, M. and Guerrero-Bosagna, C. (2010). Epigenetic 
transgenerational actions of environmental factors in disease etiology. Trends 
in Endocrinology & Metabolism 21, 214–222. 

Smit, J., Huisman, M., van Tellingen, O., Wiltshire, H. and Schinkel, A. 
(1999). Absence or pharmacological blocking of placental P-glycoprotein 
profoundly increases fetal drug exposure. J Clin Invest 104, 1441–1447. 

Smital, T., Luckenbach, T., Sauerborn, R., Hamdoun, A., Vega, R. and Epel, 
D. (2004). Emerging contaminants - pesticides, PPCPs, microbial 
degradation products and natural substances as inhibitors of multixenobiotic 
defense in aquatic organisms. Mutat Res-Fund Mol M 552, 101–117. 

Sodergren, E., Weinstock, G. M., Davidson, E. H., Cameron, R. A., Gibbs, R. 
A., Angerer, R. C., Angerer, L. M., Arnone, M. I., Burgess, D. R., Burke, 



	  

	  

29 

R. D., Coffman, J. A., Dean, M., Elphick, M. R., Ettensohn, C. A., Foltz, K. 
R., Hamdoun, A., Hynes, R. O., Klein, W. H., Marzluff, W., McClay, D. R., 
Morris, R. L., Mushegian, A., Rast, J. P., Smith, L. C., Thorndyke, M. C., 
Vacquier, V. D., Wessel, G. M., Wray, G., Zhang, L., Elsik, C. G., 
Ermolaeva, O., Hlavina, W., Hofmann, G., Kitts, P., Landrum, M. J., 
Mackey, A. J., Maglott, D., Panopoulou, G., Poustka, A. J., Pruitt, K., 
Sapojnikov, V., Song, X., Souvorov, A., Solovyev, V., Wei, Z., Whittaker, 
C. A., Worley, K., Durbin, K. J., Shen, Y., Fedrigo, O., Garfield, D., 
Haygood, R., Primus, A., Satija, R., Severson, T., Gonzalez-Garay, M. L., 
Jackson, A. R., Milosavljevic, A., Tong, M., Killian, C. E., Livingston, B. 
T., Wilt, F. H., Adams, N., Belle, R., Carbonneau, S., Cheung, R., 
Cormier, P., Cosson, B., Croce, J., Fernandez-Guerra, A., Geneviere, A. 
M., Goel, M., Kelkar, H., Morales, J., Mulner-Lorillon, O., Robertson, A. 
J., Goldstone, J. V., Cole, B., Epel, D., Gold, B., Hahn, M. E., Howard-
Ashby, M., Scally, M., Stegeman, J. J., Allgood, E. L., Cool, J., Judkins, 
K. M., McCafferty, S. S., Musante, A. M., Obar, R. A., Rawson, A. P., 
Rossetti, B. J., Gibbons, I. R., Hoffman, M. P., Leone, A., Istrail, S., 
Materna, S. C., Samanta, M. P., Stolc, V., Tongprasit, W., Tu, Q., 
Bergeron, K. F., Brandhorst, B. P., Whittle, J., Berney, K., Bottjer, D. J., 
Calestani, C., Peterson, K., Chow, E., Yuan, Q. A., Elhaik, E., Graur, D., 
Reese, J. T., Bosdet, I., Heesun, S., Marra, M. A., Schein, J., Anderson, 
M. K., Brockton, V., Buckley, K. M., Cohen, A. H., Fugmann, S. D., 
Hibino, T., Loza-Coll, M., Majeske, A. J., Messier, C., Nair, S. V., Pancer, 
Z., Terwilliger, D. P., Agca, C., Arboleda, E.,  Chen, N., Churcher, A. M., 
Hallbook, F., Humphrey, G. W., Idris, M. M., Kiyama, T., Liang, S., 
Mellott, D., Mu, X., Murray, G., Olinski, R. P., Raible, F.,  Rowe, M., 
Taylor, J. S., Tessmar-Raible, K., Wang, D., Wilson, K. H., Yaguchi, S., 
Gaasterland, T., Galindo, B. E., Gunaratne, H. J., Juliano, C., Kinukawa, 
M.,  Moy, G. W., Neill, A. T., Nomura, M., Raisch, M., Reade, A., Roux, M. 
M., Song, J. L., Su, Y. H., Townley, I. K., Voronina, E., Wong, J. L., 
Amore, G., Branno, M., Brown, E. R., Cavalieri, V., Duboc, V., Duloquin, 
L., Flytzanis, C., Gache, C., Lapraz, F., Lepage, T., Locascio, A., 
Martinez, P., Matassi, G., Matranga, V., Range, R., Rizzo, F., Rottinger, 
E., Beane, W., Bradham, C., Byrum, C., Glenn, T., Hussain, S., Manning, 
G., Miranda, E., Thomason, R., Walton, K., Wikramanayke, A., Wu, S. Y., 
Xu, R., Brown, C. T., Chen, L., Gray, R. F., Lee, P. Y., Nam, J., Oliveri, P., 
Smith, J., Muzny, D., Bell, S., Chacko, J., Cree, A., Curry, S., Davis, C., 
Dinh, H., Dugan-Rocha, S., Fowler, J., Gill, R., Hamilton, C., Hernandez, 
J., Hines, S., Hume, J., Jackson, L., Jolivet, A., Kovar, C., Lee, S., Lewis, 
L., Miner, G., Morgan, M., Nazareth, L. V., Okwuonu, G., Parker, D., Pu, L. 
L., Thorn, R., Wright, R. (2006). The genome of the sea urchin 
Strongylocentrotus purpuratus. Science 314, 941–952. 

Spangrude, G. J. and Johnson, G. R. (1990). Resting and activated subsets of 
mouse multipotent hematopoietic stem cells. P Natl Acad Sci Usa 87, 7433. 



	  

	  

30 

Stevenson, C. N., MacManus-Spencer, L. A., Luckenbach, T., Luthy, R. G. 
and Epel, D. (2006). New perspectives on perfluorochemical ecotoxicology: 
inhibition and induction of an efflux transporter in the marine mussel, Mytilus 
californianus. Environ Sci Technol 40, 5580–5585. 

Sutherland, J. and Costa, M. (2003). Epigenetics and the environment. Ann Ny 
Acad Sci 983, 151–160. 

Tager, A. M. and Luster, A. D. (2003). BLT1 and BLT2: the leukotriene B4 
receptors. Prostaglandins, Leukotrienes and Essential Fatty Acids 69, 123–
134. 

Tarbashevich, K. and Raz, E. (2010). The nuts and bolts of germ-cell migration. 
Curr Opin Cell Biol 22, 715–721. 

Thorpe, J. L., Doitsidou, M., Ho, S.-Y., Raz, E. and Farber, S. A. (2004). Germ 
cell migration in zebrafish is dependent on HMGCoA reductase activity and 
prenylation. Dev Cell 6, 295–302. 

Tokuoka, M., Setoguchi, C. and Kominami, T. (2002). Specification and 
differentiation processes of secondary mesenchyme-derived cells in embryos 
of the sea urchin Hemicentrotus pulcherrimus. Dev Growth Differ 44, 239–
250. 

Uzumcu, M., Suzuki, H. and Skinner, M. K. (2004). Effect of the anti-
androgenic endocrine disruptor vinclozolin on embryonic testis cord formation 
and postnatal testis development and function. Reprod Toxicol 18, 765–774. 

Van Doren, M., Broihier, H. T., Moore, L. A. and Lehmann, R. (1998). HMG-
CoA reductase guides migrating primordial germ cells. Nature 396, 466–469. 

Voronina, E., Lopez, M., Juliano, C., Gustafson, E., Song, J., Extavour, C., 
George, S., Oliveri, P., McClay, D. and Wessel, G. (2008). Vasa protein 
expression is restricted to the small micromeres of the sea urchin, but is 
inducible in other lineages early in development. Developmental Biology 314, 
276–286. 

Wang, F. (2009). The signaling mechanisms underlying cell polarity and 
chemotaxis. Cold Spring Harb Perspect Biol 1, a002980–a002980. 

Weismann, A. (1893). The Germ-plasm: A Theory of Heredity. New York. 

Whalen, K., Reitzel, A. M. and Hamdoun, A. (2012). Actin polymerization 
controls the activation of multidrug efflux at fertilization by translocation and 
fine-scale positioning of ABCB1 on microvilli. Mol Biol Cell 23, 3663–3672. 

Wolf, N. S., Koné, A., Priestley, G. V. and Bartelmez, S. H. (1993). In vivo and 



	  

	  

31 

in vitro characterization of long-term repopulating primitive hematopoietic 
cells isolated by sequential Hoechst 33342-rhodamine 123 FACS selection. 
Exp Hematol 21, 614–622. 

Yabe, T., Suzuki, N., Furukawa, T., Ishihara, T. and Katsura, I. (2005). 
Multidrug resistance-associated protein MRP-1 regulates dauer diapause by 
its export activity in Caenorhabditis elegans. Development 132, 3197–3207. 

Yajima, M. and Wessel, G. M. (2011). Small micromeres contribute to the 
germline in the sea urchin. Development 138, 237–243. 

Zhang, C., Willett, C. and Fremgen, T. (2001). Zebrafish: An Animal Model for 
Toxicological Studies. Hoboken, NJ, USA: John Wiley & Sons, Inc. 

Zheleznova, E. (2000). A structure-based mechanism for drug binding by 
multidrug transporters. Trends Biochem Sci 25, 39–43. 

Zhou, S., Morris, J. J., Barnes, Y., Lan, L., Schuetz, J. D. and Sorrentino, B. 
P. (2002). Bcrp1 gene expression is required for normal numbers of side 
population stem cells in mice, and confers relative protection to mitoxantrone 
in hematopoietic cells in vivo. P Natl Acad Sci Usa 99, 12339–12344. 

Zhou, S., Schuetz, J., Bunting, K., Colapietro, A., Sampath, J., Morris, J., 
Lagutina, I., Grosveld, G., Osawa, M., Nakauchi, H. and Sorrentino, B. P. 
(2001). The ABC transporter Bcrp1/ABCG2 is expressed in a wide variety of 
stem cells and is a molecular determinant of the side-population phenotype. 
Nat Med 7, 1028–1034. 



	  

	   32 

 

 

 

 

 

Chapter 2 

Programmed reduction of ABC-transporter activity in 
sea urchin germline progenitors 

 
 

 



	  

	  

33 

2.1 Abstract  
	  

ATP-binding cassette (ABC) transporters protect embryos and stem cells 

from mutagens and pump morphogens that control cell fate and migration. In this 

study we measured dynamics of ABC-transporter activity during formation of sea 

urchin embryonic cells necessary for the production of gametes, termed the small 

micromeres. Unexpectedly, we found small micromeres accumulate 2.32 times 

more of the ABC-transporter substrates calcein-AM, CellTrace RedOrange, 

BoDipy-verapamil and BoDipy-vinblastine, than any other cell in the embryo, 

indicating a reduction in multidrug efflux activity. The reduction in small 

micromere ABC-transporter activity is mediated by a pulse of endocytosis 

occurring 20-60 minutes after the appearance of the micromeres, the precursors 

of the small micromeres. Treating embryos with phenylarsine oxide, an inhibitor 

of endocytosis, prevents the reduction of transporter activity. 

Tetramethylrhodamine dextran and cholera toxin B uptake experiments indicate 

that micromeres have higher rates of bulk and raft-associated membrane 

endocytosis during the window of transporter down-regulation. We hypothesized 

that this loss of efflux transport could be required for the detection of 

developmental signaling molecules such as germ cell chemoattractants. 

Consistent with this hypothesis we found that the inhibition of ABCB and ABCC-

types of efflux transporters disrupts the ordered distribution of small micromeres 

to the left and right coelomic pouches. These results point to tradeoffs between 

signaling and the protective functions of the transporters. 
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2.2 Introduction 
	  

Plasma membranes (PMs) function to control the flow of molecules 

between cells and their environment. ATP-binding cassette (ABC) transporters 

are PM proteins found in all cells that provide protection by exporting toxins 

(Dean et al., 2001; Deeley et al., 2006) and control cell differentiation by 

exporting morphogens (Fletcher et al., 2010).  It is generally presumed that 

multidrug type ABC-transporters, including ABCB-type (permeability glycoprotein 

or P-gp), ABCC-type (multidrug resistance proteins or MRPs) and ABCG-type 

(breast cancer resistance protein or BCRP) are abundant in embryos and stem 

cells to protect them from mutagens. 

Previous studies indicate that ABCB, ABCC and ABCG efflux activities 

control cellular differentiation during development. For example, cell 

differentiation in Dictyolstelium is regulated by the ABC-transporters TagA, RhT 

and TagCm (Anjard et al., 1998; Good and Kuspa, 2000; Good et al., 2003)  and 

plants use the transporters to create gradients of auxin (Christie et al., 2011; 

Geisler and Murphy, 2006). In animal embryos dauer larva formation in C. 

elegans is controlled by ABCC-transporters (Yabe, 2005) and in Drosophila, 

ABCB-transporters efflux prenylated peptides from somatic mesoderm to attract 

germ cells (Ricardo and Lehmann, 2009). Relatively little is known about the 

pattern of ABC-transporter expression in deuterostome embryos, or how their 

roles in protection and signaling are balanced during development. 

Previously we found cleavage stage sea urchin embryos have two 

multidrug efflux activities mediated by ABCB and ABCC-type transporters 
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(Hamdoun et al., 2004). Here, we investigated the dynamics of ABC-transporter 

activity during the 4th-6th cell divisions in sea urchins, which correspond to the 

onset of major cell specification events in this embryo. The 4th cleavage division 

is asymmetric, producing four macromeres and four micromeres (Horstadius, 

1950; McClay, 2011). At the 5th cleavage, micromeres divide to produce four 

large micromeres and four small micromeres. The four small micromeres divide 

only once more prior to gastrulation to form eight cells, which migrate to the 

coelomic pouches formed from mesenchymal pockets on either side of the 

advancing archenteron (Cameron et al., 1991; Pehrson and Cohen, 1986; 

Tanaka and Dan, 1990). Small micromeres in the left coelomic pouch proliferate 

throughout larval development to become the adult rudiment (Juliano et al., 

2010). They express canonical germline genes including vasa, nanos and piwi 

(Juliano et al., 2006) and are presumed to be progenitors of the germline (Yajima 

and Wessel, 2010), because their ablation leads to adults lacking gametes. 

Unexpectedly, we find that ABC-transporter activity is down regulated in 

the small micromeres despite their apparent significance to formation of the 

germline. The down-regulation occurs during the 5th cleavage as the micromeres 

are producing the small and large micromere membranes. Large micromere 

transport activity eventually returns to levels observed in other blastomeres, but 

remains reduced in small micromeres. The reduction of multidrug efflux is 

maintained throughout early development and persists in small micromeres of 

blastulae. We found the down regulation of multidrug efflux is coincident with a 

pulse of endocytic activity that peaks after micromeres appear, and results in 
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retrieval of the apical membrane marker ganglioside M1 (GM1). Finally, we found 

that growing embryos in the presence of ABC transporter inhibitors perturbed the 

pattern of small micromere segregation to the coelomic pouches, suggesting that 

this re-organization of the small micromere PM promotes their ordered 

distribution. 

 

2.3 Materials and Methods 
	  

2.3.1 Echinoderm collection, gamete gathering and embryo culture 
	  

Adult Strongylocentrotus purpuratus, Lytechinus pictus and Dendraster 

excentricus were collected in La Jolla, Ca, USA and held between 10-12ºC in 

flow-through seawater aquaria. Animals were spawned by intracoelomic 

injection of 0.55 M KCl. For all experiments, eggs from females were collected 

in natural seawater (NSW) and washed twice with 0.22 µm filtered seawater 

(FSW). Eggs were diluted to either a 1% (v/v) suspension, or to 500-eggs/mL in 

FSW and fertilized in a final sperm dilution of 1:250,000.  

 

2.3.2 Reagents, ABC-transporter inhibitors and substrates 
	  

Calcein-acetoxymethyl ester (CAM) was from Biotium (Hayward, CA, 

USA). Bo-dipy-FL Verapamil (BFLVp), Bo-dipy-FL Vinblastine (BFLVb), Hoechst 

33342, tetramethylrhodamine dextran (RhoDex, 10,000 MW), cholera toxin B 

(CTB) and CellTrace RedOrange calcein-AM (CTRO) were from Invitrogen 

(Carlsbad, CA, USA). MK571, actinomycin D (ActD), brefeldin A (BfA), 
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cadmium chloride, phenylarsine oxide (PAO) and wortmannin (Wort) were from 

Sigma-Aldrich Chemical Company (St. Louis, MO, USA). PSC833 was a gift 

from Novartis (Basel, Switzerland). All substrates and inhibitors were either 

dissolved in dimethyl sulfoxide (DMSO) or FSW. Final DMSO concentrations 

did not exceed 0.5% and solvent controls were used in all experiments. 

The cDNA encoding Sp-vasa was s a gift from Zackary Swartz and Gary 

Wessel (Gustafson and Wessel, 2010; Voronina et al., 2008). Sp-vasa was 

amplified by PCR and cloned into a PCS2+ vector to yield an N-terminal 

mCherry fusion. Capped mRNA was synthesized in vitro using a SP6 

mMessage mMachine kit (Ambion Inc., Austin, TX, USA), precipitated in lithium 

chloride and resuspended in dH2O. Capped mRNA was diluted to 1.0 mg/mL 

and injected at 2-5% of egg volume (Lepage and Gache, 2004).  

 

2.3.3 Quantification of CAM efflux activity using confocal microscopy 
	  

Calcein-AM (CAM) is a neutral, non-fluorescent, PM permeable substrate 

of ABCB/P-gp and ABCC/MRP-type ABC-transporters of echinoderm eggs and 

embryos (Hamdoun et al., 2004; Roepke et al., 2006). Active transporters efflux 

CAM, whereas cells with reduced or inactive transporters accumulate CAM 

which is cleaved by esterases to fluorescent calcein (Essodaigui et al., 1998). 

Embryos were incubated in CAM and intracellular calcein accumulation was 

measured using a Zeiss LSM-700 laser scanning confocal microscope (Jena, 

Germany) equipped with a Zeiss Plan APOChromat 20x air objective (numerical 
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aperture, 0.8). The Zen software suite (Zeiss, revision 5.5) was used to capture 

images.  

To measure calcein accumulation rates in micromeres and small 

micromeres as compared to the rest of the embryo (ROE), sea urchins were 

incubated in 250 nM CAM starting at 120 minutes post-fertilization in protamine 

sulfate coated Delta-T tissue culture dishes, covered by a coverglass lid to 

prevent evaporation (Bioptechs, Butler, PA, USA). Approximately 500 embryos 

were placed into each dish in 1 mL, and kept chilled to 14-15ºC using a cooled 

stage. Fourteen 2.79 µm z-sections were taken through 36 µm of the embryos, 

every 4 minutes for the next 8 h. Calcein was imaged using a 10 mW 488 nm 

solid state laser at 0.9% (27 µW) at the sample plane.  

Maximum intensity projections (MIPs) were used to quantify the 

intracellular fluorescence of small micromeres, large micromeres and their 

descendants, and the rest of the embryo using Volocity (version 5.2, Perkin-

Elmer, Waltham, MA, USA). Micrographs were prepared using ImageJ 

(National Institutes of Health, Bethesda, MD, USA) and Adobe Photoshop CS2.  

 

2.3.4 Identification of transport activities down-regulated in small 
micromeres  
	  
 Embryos were exposed to 250 nM CAM and inhibitors of either ABCB-

transporters (P-gp) or ABCC-transporters (MRP), PSC833 or MK571 beginning 

at 15h post-fertilization. Calcein accumulation was measured at 16.5h post-

fertilization as described above. Intracellular fluorescence was quantified using 
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ImageJ and calcein concentration was calculated from a standard curve of 

known calcein solutions. 

 

2.3.5 Inhibition of cellular processes involved in the down-regulation of 
efflux 
	  

To identify the cellular mechanism(s) responsible for down-regulation of 

transport we treated embryos with inhibitors of several cellular processes. To 

inhibit transcription and anterograde Golgi traffic, embryos were incubated in 

ActD and BfA starting 30 minutes post-fertilization. To inhibit endocytosis or 

exocytosis, embryos were treated with cadmium chloride, PAO or wortmannin 

when 50% of the batch was 16-cells. With all inhibitors, embryos were incubated 

in CAM 10 minutes after 50% of each batch reached 16-cells and calcein 

accumulation in micromeres and the ROE was measured 80 minutes later, as 

described above. 

 

2.3.6 Quantification of fluid phase and GM1 endocytosis 
	  

Tetramethylrhodamine dextran experiments were modified from (Whalley 

et al., 1995) and Cholera toxin B experiments were modified from (Alford et al., 

2009). Eggs were washed as described above, but de-jellied in acid FSW (pH 

4.9) for 10 minutes, washed with FSW and fertilized in the presence of 4 mM 

para-amino benzoic acid (PABA), which inhibits hardening of the fertilization 

envelope (Wessel and Vacquier, 2004). Envelopes were removed by passage 

through a 61 µm nitex mesh and cultured at 15°C. 



	  

	  

40 

16-cell stage embryos were treated with either 100 µM rhodamine dextran 

(10,000 MW) or 5 µg/mL cholera toxin B (CTB) for 20 minutes. Embryos were 

washed twice with 5 volumes ice-cold FSW and fixed on ice for 2h in fix solution 

(0.3% glutaraldehyde, 3% paraformaldehyde, 70 % FSW), transferred to PBS 

and imaged by confocal using a Zeiss C-APOChromat 40x water objective 

(numerical aperture: 1.1). Embryos exposed to cholera toxin B were rinsed once 

in hyaline extraction medium (McClay and Fink, 1982) for 5 minutes before 

incubation with CTB. 

Quantification of endosomes labeled with either rhodamine dextran or 

CTB was done using Volocity (Perkin Elmer, San Jose, CA, USA). MIPs were 

manually thresholded to ensure all of the endosomes were identified (Figure S1). 

The diameter, volume and surface area of all of the endosomes in each cell was 

then measured automatically.  

 

2.3.7 Small micromere migration assays 
	  

1-cell embryos were injected with the mRNA encoding the Sp-vasa 

construct described above. At 24 hours post-fertilization (HPF), embryos were 

transferred to 10 mL culture dishes containing either 0.3% DMSO, 5 µM MK571 

or 3 µM PSC833 for another 72-85 hrs. Embryos were placed on cover slips 

coated with protamine sulfate (1.0%) and imaged by confocal microscopy using 

the 20x air objective described above. The numbers of small micromeres were 

manually tallied from embryos with a total of eight small micromeres that had 
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completed migration to either the left or the right coelomic pouch. Only embryos 

oriented in such a way that both coelomic pouches were visible were counted.  

MIPs were prepared using ImageJ. 

 

2.3.8 Statistics 
All statistics were analyzed using JMP8.0 (Cary, NC, USA). In all cases an 

ANOVA (α ≤ 0.05) with either Tukey-Kramer or Steel-Dwass tests were used for 

post-hoc multiple comparisons to analyze for statistical differences between 

treatments among embryos from multiple females. The number of batches and 

embryos used for each experiment are given in each figure legend. 

 

2.4 Results 
	  

2.4.1 Transport activity changes in sea urchin small micromeres 
	  

Calcein-AM (CAM) is a non-fluorescent substrate of ABCB and ABCC-

efflux transporters. If these transporters are active, CAM is effluxed from cells. If 

these transporters are inactive, CAM enters the cell and is cleaved by esterases 

to yield calcein, which is fluorescent and membrane impermeant. Using this 

substrate, we surveyed transporter activity in embryos from the purple sea 

urchin, Strongylocentrotus purpuratus.  
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Figure 1. Sea urchin micromeres and small micromeres accumulate calcein 
from their appearance through blastulation. (A) Schematic diagrams of the 
16, 28 and 60-cell stage embryos. Each stage is shown from a vegetal view. 
At the 16-cell stage, the micromeres are green. All cells in the embryo, 
except the micromeres, progress through one cell cycle to produce the 28-
cell embryo. At the 60-cell stage, the micromeres have divided into the 
large micromeres and the small micromeres. (B) Maximum intensity 
projections (MIPs) of S. purpuratus embryos showing two developmental 
switches in calcein accumulation; first, increased in the micromeres (Mic), 
but not the macromeres (Mac), or the mesomeres (Mes) of the 28-cell stage 
and later to the large micromeres (Lmic) and small micromeres (Smic) of 
the 60 cell embryo, and second, decreased to levels observed in the Mac 
and Mes for the Lmics in the early blastula. Scale bars are 10 µm. 
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In the 16-cell sea urchin embryo, asymmetric cleavage results in the 

production of three different cell populations each named based on their relative 

size. These are, 1) Four micromeres at the vegetal pole, 2) Four macromeres 

positioned on the vegetal half of the embryo and 3) eight mesomeres in the 

animal half of the embryo (Figure 1A). Subsequently, the macromeres and the 

mesomeres undergo one cell division to produce a 28-cell embryo before all cells 

in the embryo divide to produce a 60-cell embryo (Figure 1A). At this time the 

micromeres divide to produce small micromeres and large micromeres (Figure 

1A). 

We observed that after 4th cleavage (i.e. 16-cell stage), the micromeres 

accumulated more calcein (Figure 1B) than the rest of the embryo (ROE). 

Exposure to CAM during the 5th cleavage (i.e. 16-28-cell stage) resulted in both 

the large and small micromeres accumulating high levels of calcein (Figure 1B). 

However, if CAM treatment was postponed until after the small micromeres 

appeared (60-cell, Figure 1B), only the small micromeres accumulated calcein. 

These results indicate two switches in efflux activity between the 4th and 6th 

cleavages. The first switch results in reduced efflux activity in the micromeres 

and small micromeres. The second switch restores efflux activity in the large 

micromeres.  

Since small micromeres are smaller than other cells in the embryo, we 

asked if this phenomenon could be attributed to increases in surface to volume 

ratios. To test this possibility we exposed blastulae (15-17h post-fertilization) to 

CAM and three other fluorescent ABC-transporter substrates. In blastulae, small 
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micromeres have a surface to volume ratio of roughly 0.36 µm-1 (diameter of 8 

µm and a height of 17.5 µm), similar to the surface to volume ratio of the cells in 

the rest of the embryo 0.32 µm-1 (diameter of 9.5 µm and a height of 17.5 µm). 

The three additional substrates included one requiring esterase activity, 

CellTrace calcein red-orange AM  (CTRO) and two substrates that do not require 

esterase activity, Bodipy verapamil (BFLVp) and Bodipy vinblastine (BFLVb). We 

found that all three of these compounds accumulated at higher levels in four cells 

at the vegetal pole of the embryos (Figure 2A).  

To determine whether the cells labeled in blastulae were indeed the small 

micromeres, we injected mRNA encoding a red fluorescent protein fusion of Sp-

Vasa, which selectively accumulates in the small micromeres (Gustafson and 

Wessel, 2010; Voronina et al., 2008). The calcein and fluorescent Vasa protein 

co-localized to the same four cells, confirming that they were the small 

micromeres (Figure 2B). Collectively, these experiments eliminated the possibility 

that differences in surface area to volume ratios between the small micromeres 

and other cells in the embryo at the 60-cell stage, or esterase distribution in 

these cells are responsible for the increased accumulation of ABC-transporter 

substrates in the small micromeres. 

  Finally, to determine whether this phenomenon is exclusive to S. 

purpuratus, we tested whether small micromeres of other echinoid species also 

have reduced calcein efflux activity. We found small micromeres of the sea 

urchin, Lytechinus pictus, and the sand dollar, Dendraster excentricus, 
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accumulated calcein (Figure 2C), indicating that this phenomenon has been 

conserved for more than 250 million years (Smith et al., 2006).   
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Figure 2. Small micromeres from sea urchin and sand dollar blastulae 
accumulate multiple ABC-transporter substrates. (A) MIPs of blastulae 
showing small micromeres accumulate more CTRO, BFLVp and BFLVb. (B) 
Vegetal view of a blastula overexpressing Sp-vasa-mCherry fusion protein. 
Small micromeres are labeled with intracellular calcein in green and Sp-
vasa in red. (C) MIPs of embryos from L. pictus and D. excentricus treated 
with CAM at the 60-cell stage. Scale bars are 10 µm for A and C, 3 µm in B. 
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2.4.2 Rates of calcein accumulation in micromeres and small micromeres 
are higher than those of large micromeres and other blastomeres  
	  

To determine the timing of transport activity changes occurring in small 

micromeres, we measured calcein accumulation rates by 4-D confocal 

microscopy (Figure 3A and Movie 1). Figure 3A shows maximum intensity 

projections from a time-lapse video beginning at the 4-cell stage and continuing 

through the early blastula. To measure the differences in efflux activity among 

cell types, we manually identified regions of interest in each image and measured 

the accumulation of fluorescent calcein over time (Figure 3A). Linear regressions 

were applied to each region to estimate the rate of calcein accumulation in each 

cell type. The slope for each region was then compared to the basal rate 

observed in the rest of the embryo (Figure 3B). The results indicate multidrug 

efflux activity significantly decreases in the micromeres with a 2.24-fold increase 

in calcein accumulation rate (p<0.01). After the micromeres divide, the large 

micromeres return to the same rate observed in the ROE, while the small 

micromeres continue to accumulate calcein at a rate 2.32 times higher than the 

ROE.  

  



	  

	  

48 

	  
Figure 3. The rate of calcein accumulation is faster in micromeres and 
small micromeres than in large micromeres and the rest of the embryo 
(ROE). (A) MIPs of S. purpuratus embryos accumulating calcein throughout 
early development. White, green, blue and orange arrows indicate each 
region of interest (ROI) graphed for the ROE, Mics, Lmics and Smics 
respectively. Black arrow indicates the start of CAM incubation. Scale bar 
is 10 µm. (B) Rates of calcein accumulation observed for each ROI and 
normalized to basal accumulation of the ROE. Bars are the average of 
seven embryos from three females (±s.e.m.) and bars sharing the same 
letter are not significantly different from one another (ANOVA, P>0.2) while 
bars with different letters are significantly different (P≤0.05)  
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To confirm the changes in rate observed by time-lapse analysis, 

instantaneous calcein accumulation rates were measured from embryos 

incubated in the dark (i.e. without continuous imaging). The rates of calcein 

molecules accumulated over time are presented in Table 1. Prior to the 

appearance of the micromeres, blastomeres of the 8-cell embryo accumulated 

calcein at a rate of 9,397 molecules/pl/minutes (± 360, s.e.m). During the 

subsequent (i.e. 5th) division, the rate of calcein accumulation in mesomeres and 

macromeres was 7,261 molecules/pl/minutes (± 231), while the micromere rate 

was 1.41-fold higher at 10,293 molecules/pl/minutes (± 364). After the 60-cell 

stage, the large micromeres accumulated 7,386 molecules/pl/minutes (± 426), a 

rate similar to that measured in the ROE (Figure 3C), while small micromeres 

accumulated 12,624 molecules/pl/minutes (± 1,050; Figure 1A-C), a rate that is 

2.19 times higher than the ROE.   

Results from both the measurement of calcein accumulation by time-lapse 

confocal and the instantaneous rate calculations confirm the two developmental 

switches described in Figure 1B.  An initial reduction of ABC-transporter 

mediated efflux of calcein occurs early in the micromere cell cycle but this 

decrease in multidrug efflux activity is only maintained in the small micromere 

lineage, while it returns to normal in the large micromeres. 
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Table 1. Average rate of calcein accumulation in different cells  

throughout early development 

Developmental 
stage 

Approximate time      
(min after 
fertilization) 

Region of 
embryo 

Average accumulation 
rate (calceins/pl/min)* 

8-cell 220 ROE 9,397 (±359) 

16-cell 

270 
micromeres 10,293 (±364) 

ROE 7,261 (±231) 

320 
micromeres 12,292 (±373) 

ROE 7,525 (±241) 

Early blastula 520 

small 
micromeres 12,624 (±1,050) 

large 
micromeres 7,386 (±426) 

ROE 5,756 (±294) 

*	   n=6	   x	   ≥5	   (batches	   x	   embryos)	  
±s.e.m	  
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2.4.3 ABCB and ABCC-type transporters are down-regulated in the small 
micromeres  
	  

Previous work demonstrated that two types of ABC-transporter activities 

are responsible for calcein efflux in sea urchin embryos (Hamdoun et al., 2004). 

One is pharmacologically similar to ABCB/P-gp-like transport and another is 

similar to ABCC/MRP-transport.  To identify which of these two activities is down-

regulated in the small micromeres, we exposed blastulae to inhibitors of ABCB/P-

gp or ABCC/MRP transporters, PSC833 and MK571 respectively, and then 

measured intracellular calcein accumulation. Both MK571 and PSC833 cause 

dose-dependent increases in calcein accumulation in small micromeres (Figure 

4A,B). However, because small micromeres continue to show inhibitor-sensitive 

increases in calcein accumulation, we conclude that transport is down-regulated 

rather than completely inactivated.  

Since ABCG2-efflux transporters are commonly expressed in stem cells 

(Bunting, 2002), we considered the possibility that some compensatory ABCG 

activity could be induced in these cells to counteract for loss of the ABCB/C 

activity. To test this hypothesis, embryos were incubated in the ABCG2 

substrate, mitoxantrone, and the intracellular accumulation was measured for the 

micromeres, small micromeres, and the ROE. We did not observe a reduction in 

mitoxantrone accumulation in either the micromeres or the small micromeres, 

indicating that they do not up-regulate the activity of ABCG2 (Figure 4C). In 

addition, 5 µM fumitremorgin-C, an ABCG2 inhibitor, does not increase 
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accumulation of mitoxantrone (Figure S2), suggesting that these embryos have 

little or no ABCG2 activity at this stage. 
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Figure 4. ABCB and ABCC-type transport activity is down-regulated in the 
small micromeres. (A) Average (± s.e.m) intracellular calcein concentration 
for ROE (dashed line) and Smics (solid line) after treatment with MK571, an 
inhibitor of MRP-efflux transporters (n=5x3, batches x embryos measured 
for each concentration) and (B) PSC833, an inhibitor of MDR-efflux 
transporters (n=4x5). (C) MIP of the vegetal view of a 28-cell and 60-cell 
embryo treated with the fluorescent ABCG2 substrate 1 µM mitoxantrone. 
Small micromeres are marked by white arrow. All of the cells in the embryo 
accumulate the same amount of mitoxantrone. Scale bars are 10 µm. See 
also Figure S2.  
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2.4.4 Inhibition of endocytosis limits down-regulation of efflux activity in 
small micromeres 
	  

To identify the general cellular mechanism responsible for down-regulation 

of efflux transport, inhibitors were used to perturb endocytosis, exocytosis, 

transcription and Golgi-to-PM traffic. 16-cell embryos were exposed to inhibitors 

and the relative increase in micromere fluorescence was measured after treating 

embryos with each inhibitor. During this experiment, micromeres of control 

embryos accumulated 1.58 times more calcein than cells in the ROE (Figure 

5A,B). We expected that if the inhibitor perturbed the down-regulation of 

transport, the relative difference in accumulation between micromeres and the 

rest of the embryo would diminish. 

Micromeres of embryos treated with actinomycin D or brefeldin A 

accumulated 1.60 and 1.57-fold more calcein than the rest of the embryo, 

respectively, indicating that changes in efflux activity do not require de novo 

expression of a protein that increases calcein uptake in the micromeres (Figure 

5A). Instead, since many PM proteins are regulated by their insertion and 

retrieval from membranes, we hypothesized that changes in efflux transport 

could be due to changes in the PM concentration of efflux transporters. This 

could either be due to an increase in endocytic retrieval of transporters or a 

decrease in exocytic delivery of recycled transporter protein.  

To distinguish between these two mechanisms, we investigated whether 

inhibitors of exocytosis or endocytosis perturb the down-regulation of efflux 

transport in the micromeres. Micromeres of embryos treated with 100 nM 
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wortmannin, an inhibitor of exocytosis (Martys et al., 1996; Spiro et al., 1996), 

accumulated 1.54 times more calcein than the ROE (Figure 5A), indicating that 

decreased membrane recycling is not responsible for the reduction in transport. 

Cadmium chloride, an inhibitor of one type of compensatory endocytosis in early 

sea urchin development (Covian-Nares et al., 2008), had no effect on down-

regulation of transport (Figure 5A). In contrast, phenylarsine oxide (PAO), an 

inhibitor of constitutive endocytosis (Covian-Nares et al., 2008), prevented the 

down-regulation of efflux in the micromeres (Figure 5A,B). Micromeres of 

embryos treated with 10 µM PAO accumulated only 1.17-fold more calcein than 

the ROE as compared to 1.58-fold for controls.  

Interestingly, when the addition of PAO was postponed until halfway 

through the micromere cell cycle (50 minutes post appearance of micromeres), 

we observed a 1.47-fold increase in intracellular calcein for the micromeres, 

which was not significantly different than the control embryos  (p = 0.19). Our 

results indicate that the endocytic event responsible for down-regulation of 

transport occurs within the first half of the micromere cell cycle.  In addition, since 

PAO had no effect on the relative difference in calcein accumulation between 

micromeres and controls when added after 50 min, we conclude that the earlier 

effects of PAO on relative differences in accumulation are not due to non-specific 

toxicity. 
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Figure 5. Inhibiting protein tyrosine phosphatases (PTPs) with PAO stops 
loss of multidrug efflux transport activity in the micromeres. (A) Relative 
amount of intracellular calcein of the micromeres compared to the ROE 
(n=3x≥10, batches x embryos, ±s.e.m) during treatment with inhibitors of 
transcription (ActD), Golgi traffic (BfA), endocytosis (CdCl2 and PAO) and 
exocytosis (Wort). * indicates values significantly different than control 
(ANOVA, p≤0.5). Treatment with PAO stops the loss of multidrug efflux, and 
postponing PAO treatment until 50 minutes after the appearance of the 
micromeres does not stop the loss of efflux transport (PAO 50). (B) 
Representative MIPs of calcein accumulation in embryos treated with 
DMSO, PAO and PAO 50.  (C) MIPs showing the cumulative amount of 
rhodamine dextran and CTB positive endosomes in micromeres and 
macromeres for embryos treated with DMSO or PAO for 80 minutes after 
their appearance. All scale bars are 10 µm.  
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2.4.5 Endocytic activity in the micromeres 
	  

Given that the reduction of transport is observed only in the micromeres, 

we hypothesized differences in the rate of endocytosis in the micromeres as 

compared to macromeres correlate with the timing of reduction in efflux activity. 

To characterize the relative rates of endocytosis in the micromeres, sea urchin 

embryos were incubated in either 10,000 MW rhodamine dextran, or cholera 

toxin B (CTB), for 20 minutes intervals starting immediately after appearance of 

the micromeres. Rhodamine dextran is a marker for fluid phase endocytosis 

(Conner and Wessel, 1998; Covian-Nares et al., 2008; Whalley et al., 1995) and 

CTB binds to gangliosides associated with lipid rafts (Parton, 1994). We 

quantified endosomes in both micromeres and macromeres for both markers. 

The number of endosomes and the volume of each endosome were measured 

from confocal micrographs (Figures. 6A, S1). To account for differences in size 

between cells, the total volume of all endosomes was normalized to the total cell 

volume and this fraction was termed the “relative endosome volume” (Figure 6A).  

Consistent with the observation that reduction of multidrug efflux transport 

activity occurs within 50 minutes after appearance of the micromeres (Figure 5A, 

Table 1), we also found that the endocytic activity peaks in the micromeres 

between 40-60 minutes for rhodamine dextran and from 20-40 minutes for 

cholera toxin B (Figure 6A, S1). For each of these intervals the total relative 

volume of rhodamine dextran and CTB endosomes was higher in the micromeres 

than the macromeres. From 40-60 minutes after the appearance of the 

micromeres, an average of 47 rhodamine-positive endosomes were counted per 
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micromere, totaling 0.80% of their volume, whereas the macromeres internalized 

an average of 87 endosomes during the same window of time, totaling only 

0.21% of their volume. Cholera toxin B uptake from 20-40 minutes showed 

similar trends with the micromeres internalizing an average of 158 endosomes 

(6.0% of their volume) while the macromeres endocytosed 570 endosomes 

totaling only 2.7% of their volume.  

Additional evidence indicating enhanced uptake of apical GM1-rich 

membrane in micromeres came from two observations. First, when we incubated 

embryos in both CTB and rhodamine dextran during the peak of endocytosis we 

found that the two populations of endosomes do not co-localize in the 

micromeres (Figure 6C,D) and that dextran localized to fewer, larger endosomes 

than the CTB, indicating that the two markers are internalized independently. 

Second, when we incubated embryos in cholera toxin B for 5 minutes at different 

developmental stages and then washed out unbound CTB, we observed that 

micromeres of 16- and 28-cell embryos have strong surface labeling the small 

micromeres of 60-cell stage embryos had limited CTB labeling (Figure 5B-D). 

These results suggest that dividing micromeres have greater retrieval of GM1-

rich apical membrane constituents than other cells in the embryo. 
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Figure 6. Fluid-phase and GM1 endocytosis is dynamic throughout the cell 
cycle, peaking at 40-60 minutes after micromere formation. (A) Average 
relative endosome volume (±s.e.m) measured in micromeres (solid lines) 
and macromeres (dashed lines) using rhodamine dextran (n=3x5x4, 
batches x embryos x cells from each embryo), a marker of fluid-phase 
endocytosis, and cholera toxin B (n=3x5x4), a marker of GM1 found in lipid 
rafts. (B) MIPs showing endocytosis of CTB in 16-cell, 28-cell and blastulae 
after a 5 minutes labeling period and a 20-30 minutes uptake interval. 
Micromeres labeled with arrows in B and C and small micromeres in D.  (C) 
Embryos co-incubated in rhodamine dextran and CTB from 20-40 minutes 
and (D) 40-60 minutes after the appearance of the micromeres showing lack 
of co-localization of the two markers. All scale bars are 10 µm. See also 
Figure S1. 
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2.4.6 Inhibition of efflux transport activity perturbs ordered migration of 
small micromeres to coelomic pouches 

	  
Recent research in Drosophila embryos indicates that the protective 

ABCB-transporter Mdr49 (Wu et al., 1991) is also expressed in somatic gonadal 

precursors and effluxes lipid modified peptides that serve as chemoattractants for 

migrating germ cells (Ricardo and Lehmann, 2009). Additionally, these authors 

found that Drosophila loss-of-function mutants could be rescued by expression of 

an orthologous yeast transporter. Based on these results, and the observation 

that many aspects of germline specification are conserved among animals, we 

hypothesized that ABCB and ABCC-transporters in sea urchins could guide small 

micromere migration to the left and right coelomic sacs of the two-armed pluteus 

larva.  

To investigate the potential for multidrug efflux activity to control small 

micromere migration patterns, we labeled small micromeres with fluorescent Sp-

Vasa and grew embryos in transporter inhibitors until the two-armed pluteus 

stage (96-110 HPF), when the small micromeres have migrated to the coelomic 

pouches. In 60% of the control embryos small micromeres segregated in a 3/5 

(left coelomic pouch/right coelomic pouch) distribution (Figure 7A-C) while 

another 32% showed a 4/4 distribution.  

In contrast, embryos treated with the transporter inhibitors MK571 or 

PSC833 showed a reduction in the 3/5 and 4/4 segregation patterns (Figure 7C) 

and a significant increase in aberrant segregation (Figure 7D). We observed 

significant increases in the frequency of deviant small micromere migration in 
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60% of MK571 treated embryos and 43% in PSC833 treated embryos (Figure 

7D). Extremely abnormal segregation patterns were observed in both inhibitors, 

including instances where all eight small micromeres were present in only one 

coelomic pouch (16% for MK571 and 2% for PSC833, Figure 7C).  

One caveat is that while embryos grown in the presence of PSC833 are 

morphologically similar to control embryos, treatment with MK571 results in other 

defects. Embryos grown in 5 µM MK571 complete gastrulation and form both left 

and right coelomic pouches (Figure 7A), but these embryos often had severely 

reduced, or in some cases, a complete lack of skeletal rods. Since MK571 

inhibits several different types of ABCC transporters (Zhou et al., 2008) this could 

either indicate that transport is involved in other processes (such as 

spiculogenesis) or that MK571 has indirect/non-specific effects. Nonetheless, the 

observation that both PSC833 and MK571 (which are structurally unrelated) 

perturb small micromere migration suggests that the left/right allocation of small 

micromeres to the coelomic pouches involves ABC-transporters.  
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Figure 7. Inhibiting ABC-transporter activity in the whole embryos causes 
small micromeres to become more randomly segregated. MIPs of embryos 
injected with mCherry-SpVasa mRNA to localize the small micromeres in 
red and treated with 0.3% DMSO, 5 µM MK571 or 3 µM PSC833 in (A) 
Representative embryos and (B) coelomic pouches. Images combined with 
DIC channel in 96-110 hr old plutei. White arrowheads indicate the left 
coelomic pouch. (C) Number and percent of small micromeres in the left 
coelomic pouch of mCherry-Sp-Vasa overexpressing embryos treated with 
DMSO (n=45), MK571 (n=38), or PSC833 (n=44). (D) Average percent 
(±s.e.m, ≥4 embryos measured per batch) of embryos with left/right 
coelomic pouch distributions outside of either 3/5 or 4/4 (left pouch/right 
pouch) from 8-batches for the DMSO treatment, 6-batches for MK571, and 
7-batches for PSC833. * indicates values significantly different than the 
DMSO control (ANOVA, p≤0.5 with square root transformed values). Scale 
bars are 25 µm for A, 10 µm in B. 
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2.5 Discussion 
	  

Sea urchin small micromeres are specialized cells destined to contribute 

to formation of gametes. Unexpectedly, we found that these critical cells have 

reduced efflux transport activity as compared to other cells in the embryo. This is 

surprising because robust efflux transport, mediated by ABC-transporters, is a 

canonical feature of multipotent cells under strong selection for protection of their 

DNA (Dean et al., 2005). In fact, increased expression of efflux transporters is 

often used to isolate adult and embryonic stem cells termed “side-population” 

cells (Bunting, 2002; Uchida et al., 2004; Zhou et al., 2002). Therefore, a priori, 

we would have expected small micromeres to have higher efflux activity than 

other cells in the embryo. Given the unexpected nature of this change in small 

micromere efflux activity, we hypothesized that these changes could be 

necessary for their specification or migration. Consistent with this hypothesis we 

observed that transporter inhibitors interfere with ordered small micromere 

segregation to coelomic pouches. 

One possibility is that the transporter inhibitors perturb segregation by 

interference with some autonomous property of the small micromeres, perhaps 

by interference with homing-independent pathways that specify left/right 

patterning (Duboc et al., 2005).  However since small micromeres already have 

reduced efflux activity, it seems more likely that inhibitors perturb efflux 

transporters elsewhere in the embryo. Suppression of efflux transport in small 

micromeres could be a mechanism for concentrating signals necessary for their 

later migration to the coelomic pouches of the pluteus larva. This would not be 
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surprising because germline precursors often arise far from the somatic gonad 

and a common feature of germline cells in many species is chemoattractant-

guided migration through mesodermal epithelia to the gonad (Kunwar et al., 

2006). In Danio (Thorpe et al., 2004) and Drosophila (Santos and Lehmann, 

2004), the chemoattractants are lipid modified peptides. In Drosophila the lipid 

modified peptides are secreted by an ABCB-transporter (Mdr49) expressed in the 

somatic gonad, but not in the germ cells, presumably because it would interfere 

with the reception of the chemoattractant.  

  Alternatively it is also possible that small micromere segregation is not 

robust and is indirectly perturbed by interference with ABC transporter-mediated 

signaling. Previous studies on the distribution of small micromeres in coelomic 

pouches show it is variable among echinoderms (Juliano and Wessel, 2009). For 

example a 5/3 distribution is observed in Hemicentrotus pulcherrimus (Fujii et al., 

2009; Hara and Katow, 2005) whereas studies using S. purpuratus indicate the 

distribution of small micromeres can be either equal (Cameron et al., 1991) or 

asymmetric between the left and right pouch (Cameron et al., 1991; Pehrson and 

Cohen, 1986). However since we found that that 90% of the control embryos 

showed either a 3/5 or 4/4 distribution it seems that segregation is normally 

tightly regulated. To our knowledge, this is the first study to quantitatively assess 

these segregation patterns.  

The changes we observed in this study occur at the confluence of events 

that direct vegetal cell fate in sea urchins. This begins with specification of the 

primary mesenchyme cell fate in micromeres through the selective expression of 
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the transcription factor, pmar1 (Oliveri et al., 2003) and the nuclear localization of 

β-catenin (Logan et al., 1999) in large and small micromeres. There is also 

selective accumulation of germline determinants, such as vasa (Voronina et al., 

2008), only in the small micromeres. It is clear from our study and Sparling 

(Sparling and Kruszewska, 1990) that each of the two lineages produced by 

micromeres, are endowed with different membrane proteins and lipids than the 

rest of the embryo. Asymmetric partitioning of developmental molecules, 

including ABC-transporters, is likely to be essential for controlling cellular 

trajectory. For example, budding in yeast results in a short-lived mother cell that 

retains its original transporters and a long-lived daughter cell that inherits newly 

synthesized transporters (Eldakak et al., 2010). This mechanism acts like a 

clock, whereby the newly synthesized transporters reset the mitotic age of the 

buds. 

Germ cells likely populate their membrane with proteins necessary for 

their specification. Our results indicate that endocytosis is a major mechanism for 

segregation of proteins between the large and small micromere PMs. Previous 

studies on endocytic activity in earlier stage sea urchin embryos indicate that 

two, independent types of endocytosis are present (Covian-Nares et al., 2008). 

The first type is inhibited by cadmium chloride and is associated with the retrieval 

of cortical granule membranes following fertilization. The second type is PAO-

sensitive and is involved in the retrieval of PM deposited by constitutive 

exocytosis. Consistent with the previous observation that the cadmium chloride 

sensitive mechanism is restricted to retrieval of cortical granule membrane, we 
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found that cadmium chloride had no effect on down regulation of transport. 

Instead, the PAO-sensitive endocytic pathway, operating in the first half of the 

5th division, is responsible for the down-regulation of efflux.  

A number of different endocytic pathways are inhibited by PAO and these 

endocytic pathways inhibited could either retrieve the efflux pumps themselves, 

or retrieve a protein or lipid necessary for their activity. At the peak of endocytic 

activity, micromeres are retrieving twice as much GM1-rich PM than the 

macromeres. This suggests that the micromeres remove more apical PM than 

other cells in the embryo, leading to a unique PM composition in the small 

micromeres. Although the small micromeres are not thought to undergo a bona 

fide epithelial-mesenchymal transition when they appear, our results and those of 

other groups, indicate that they may lack or suppress some the characters of 

apical-basal polarity seen earlier in embryogenesis (Alford et al., 2009). For 

example, Schroeder (Schroeder, 1988) suggested that micromere membranes 

have fewer microvilli than other cells, when they first appear.  

In turn, any changes in cell polarity would likely be coupled to changes in 

endocytic activity (Shivas et al., 2010). For example, Cdc42, which maintains 

apical-basal polarity in sea urchin embryos (Alford et al., 2009), can also promote 

endocytosis. In Drosophila, ectodermal inactivation of Cdc42 promotes Rab5 

mediated endocytosis of apical proteins (Harris and Tepass, 2010). Since Rab5 

has been implicated in endocytic retrieval of multidrug transporters (Kim et al., 

1997), it is plausible that the endocytic pulses we observed remove ABC-

transporters from the apical membranes. In addition, since multidrug transporters 
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appear to concentrate in raft microdomains (Klappe et al., 2009), endocytosis 

could also have a repressive effect on efflux activity by reducing raft lipids.  

Beyond providing insight into the mechanisms that regulate the activity 

and membrane titer of multidrug transporters, the broader significance of these 

findings are tradeoffs between developmental and protective functions of poly-

specific ABC-transporters (Aller et al., 2009; Zhou et al., 2008). ABC-efflux 

transporters in sea urchin embryos play dual protective and developmental roles 

in the efflux of toxicants and germline precursor specification. Given that 

transporters have broad substrate specificity, there may be tradeoffs between the 

protective benefit of high levels of efflux activity and a need for signal reception 

that limits their activity. In this case the implication of this tradeoff would be that 

the germline is rendered vulnerable to teratogens as part of development. Since 

key elements of the genetic and biochemical germline specification programs are 

conserved among animals, these trade-offs could be central to how windows of 

vulnerability arise from the normally robust programs of differentiation. 
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Programmed reduction of ABC transporter activity in sea urchin germline 

progenitors (2012) by Campanale, J.P. and A. Hamdoun. The dissertation author 
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73 

this dissertation and reflects an updated figure 7 that incorporates the 

corrigendum material associated with this publication.  
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2.8 Supplemental Figures 

	  
Figure S1. Endosome Detection. Example image before (A) and after (B) 
endosome detection. Rhodamine dextran positive endosomes were 
detected using pixel thresholding and filtered for spots above 0.1 µm2. The 
results of the detection are shown in B and all detected spots are shown 
with a pseudocolor. DNA is stained with by Hoechst33342. Scale bar is 10 
µm. (C,D) Average number (±s.e.m) of endosomes measured in micromeres 
(solid lines) and macromeres (dashed lines) using rhodamine dextran 
(n=3x5x4, batches x embryos x cells from each embryo), a marker of fluid-
phase endocytosis, and cholera toxin B (n=3x5x4), a marker of the 
ganglioside, GM1, found in lipid rafts. 
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Figure S2. Fumitremorgin C does not inhibit mitoxantrone accumulation. 
Equatorial confocal sections through 8-cell embryos that have 
accumulated mitoxantrone with and without exposure to 5 µM 
Fumitremorgin C, an ABCG2 inhibitor. This shows that there is little 
fumitremorgin C inhabitable accumulation of mitoxantrone. All scale bars 
are 10 µm. 
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3.1 Abstract 
	  

Small micromeres are produced at the fifth cleavage of sea urchin 

development. They express markers of primordial germ cells (PGCs), and are 

required for the production of gametes. In most animals, PGCs migrate from sites 

of formation to the somatic gonad. Here, we investigated whether small 

micromeres exhibit similar migratory behaviors using live-cell imaging of small 

micromere plasma membranes. Early in gastrulation, small micromeres transition 

from non-motile epithelial cells, to motile quasi-mesenchymal cells. Late in 

gastrulation, at 43 hours post fertilization (HPF), they are embedded in the tip of 

the archenteron, but remain motile. From 43-49 HPF they project numerous 

cortical blebs into the blastocoel, and filopodia that make contact with ectoderm. 

By 54 HPF they begin moving in the plane of the blastoderm, often in a directed 

fashion, towards the coelomic pouches. Isolated small micromeres also produced 

blebs and filopodia. Previous work suggested that passive translocation governs 

some of the movement of small micromeres during gastrulation. Here we show 

that small micromeres are motile cells that can traverse the archenteron, change 

position along the left-right axis and migrate to coelomic pouches. These motility 

mechanisms are likely to play an important role in their left-right segregation. 

 

3.2 Introduction 
	  

Primordial germ cell (PGC) migration from sites of formation to the 

somatic gonad is essential to development of the germline. Motility and migratory 
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behaviors of PGCs, used to reach the somatic gonad, have been well described 

in the fly, fish, and mouse (Kunwar et al., 2006; Molyneaux and Wylie, 2004; 

Richardson and Lehmann, 2010). These studies indicate that migration of PGCs 

is characterized by conspicuous dynamics of the migrating PGC plasma 

membrane, including the extension and retraction of projections such as blebs, 

filopodia and lamellipodia (Raz, 2004). These projections sense PGC position 

within the embryo and direct their motility towards the forming gonad (Richardson 

and Lehmann, 2010).   

Recent studies in the purple sea urchin, Strongylocentrotus purpuratus 

(Sp), indicate that small micromeres are likely to be PGCs, or PGC precursors, 

because they are required for formation of gametes (Yajima and Wessel, 2011) 

and express typical germline markers (Wessel et al., 2013). Four small 

micromeres arise at the fifth embryonic cell division, remain quiescent during 

early development, and divide only once before the end of gastrulation. The eight 

small micromeres segregate into two separate populations destined for the left 

and right coelomic pouches of the pluteus larva (Pehrson and Cohen, 1986). 

Those on the left proliferate and form the larval rudiment, while those in the right 

undergo apoptosis (Luo and Su, 2012).  

Although this left/right segregation is precise, with more than 90% of 

embryos having a 4/4 or 5/3 pattern (Campanale and Hamdoun, 2012), it has 

remained unclear whether this process occurs passively by translocation of small 

micromeres or actively, by migration. A previous study suggested that small 

micromeres translocate from the vegetal to the animal pole during early 
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gastrulation by the movement of the elongating archenteron (Cameron et al., 

1991; Yajima and Wessel, 2012). Here we investigated whether autonomous 

small micromere migration could also play a role in their positioning within the 

embryo. 

PGC migration has been extensively studied in Drosophila melanogaster 

(Sano et al., 2005; Santos and Lehmann, 2004; Starz-Gaiano and Lehmann, 

2001), Danio rerio (Raz, 2003; Tarbashevich and Raz, 2010) and Mus musculus 

(Molyneaux et al., 2001; Stebler et al., 2004). In all three species, migration is 

mediated by a conserved set of molecular controls (Richardson and Lehmann, 

2010; Santos and Lehmann, 2004) that drive three stages of motility (Parent and 

Devreotes, 1999; Ridley et al., 2003; Vicente-Manzanares et al., 2005). These 

include polarization of membrane receptors (i.e. G-protein coupled receptors), 

translation of chemotactic cues into focal adhesions, and acto-myosin mediated 

movements (Lauffenburger and Horwitz, 1996). In migrating cells, these three 

stages lead to the extension and retraction of the characteristic membrane 

structures used for sensing and movement. Whether small micromeres also 

acquire these morphological features of migrating cells is unknown.  

Here we used three fluorescent protein fusions, including a PGC-targeted 

membrane- anchored protein, an apical membrane protein and a marker of 

phosphoinostides, to capture membrane dynamics in small micromeres by 

confocal microscopy. We found that sea urchin small micromeres are motile, 

actively position at the tip of the archenteron and can migrate to coelomic 

pouches. Small micromeres extend and retract numerous cortical blebs and 
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filopodia that appear to orchestrate this motility. Similar membrane dynamics 

were observed in small micromeres isolated from dissociated gastrulae. 

Collectively, our results provide a first glimpse into the migration of sea urchin 

small micromeres. 

 

3.3 Materials and Methods 
	  
	  

3.3.1 Animal collection, egg microinjection and embryo culture 
	  

Adult Strongylocentrotus purpuratus were collected in La Jolla (CA, USA) 

and held at 11ºC (+/- 1ºC) in flow-through seawater aquaria. Spawning and 

gamete gathering was performed as described previously (Campanale and 

Hamdoun, 2012). For microinjection, eggs were held on protamine sulfate 

coated delta-T dishes (Bioptechs, Butler, PA, USA), and mRNA was injected at 

2-5% of egg volume (Lepage and Gache, 2004). Injected embryos were 

cultured in filtered seawater (FSW) containing 100 µg/ml ampicillin (Sigma, St 

Louis, MO, USA) at 15ºC (+/- 0.5ºC) for 24 h, then plucked and cultured to 

gastrula stage in FSW lacking ampicillin. 

 

3.3.2 Constructs targeting fluorescent proteins to small micromeres 
	  

Small micromere membranes were visualized using exogenous 

expression of fluorescent proteins fused to a membrane-anchoring domain, a 

pleckstrin homology domain (PH-domain) of phospholipase C-delta, or the ABC 
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transporter, ABCG2a. An open reading frame (ORF) encoding two tandem 

membrane anchoring domains of lymphocyte tyrosine kinase (LCK) fused to 

mCitrine fluorescent protein was cloned into a modified pGEM-T expression 

vector containing the Sp-nanos2 5’ and 3’ untranslated regions (UTRs) (Oulhen 

et al., 2013). This construct created a nanos targeted membrane mCitrine (NTM-

mCitit). The sequence encoding the PH-domain of Phospholipase C Delta 

(PHPLC-domain; (Stauffer et al., 1998) was inserted downstream of a mCitrine 

sequence into the pCS2+8 expression vector (Gokirmak et al., 2012). ABCG2a 

was fused to mCitrine using the pCS2+8 vector (G2a-mCitGokirmak et al., 2012). 

mCherry fused Sp-vasa was previously described (Campanale and Hamdoun, 

2012). Capped mRNAs for all constructs were synthesized in vitro from cDNA 

templates in either the pGEM-T or pCS2+8 vectors using a T7 Ultra or a SP6 

mMessage mMachine kit (Ambion Inc., Austin, TX, USA). Small micromere 

morphology was observed after micro-injection of 150 ng/µl mRNA encoding 

NTM-mCitit, or by co-injection of 250 ng/µl each of mRNA encoding Vasa-mChr 

and PH-mCit or with 1000 ng/µl G2a-mCit. 

 

3.3.3 Imaging of small micromere morphology and motility 
	  

Embryos were attached to protamine-coated coverslips and visualized 

using a 40x water immersion objective (numerical aperture of 1.1) on either a 

Zeiss LSM 700 confocal microscope (Jena, Germany), or a Leica SP-8 confocal 

microscope (Wetzlar, Germany). Time-lapse recordings of cell migration were 
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performed by immobilizing embryos between two protamine coated coverslips at 

15ºC and capturing ~24 x 2.5 µm z-slices at 5 min intervals for 1-4 h. Cell 

velocity, displacement from origin, and track distance were measured in at least 

three embryos at each time-point and compared to at least four secondary 

mesenchyme cells (SMCs) and four non-motile archenteron cells per embryo 

using the mTrackJ plugin (Meijering, 2012) in ImageJ.  Briefly, we used Vasa-

mChr fluorescence to identify the equatorial position of individual nuclei and 

measured the change in coordinate positions between each time-point along the 

X, Y and Z-axes. Background expression of Vasa-mChr in all cells of the embryo 

allowed us to track cells in the archenteron and the SMC lineage. The first hour 

of time-lapse data was quantified to measure the velocity and displacement. To 

compare the migratory behaviors of the small micromeres to SMC and 

archenteron cells, we normalized the X, Y, Z coordinates of all cells tracked from 

individual embryos so that all cells started from the origin, (0,0,0). 

 

3.3.4 Embryo dissociation and in vitro small micromere morphology 
	  

At specific hours post fertilization (HPF), roughly 250 embryos expressing 

NTM-mCit and Vasa-mChr were washed with hyalin extraction medium and 

calcium-magnesium free seawater (McClay and Fink, 1982) for 1 min each, 

dissociated by shearing through a pipette and washed once with FSW. Cells 

were settled on protamine-coated coverslips for 5 min. Small micromeres were 

identified by their enhanced expression of Vasa-mChr and NTM-mCit. A 2.2 µm-
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thick equatorial section was imaged on a Leica SP8 confocal microscope at 5 

sec intervals with a 40x water immersion objective.  

 

3.3.5 Statistics 
	  

All statistics were analyzed using JMP10.0 (Cary, NC, USA). In all cases 

an ANOVA (α ≤ 0.05) with Tukey-Kramer post-hoc multiple comparisons was 

used to analyze statistical differences between cell types among embryos from 

multiple females. The number of batches and embryos used for each experiment 

are given in each figure legend. 

 

3.4 Results   
	  

3.4.1 Small micromeres express nanos2 UTR-targeted fluorescent 
membrane markers during gastrulation 
	  

To investigate small micromere membrane morphology during gastrulation 

we generated a construct encoding the membrane-anchoring domains of 

lymphocyte-specific protein tyrosine kinase (LCK) fused to mCitrine fluorescent 

protein and flanked by the Sp-nanos2 3’ and 5’ UTRs. We refer to this construct 

as nanos-targeted membrane mCitrine (NTM-mCit). NTM-mCit accumulated in 

small micromere membranes, and was significantly enriched in these cells in 

gastrulae (Figure 1). Robust NTM-mCit fluorescence was observed in all eight 

small micromeres at the tip of the archenteron between 43 and 54 hours post 

fertilization (HPF). At this time, other cells in the embryo had a low background 
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level of NTM-mCit (Figure 1A-C), but small micromere plasma membranes were 

always significantly brighter (~2-3 times) than those of any other cell in the 

embryo.  

Expression of NTM-mCit did not disrupt development and morphogenesis 

of the embryo or the small micromeres. Images showing NTM-mCit overlaid on 

differential interference contrast (DIC) images of embryos are shown in figure 

1A’-C’. Eggs injected with NTM-mCit mRNA gave rise to healthy gastrulae with 

normally positioned archenterons at 43 HPF (Figure 1A’) and progressively 

elongated skeletons between 49 and 54 HPF (Figure 1B’-C’). Additionally, the 

expression of NTM-mCit in the small micromeres did not alter the average 5-

left:3-right (Campanale and Hamdoun, 2012; Pehrson and Cohen, 1986) small 

micromere segregation into the coelomic pouches (Figure 1D).  
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Figure 1. Small micromeres expressing NTM-mCit move from the tip of the 
archenteron to the two coelomic pouches between 43 and 54 HPF. 
Maximum intensity projections of embryos injected with mRNA encoding 
NTM-mCit (green) shows small micromeres transition from (A and A’) 
tightly packed cells at 43 HPF to (B and B’) a line of cells on the tip of the 
archenteron at 49 HPF that (C and C’) begin segregating among the 
coelomic pouches at 54 HPF. Top panel, confocal snapshots of fluorescent 
channel (A-C) and DIC overlay with contrast enhanced fluorescent channel 
(A’-C’) in bottom panel. Scale bars are 20 µm. (D) Number of small 
micromeres on the left coelomic pouch after overexpression of NTM-mCit, 
Vasa-mChr or after detection by immunolocalization. n>20 embryos from 
three females (p≥0.05, One-way ANOVA).  
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3.4.2 Small micromeres produce thin filopodia and cortical blebs before 
segregating to the left and right coelomic pouches 
	  

Since small micromeres transition from a tightly packed cluster to a row of 

cells that segregate to the coelomic pouches (Figure 1), we postulated small 

micromeres move along the tip of the archenteron. High-resolution confocal 

snapshots of small micromeres labeled with NTM-mCit indicated small 

micromeres exhibit morphological features of motile cells (Figure 2).  At 43 HPF, 

small micromeres were tightly packed at the tip of the archenteron and projected 

microvilli into the lumen of the archenteron (Figure 2A). Consistent with this 

epithelial-like morphology, the small micromeres formed a single layer of cells 

with adherent lateral membranes (Figure 2A). However, unlike most epithelial 

cells in the embryo, small micromeres began to produce filopodia from their 

blastocoelar/basal membranes that projected toward the animal pole (Figure 

2A,B). Each small micromere developed more than one filopodium, and we often 

observed multiple filopodia contacting the basal surfaces of cells in the animal 

pole ectoderm (Figure 2B). Additionally, small micromeres also produced 

numerous cortical blebs from the basal membrane (Figure 2A,B). These blebs 

ranged from less than 1 µm to several microns in diameter and were exclusively 

observed extending into the blastocoel from areas of membrane lacking filopodia 

(Figure 2B).  

By 49 HPF, small micromeres were less tightly packed into the tip of the 

archenteron (Figure 2C,D) and were arranged in a line at the top of the 

archenteron. They extended filopodia contacting the animal pole ectoderm and 
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spread throughout the blastocoel laterally (Figure 2C). 3D reconstructions of 

confocal images indicated that small micromeres always extended filopodia that 

were in contact with apical ectoderm. Small micromeres were found in the dorsal 

roof of the archenteron after it turned toward oral ectoderm (Figure 2D). Several 

non-small micromeres, presumably SMC derived cells, were also positioned on 

the roof of the archenteron and extended filopodia that contacted the ectoderm. 

Membrane blebs were observed in small micromeres, although less frequently 

than at 43 HPF. Small micromeres typically retained contact with one another 

and began to form a line along the left/right axis of the archenteron before fusion 

of endodermal and ectodermal epithelia to form the mouth (Figure 2C,D). 

  By 54 HPF, the SMCs began to form the coelomic pouches (Figure 2E,F) 

and small micromeres formed a row on the dorsal roof of the archenteron. 

However, unlike earlier time points, the line of eight cells was sometimes split 

into two groups, each group nearer a single forming coelomic pouch (Figure 

2E,F). Small micromeres continued to produce long filopodia that contacted the 

basal side of the animal ectoderm and that spread laterally throughout the 

blastocoel (Figure 2E,F). Interestingly, each small micromere extended filopodia 

towards only one coelomic pouch (Figure 2F), suggesting that small micromeres 

use filopodia to discriminate between the coelomic pouches. At 54 HPF, small 

micromeres produced smaller and less frequent cortical blebs than at 49 HPF.  
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Figure 2. Small micromeres develop cortical blebs and thin filopodia before 
segregating to the coelomic pouches. Representative confocal sections of 
embryos with small micromeres expressing NTM-mCit (green) with cortical 
blebs (white arrows) at (A-B) 43 HPF microvilli or thin filopodia from small 
micromeres (orange arrows) and SMCs (blue arrow) contacting ectoderm at 
(C-D) 49 HPF and (E-F) 54 HPF. Scale bars are 10 µm.  
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3.4.3 Small micromeres undergo changes in apicobasal polarity during 
migration 
	  

While previous studies indicated that small micromeres de-epithelialize in 

early development, we observed that small micromeres were organized as a 

single layer of cells at the archenteron tip in late gastrulae (Figure 2) with 

apparent microvillar projections into the lumen of the archenteron (Figure 2A). To 

investigate the extent to which small micromeres de- and/or re-epithelialized 

during gastrulation, embryos were labeled with the small micromere marker 

Vasa-mChr and the membrane protein G2a-mCit, which localizes exclusively to 

apical membranes of polarized epithelial cells (Gokirmak et al., 2012).  

In mesenchyme blastulae (22 HPF), G2a-mCit localized to apical microvilli 

of all cells in the blastoderm, including the small micromeres (Figure 3A). G2a-

mCit was absent from the primary mesenchymal cells (PMCs) that had ingressed 

into the blastocoel (Figure 3A). Similar clearing of G2a-mCit protein could be 

observed in presumptive mesenchyme cells surrounding the small micromeres, 

as they removed apical membrane before ingression into the blastocoel (Figure 

3A-B). Initiation of gastrulation occurred at 29 HPF and included the de-

epithelialization of small micromeres from the vegetal blastoderm (Figure 3B). In 

contrast, ingressing small micromeres did not completely remove G2a-mCit as 

observed in the PMCs, and G2a-mCit was faintly present around the entire small 

micromere membrane (Figure 3B). At 36 HPF, small micromeres were typically 

found to be in the epithelium and had microvilli (Figure 3A) and more intense 

G2a-mCit fluorescence localized around the entire cell (Figure 3A,B). 
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Small micromeres appeared re-epithelialized into the blastoderm at the 

very tip of the archenteron at 43 HPF (Figure 3B). While G2a-mCit staining was 

restricted to apical microvilli of endoderm lining the lumen of the archenteron, 

small micromeres had G2a-mCit protein around the entire cell now highlighting 

both apical microvilli and lateral membranes (Figure 3B). As with NTM-mCit, the 

G2a-mCit revealed that small micromeres were packed at the tip of the 

archenteron and projected basal blebs and filopodia into the blastocoel (Figure 

3B).  

At 49 HPF, G2a-mCit fluorescence was absent from the subset of PMC 

and SMC lineages that had undergone EMT while the small micromeres, SMCs 

and endoderm of the extended archenteron showed G2a-mCit localization lining 

the lumen of the archenteron (Figure 3A-B). G2a-mCit continued to be expressed 

on the entire small micromere plasma membrane through 54 HPF (Figure 3B). 
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Figure 3. Localization of the apical marker G2a-mCit. Representative 
confocal images of embryos expressing Vasa-mChr (red) and G2a-mCit 
(green or gray). Symbols indicate small micromeres (blue asterisks), 
microvilli (orange arrows), lateral membrane (blue arrows). (A) whole 
embryo fluorescence of Vasa-mChr and G2a-mCit accompanied by an 
overlay at regions with small micromeres for mesenchyme blastula at 22 
HPF, mid-gastrula at 36 HPF and late gastrula at 49 HPF. (B) G2a-mCit in 
small micromeres of the mesenchyme blastula at 22 HPF, early gastrula at 
29 HPF, mid-gastrula at 29 HPF, full gastrula at 43-54 HPF. All scale bars 
are 10 µm.  
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3.4.4 Small micromeres move faster than endoderm or SMCs of the 
archenteron 
	  

Given that the snapshots of small micromeres overexpressing NTM-mCit 

and G2a-mCit indicated they underwent morphological and positional changes 

characteristic of migrating cells, we sought to determine whether they were 

motile. We collected 2 hr time-lapse recordings of fluorescently labeled small 

micromeres expressing NTM-mCit and mCherry fused Sp-vasa (Vasa-mChr) 

during gastrulation. As with NTM-mCit, expression of Vasa-mChr did not affect 

the left-right segregation patterns of small micromeres as compared to vasa-

immunolocalized controls (Figure 1D). 

Confocal time-lapse recordings showed that small micromeres always 

moved several microns in the X, Y and/or Z planes, indicating that they are 

motile. In contrast, endoderm cells jostled in all three dimensions, but did not 

displace significantly from their origin (Figure 4, 5). At 43 HPF, small micromeres 

migrated in the plane of the epithelium while producing filopodial extensions 

(Figure 4A, Movie 1). A subset of small micromeres made striking migratory 

movements around the archenteron. For example, movie 1 shows a small 

micromere moving past a neighboring small micromere before coming to rest on 

the other side of the archenteron. These “neighbor switching” movements 

indicated that small micromeres oriented along the left/right axis as they jostle for 

position. Depending on the original orientation of the embryo being time-lapsed, 

small micromeres translocated to the roof of the archenteron as it turned toward 

the stomodeum.  



	  

	  

93 

 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
Figure 4. Small micromeres move through the tip of the archenteron 
between 43 and 54 HPF. Embryos expressing NTM-mCit (green) and Vasa-
mChr (red) were time lapsed for 120 min by confocal microscopy and 
tracked (white lines) using mTrackJ. Representative tracks show (A) small 
micromeres moved around the tip of the archenteron before (B) moving to 
form a line at the tip of the archenteron and (C) segregating among the left 
and right coelomic pouches. Scale bar is 10 µm. 
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At 49 HPF, small micromeres moved laterally and positioned themselves 

along the left/right axis (Figure 4B, Movie 2). While all small micromeres moved, 

a few had especially long tracks, often traversing the entire length of the 

archenteron tip. After the small micromeres formed a line along the left/right axis 

on the dorsal surface of the archenteron, they moved in the direction of the 

closest coelomic pouches (Figure 4C, movie 3).  

Small micromere motility often produced net movement in a single 

direction, whereas motility of other cell types was more random. To measure 

movements of different cell types we compared small micromere track statistics 

to those of both SMC cells (that are incorporated into the coelomic pouches) and 

endodermal cells on the archenteron. All cell types tracked moved/jostled in all 

three dimensions (Figure 5A-B, Movie 4, Movie 5, Movie 6), however, this motility 

only led to net movement in small micromeres and SMCs. We refer to this net 

movement from origin as “displacement”.  

In 43-hour-old gastrulae, small micromeres displaced farther from their 

origin and moved at greater velocities than either SMCs or endoderm cells 

(Figure 5C,D). On average, small micromeres displaced 4.64 (±0.61 s.e.m.) µm 

from their origin, while SMC and archenteron cells displaced only 2.37 (±0.40) 

and 2.05 (±0.35) µm, respectively (Figure 5C,D). Small micromere velocity was 

13.28 (±0.78) µm/h, while SMCs and endoderm cells moved at lower velocities of 

8.77 (±0.66) and 6.14 (±0.79) µm/h, respectively.  
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Figure 5. Small micromeres move farther and faster than endoderm or 
SMCs that produce the coelomic pouch. Line plots display representative 
tracks of the µm traveled over one hour in the (A) x-y direction and (B) x-z 
direction of four small micromeres, SMCs and endoderm cells between 43 
and 54 HPF. Each track was normalized and plotted from a common origin 
(0,0). Dot plots of (C) total displacement from origin and (D) average cell 
velocity for all small micromeres, SMCs and endoderm cells measured after 
one hour. Each dot represents the µm traveled from the origin or the 
average velocity of one cell and the bar represents the mean of at least four 
cells of each type measured from three different embryos (n≥12 cells). 
Letters above mean lines denote statistical significance (p≤0.05, two-way 
ANOVA). 
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Similarly, small micromeres also tracked farther and faster than all other 

cells at 49 and 54 HPF (Figure 5C,D). Between 49 and 54 HPF, small 

micromeres maintained a significantly higher velocity at roughly 13 µm/h, while 

SMCs maintained velocities nearing 9 µm/h, and endoderm cells moved less 

than 5.5 µm/hr (Figure 5D). Beginning at 49 HPF, the displacement of the 

presumptive coelomic pouch SMCs became statistically indistinguishable from 

the small micromeres at 3.53 (±0.40) and 4.67 (±0.80) µm, respectively (Figure 

5C). These values slightly decreased at 54 HPF to 3.03 (±0.51) and 3.96 (±0.46) 

µm, respectively (Figure 5C). Both the SMC and the small micromere lineages 

showed highly variable displacements (Figure 5D). These results potentially 

reflect the fact that SMCs and small micromeres in the middle of the archenteron 

must move a greater distance to reach the left or right coelomic pouches than 

those that start closer to the pouches.  

 

3.4.5 Enhanced expression of the PIP2 binding PH-domain from PLC-delta 
in small micromeres 
	  

Phosphatidylinositol 3-kinase (PI3K) is required for the migration of 

numerous cell types (Cain and Ridley, 2012). PI3K phosphorylates 

phosphatidylinositol 4,5-bisphosphate (PIP2) at the leading edge of migrating 

cells into phosphatidylinositol 3,4,5-triphosphate (PIP3; (Huang et al., 2003). To 

observe the distribution of phosphoinositides in small micromeres, we localized 

PIP2 by co-injecting mRNA encoding the pleckstrin homology domain of 

phospholipase C-delta (PHPLC-delta) fused to mCitrine (PH-mCit) along with 
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mRNA encoding Vasa-mChr. PH-mCit localized to cellular membranes of all cells 

in the embryo, and was brighter in small micromeres than all other cells (Figure 

6).  

Small micromeres over-expressing PH-mCit underwent normal 

morphogenesis and segregated to the coelomic pouches (Figure 6, movie 7). At 

43 HPF, small micromeres produced characteristic blebs that extended into the 

blastocoel (Figure 6A,B). After left/right archenteron positioning, small 

micromeres produced several filopodia that extended into the blastocoel and 

contacted the basal membranes of ectoderm cells (Figure 6C-G). Figure 6H 

(Movie 7) shows the track from a single small micromere located in the middle of 

the archenteron that used filopodia to contact the ectoderm before migrating to 

the anterior tip of a forming coelomic pouch while producing a combination of 

blebs and filopodia (Figure 6).  

There are at least two types of filopodia in motile mesenchymal cells of 

sea urchin embryos (Miller et al., 1995).  Thin filopodia, which are different from 

thick migratory filopodia, are produced in SMCs at the tip of the archenteron and 

have variable ectodermal contacts and retraction dynamics. The proposed 

function of the thin filopodia in SMCs are for the detection of bound chemical 

signals on the basal lamina of ectoderm, rather than the detection of diffusible 

morphogens (Miller et al., 1995). Small micromeres extended thin filopodia that 

robustly retained fluorescent PH-mCit staining at the same time when SMCs at 

the tip of the archenteron use these structures to find the future stomodeum 



	  

	  

98 

(mouth opening, Figure 6). Therefore we sought to observe filopodial behavior in 

small micromeres expressing PH-mCit using timelapse confocal microscopy.  
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Figure 6. Small micromeres expressing PH-mCit develop cortical blebs 
(white arrows) and thin filopodia (orange arrows). Representative confocal 
snapshots of embryos containing small micromeres (A, C, E) expressing 
Vasa-mChr (red) and the PIP2 marker, PH-mCit (green, B, D, F) or only PH-
mCit, show small micromeres produce cortical blebs (A-B) at 43 HPF, and 
thin filopodia (C-F) between 49-54 HPF. Representative oral view (G) of 
coelomic pouches at 60 HPF indicates small micromeres produce filopodia 
after left/right segregation. (H) Film strip of confocal time-lapse recording 
of small micromere expressing PH-mCit overlaid with results of cell 
tracking in white. Filmstrip shows a small micromere using filopodia to 
contact ectoderm before migrating to a coelomic pouch. Scale bars are 10 
µm. 
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After the small micromeres had migrated to the coelomic pouches at 60 

HPF, they produced two types of filopodia, short-lived and long-lived. Short-lived 

filopodia extended from small micromeres that lasted only a few minutes (Figure 

7B). Often these filopodia extended into the blastocoel and did not make contact 

with the ectoderm. We also observed a subset of long-lived filopodia that 

consistently contacted the ectoderm for periods of greater than 45 min (Figure 

7A). Interestingly, movie 7 showed small micromeres produce filopodia that were 

not always oriented in the direction of movement. These results (Figure 6, Movie 

7) suggest that small micromeres, like the SMCs, might use thin filopodia to 

detect extracellular substances or position while blebs generate motility. 

 

3.4.6 Small micromeres maintain migratory cell morphology and behavior 
in vitro  
	  

We observed that small micromeres, like the PGCs of zebrafish, produce 

large cortical blebs at the onset of migration (Figure 2). In zebrafish, these short-

lived blebs are extended and retracted rapidly to propel large portions of the cell 

body in a single direction (Blaser et al., 2006).  Since small micromeres also 

produced these cortical blebs (Figure 1, 2), we analyzed the behavior of blebs in 

vivo, using confocal time-lapse recordings of small micromeres expressing NTM-

mCit. Small micromere cortical blebs were highly dynamic, expanding and 

contracting in less than one minute (Figure 8A, Movie 8, Movie 9).  
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Figure 7. Small micromeres produce transient and stable filopodia. 
Confocal micrographs of representative small micromeres expressing 
Vasa-mChr (red) and PH-mCit (green) in coelomic pouches at 60 HPF that 
produce (A) stable filopodia that contact ectoderm for over 45 min and (B) 
short-lived filopodia that project into the blastocoel and last <10 min. White 
arrowheads indicate the positions of filopodia. Scale bars are 10 µm. 

  



	  

	  

102 

	  
Figure 8. Small micromeres bleb rapidly in vivo and in vitro. (A) Film strips 
of representative confocal time lapse recordings of small micromeres in 
vivo at 41 and 48 HPF expressing NTM-mCit (green) produce blebs (white 
arrows) that expand and contract within 1 min. (B) Film strips of 
representative confocal time lapse recordings of small micromeres in vitro 
expressing NTM-mCit (yellow) and Vasa-mChr (red). White arrows at 40 
HPF show the expansion and contraction of a cortical bleb within 1 min and 
at 48 HPF the extension of a filopodium in 140 sec. All scale bars are 10 µm. 

  



	  

	  

103 

To further investigate these blebs we performed confocal time-lapse 

recordings of individual small micromeres from embryos dissociated at 43 and 49 

HPF. After dissociation, small micromeres continued to produce and retract blebs 

within seconds. They also projected filopodia that expanded and contracted at 

rates similar to those observed in vivo (Figure 8B, Movie 10, Movie 11). These 

results are consistent with bleb dynamics for other migratory PGCs (Blaser et al., 

2005) and are distinct from the persistent blebs of apoptotic cells (Taylor et al., 

2008). 

 

3.5 Discussion 
	  

Using live cell imaging, we observed at least three phases of small 

micromere movement from the tip of the archenteron to the coelomic pouches 

(Figure 9). The start of their movements to the coelomic pouches begins from a 

re-epithelialized group of cells on the tip of the archenteron that produce cortical 

blebs. Next, small micromeres extend filopodia and position in a line along the 

left/right axis. Finally, the filopodia are projected laterally into the blastocoel while 

small micromeres move towards the forming coelomic pouches (Figures 1, 5, 9).  

Of the three archenteron cell types that we tracked, small micromeres 

moved at the highest average velocity, while presumptive coelomic pouch SMCs 

and endodermal cells of the archenteron moved at much lower velocities. Small 

micromere motility was initiated late in gastrulation, a similar developmental 

stage to which PGCs become motile in Danio and Drosophila. Sea urchin small 
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micromeres moved at a rate of ~13 µm/h, comparable to that of mouse PGCs at 

10 µm/h (Molyneaux et al., 2001), but slower than PGCs of Drosophila and Danio 

which move at 54 and 120 µm/h, respectively (Reichman-Fried et al., 2004; Sano 

et al., 2005).  

While the tracks of sea urchin PGCs were sometimes more directed than 

the tracks of the other cells measured (Figure 4A, 5A,B), we observed significant 

variation in the direction of motility between individual small micromeres. For 

example, in the same embryo we observed one small micromere contacting oral 

ectoderm with filopodia and moving 10-20 µm away from its origin (Figure 6; 

Movie 7), while several of its neighboring small micromeres did not appear to 

move away from their starting position. This may simply indicate that small 

micromeres do not move collectively to the coelomic pouch, and will continue to 

jostle individually towards the posterior end of the coelomic pouch  (Luo and Su, 

2012). 

Alternatively, given that some small micromeres are closer to the 

developing coelomic pouches than others, one possibility is that the distance 

migrated by a small micromere is influenced by the distance to be traveled to a 

coelomic pouch. Consistent with this hypothesis, the highly motile small 

micromere in this experiment was positioned in the middle of the archenteron 

and had the greatest distance to travel. Thus, sea urchin small micromeres could 

be similar to other PGCs in that they are motile during gastrulation, but unique 

from other organisms in that they use this motility as a “quality control” 
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mechanism to either maintain an existing position or to displace/translocate 

towards an alternate position.   
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Figure 9. Schematic illustration depicting the phases of small micromere 
migration shown with arrows indicating the major direction of movement 
during each phase. During phase 1, small micromeres bleb basolaterally 
and produce filopodia to release from epithelium and move to the animal 
pole. In phase 2, small micromeres have taken a mesenchymal 
morphology, produce numerous filopodia and re-position along the 
left/right axis as they move to the roof of the archenteron. Phase 3 is 
characterized by the production of dynamic filopodia during the left/right 
segregation of small micromeres to the coelomic pouches. 
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PIP signaling is characteristic of migrating cells (Cain and Ridley, 2012) 

and we observed that small micromeres had an enhanced expression of the PH-

mCit. The enhanced expression of PH-mCit could reflect a concentration of PIP2 

in their plasma membrane, which would concentrate the fluorescent signal 

(Thaler et al., 2004). We also considered that the exogenous protein could be 

expressed at higher concentrations in small micromeres because they can retain 

exogenous mRNAs (Oulhen and Wessel, 2013). However, retained mRNA 

appears to require globin UTRs, which were absent from our construct.  

Therefore retention does not seem to be the most likely explanation. Indeed, 

consistent with this expectation, several of our other membrane proteins and 

nuclear markers (that lack globin UTRs) are not enriched in small micromeres of 

blastulae (Gokirmak et al., 2012). Thus, the enrichment seems most likely to be a 

function of the interaction between PH-mCit with phosphoinositides in small 

micromere membranes. 

It was previously noted that the translocation of small micromeres in early 

gastrulation is passive and requires their adhesion to one another with G-

cadherin (Yajima and Wessel, 2012). Here, we observe a transition beginning 

late in gastrulation at 43-49 HPF when the cells move from a tightly packed ball 

of cells to a loosely associated single line, potentially indicating the onset of their 

motility along the left/right axis. Consistent with this hypothesis, small 

micromeres isolated from embryos at 43 and 48 HPF also bleb and extend 

filopodia. Remarkably, when small micromeres are isolated from the embryo 

much earlier in development and cultured with their sister cell lineage, the 
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primary mesenchymal cells, they autonomously express germline genes, 

including vasa and nanos, yet did not activate a migratory program or produce 

cortical blebs (Yajima and Wessel, 2012). These results might indicate that the 

initiation of small micromere motility requires initial contact with neighboring cells 

or secreted signals but that it is self-maintaining once initiated.  

Cadherins are important for maintaining cell-cell contacts as well as for 

PGC migration (Kardash et al. 2009). G-cadherin is expressed at high levels in 

small micromeres (Miller and McClay, 1997). Morpholino knockdown of G-

cadherin causes small micromeres to either trans-differentiate into PMCs or die 

(Yajima and Wessel, 2012). G-cadherin might be required for small micromeres 

to re-join the blastoderm before they migrate. Using the membrane marker, NTM-

mCit, and the apical marker G2a-mCit, we found that small micromeres always 

retained contact with the lumen of the archenteron and usually had microvilli, a 

characteristic of epithelial cells. In contrast endoderm cells express G2a-mCit 

only on their apical surface while mesenchymal PMCs do not retain any G2a-

mCit expression. However, since small micromeres did not restrict G2a-mCit to 

only the archenteron luminal/apical membrane, and also had some features of 

mesenchymal cells.  

One function of small micromere migration could be the segregation of the 

appropriate number of small micromeres to the left and right coelomic pouches. 

Consistent with this hypothesis, small micromeres segregate to left and right 

coelomic pouches precisely (Campanale and Hamdoun, 2012; Pehrson and 

Cohen, 1986; Tanaka and Dan, 1990). The mechanisms that govern this ordered 
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segregation remain unclear but it seems likely that the autonomous motility we 

report is important. It was previously demonstrated that segregation is disrupted 

by inhibiting ABC transporter activity (Campanale and Hamdoun, 2012), or 

disrupting Nodal signaling (Luo and Su, 2012), suggesting that small micromeres 

migrate to the coelomic pouches using signals that specify the left/right axis. 

Further studies into this migration could provide insight into the mechanisms by 

which motility is regulated along the left-right axis.  
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The multidrug transporter ABCB1a disrupts primordial 
germ cell migration and morphogenesis 
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4.1 Abstract 
	  

Primordial germ cells (PGCs) are formed during embryogenesis and 

migrate to the somatic gonads. It is unclear whether PGCs are vulnerable to toxic 

chemicals during development. Here, we report that sea urchin PGCs actively 

remove the protective ATP-binding cassette transporter, ABCB1a, from their 

plasma membrane. Using a novel serial block face scanning electron microscopy 

approach with genetically encoded electron density by miniSOG fused to 

ABCB1a, we found that ABCB1a is localized to the tips of microvilli and found in 

intralcellular vesicles. Micromeres contained larger ABCB1a positive vesicles and 

lacked significant staining on the tips of the microvilli that were observed in 

macromeres. In addition, we found that the removal of ABCB1a is required 

because PGCs with an ABCB1a gain-of-function migrate more slowly and fail to 

segregate between the left and right coelomic pouches normally. Morphodynamic 

analysis of migrating PGCs indicates that this is likely from the disruptions in the 

number and size of cortical blebs and filopodia produced during their migration. 

Taken together, our findings show that PGC morphogenesis is dependent of the 

reduction of protective ABCB1a activity, thus making them more permeable to 

environmental chemicals. Since PGCs are a critical cell type tasked with 

maintaining genomic integrity between generations, our data suggests that PGCs 

balance the reception of chemotactic signals at the risk of accumulating toxic 

chemicals.  
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4.2 Introduction 
	  

Primordial germ cells (PGCs) are immortal reproductive links between 

generations specified in early embryos by an evolutionarily conserved program 

(Extavour, 2003; Juliano et al., 2010) before they migrate to the somatic gonad 

(Molyneaux and Wylie, 2004; Richardson and Lehmann, 2010). While the 

regulatory and morphodynamic characteristics of PGCs during specification and 

migration are well understood, the sensitivity of these processes to 

environmental control remains unexplored. Although cells use potent defense 

systems to protect against chemical stress (Goldstone et al., 2006), toxic 

compounds may be especially harmful to PGCs during specific windows of 

vulnerability that include during migration to the somatic gonad and epigenetic 

imprinting (Allegrucci et al., 2005; Sasaki and Matsui, 2008). 

Considerable interest has focused on the effects of the chemical 

environment to shape the embryo and determine adult health (Hamdoun and 

Epel, 2007; Odom and Taylor, 2010). Anthropogenic chemicals, including 

herbicides, pesticides, fungicides, persistent organic pollutants and endocrine 

disruptors can induce immediate teratologies or alter epigenetic marks (Collotta 

et al., 2013; Hou et al., 2012) transmitted to subsequent generations through 

germline (Skinner, 2011; Skinner et al., 2010). ATP binding cassette (ABC) 

transporters are members of a conserved family of efflux proteins that protect 

cells by pumping a broad spectrum of chemicals across cell membranes 

(Ambudkar et al., 1999; Leslie et al., 2005). ABC transporters are polyspecific 

(Aller et al., 2009) and can efflux dozens of structurally unrelated molecules, 
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lipids (Fletcher et al., 2010), chemotherapeutics (Gottesman, 2002), and toxins 

(Epel et al., 1999).  

We previously reported that ABCB-type transporter activity is reduced in 

the sea urchin PGCs, called small micromeres (Smics, (Campanale and 

Hamdoun, 2012). Since lipid derived signaling molecules effluxed by ABCB-type 

transporters are important regulators of PGC migration (Renault and Lehmann, 

2006; Ricardo and Lehmann, 2009), we hypothesized that PGCs reduce the 

activities of protective ABCB-type transporters, thus making them more receptive 

to these promigratory molecules. Here, we show the ABCB1 multidrug 

transporter in the purple sea urchin, Strongylocentrotus purpuratus, ABCB1a, is 

removed from Smic plasma membranes. Using a novel gain-of-function 

approach, our findings indicate the reduction of ABCB1a is required for Smic 

migration and morphogenesis. Thus we have found that the reception of 

important developmental cues may require an increase in cellular permeability 

through reductions in ABC transporter activity. Critically, our results suggest a 

possible mechanism by which chemicals can cause epigenetic instability in 

PGCs. Furthermore, we assert that the window of reduced ABCB1a expression 

and activity is integrally tied to PGC development; that PGCs must forgo the 

chemical protection provided by ABCB1a to undergo morphogenetic patterning.  

 

4.3 Materials and Methods 
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4.3.1 Sea urchins 
	  

Adult Strongylocentrotus purpuratus (Sp) were collected in La Jolla (CA, 

USA) and held at 10°C in flow-through seawater aquaria. Spawning, gamete 

gathering and embryo culture was as previously described (Campanale and 

Hamdoun, 2012).  

4.3.2 Immunocytochemistry 
	  

Cleavage stage embryos were fixed and Sp-ABCB1a localized as 

previously described (Whalen et al., 2012). The simultaneous detection of 

ABCB1a and Vasa was performed as follows. Gastrulae expressing recombinant 

mCherry fused to Vasa (Campanale et al., 2014)  were fixed in 0.03% 

glutaraldehyde/4% paraformaldehyde in PBS (pH 8.0) for 25 min at room 

temperature. Embryos were permeabilized in 0.05% saponin in PBS and blocked 

for 1 hr in 1% bovine serum albumen in PBS before incubation chicken anti-Sp-

ABCB1a (Whalen et al., 2012) followed by 250 ng/mL goat anti-chicken Alexa 

Fluor 488 (Life Technologies) in block buffer for 1 hr. Embryos were imaged on a 

Zeiss LSM 700 confocal microscope. Z-stacks were processed using ImageJ 

(NIH). 

 

4.3.3 Serial block face scanning electron microscopy 
	  

miniSOG ((Shu et al., 2011), Addgene, 50971) was fused to the amino 

terminus of Sp-ABCB1a in the pCS2+8 expression vector. Capped mRNAs were 

synthesized in vitro (Clonetech) and microinjected into embryos as previously 
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described (Gokirmak et al., 2012). Embryos were fixed in 1% gluteraldehyde:1% 

paraformaldehyde in 80% seawater for 1 h at room temperature. miniSOG 

mediated photooxidation of diaminobenzidine (DAB) was done as previously 

described (Shu et al., 2011). Embryos were stained and embedded according to 

West et al., (West et al., 2010) with the addition of 1% uranyl acetate overnight at 

4ºC and lead nitrate staining before dehydration and embedding. Serial block 

face scanning electron microscopy was performed on a Zeiss Sigma VP 

equipped with a Gatan 3View XP2. The SEM was operated at 2.5 KeV with a 30 

µm aperture in variable pressure mode. 50 nm slices were imaged at 10 nm/pixel 

using the 3View’s integrated backscatter detector. Segmentation of miniSOG-

ABCB1a positive staining was performed using custom written Matlab code and 

processed using the Imaris software package (Bitplane).  

 

4.3.4 Left/right segregation 
	  

Fertilized eggs were co-injected with mRNA encoding mCitrine fused ABC 

transporters flanked by Sp-Nanos2 untranslated region (UTRs, (Oulhen et al., 

2013)), and mCherry-Sp-Vasa (Campanale and Hamdoun, 2012). At 68-72 hr 

old, embryos were imaged on a Zeiss LSM 700 confocal microscope and the 

number of Smics on the left and right side of the embryo was determined using 

ImageJ. 

 

4.3.5 In vivo migration and cell morphology  
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Small micromere morphology during gastrulation was observed after 

micro-injection of fertilized eggs with 150 ng/µL mRNA encoding Nanos2-UTR 

targeted mCitrine fluorescent protein fused to the membrane anchoring domain 

of leukocyte tyrosine kinase (M-mCit). Time-lapses were performed at 15ºC with 

5 min imaging intervals for 1-4 hr using either a Zeiss LSM 700 or a Leica SP-8 

confocal microscope with a 40x water immersion objective. Cell velocity and 

track distance were measured using the ImageJ plugin, mTrackJ (Erik Meijering, 

2012).   

 

4.3.6 In vitro cell morphology 
	  

Roughly 250 embryos expressing Nanos2-UTR targeted fluorescent 

transporters and Vasa were washed with hyalin extraction media and calcium-

magnesium free seawater, dissociated by shearing through a pipette, washed 

with seawater and settled on BSA coated coverslips. For each small micromere, 

an equatorial 2.2 µm-thick section was imaged on a Leica SP8 confocal 

microscope at 5 sec intervals for 10 min with a 40x water immersion objective. 

Filopodia and blebs observed during each timelapse were measured manually 

using ImageJ. 

 

4.4 Results 
	  

4.4.1 ABCB1a is removed from Small micromere plasma membrane 
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To investigate whether the multidrug transporter ABCB1a contributes to 

the reduction of ABC transporter efflux activity in the Smics (Campanale and 

Hamdoun, 2012), we immunolocalized this protein during Smic plasma 

membrane formation (Figure 1, S1). Our analysis found ABCB1a remained 

uniformly distributed on apical plasma membrane in all cells of the 16-cell 

embryo, including the micromeres, parents of the Smics (Figure S1). Within 50 

min into the cell division cycle, ABCB1a was cleared from apical membrane of 

micromeres, presumably at the site of nascent Smic plasma membrane 

production, but not from plasma membranes of other cells in the embryo (Figure 

1A and S1A). ABCB1a remained absent from Smic plasma membranes 

beginning at their formation in the 60-cell embryo throughout the period in which 

they migrate to coelomic pouches during gastrulation (Figure 1B-D).  

Using live cell microscopy in combination with over-expression of 

fluorescent protein fusions, we sought to test if ABCB1a was specifically 

removed from micromere and Smic membranes or if a general reorganization of 

all membrane proteins occurs. Micromere and Smic plasma membranes in 

cleavage stage embryos and blastulae reduce expression of recombinant 

ABCB1a (Figure S3A-B). The control proteins, pleckstrin homology domain of 

phospholipase C (Figure S3C) or ABCG2a (Campanale et al., 2014) were not 

reduced in Smics. These results indicate that ABCB1a is unique in that it is 

specifically removed from these membranes while markers of phosphoinositides 

and or other multidrug transporters are not removed.  
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Figure 1. ABCB1a is removed from micromere and small micromere plasma 
membranes during early development. (A and B) Immunolocalization of 
ABCB1a (green) in representative cleavage stage embryos at (A) fourth 
cleavage and (B) fifth cleavage. DNA (blue) and actin microvilli (red). 
Micromeres (Mic) reduce apical ABCB1a (area within dotted line) within 50 
min after fourth cleavage. Smics (Smic) lack ABCB1a staining observed in 
large micromeres (Lmic) and Veg cell lineages. (C) Representative gastrula 
expressing mCherry fused Vasa (red) in Smics with (D) Zoom on 
archenteron. Smics nuclei marked by astericks. Apical membrane of 
endoderm retains ABCB1a whereas Smics show little ABCB1a staining. All 
scale bars are 10 µm.  
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To observe how ABCB1a is removed from micromere membranes, we 

used serial block face scanning electron microscopy after over expression of 

functional miniSOG tagged ABCB1a (Figure S3). miniSOG is both fluorescent 

and can polymerize osmiophilic diaminobenzidine that is detected by electron 

microscopy (Shu et al., 2011). Confocal imaging revealed that overexpression of 

miniSOG tagged ABCB1a localized to apical plasma membrane in blastulae 

(Figure S3B). Furthermore, miniSOG does not affect calcein efflux activity of 

ABCB1a (Figure S3C,D). Detection of miniSOG positive DAB precipitate, with 

intense osmium staining ("black cloud", Figure S3E,F) of miniSOG expressing 

16-cell embryos showed ABCB1a at the tips of microvilli and in membrane 

vesicles (Figure 2). Close inspection 50 nm serial sections of miniSOG staining 

showed that micromeres contained more subcortical vesicles than of their sister 

cells, the macromeres (Figure 2). This included staining in large dark vesicular 

bodies not observed in macromeres as well as smaller cytoplasmic puncta 

(Figure 2). 

4.4.2 Restoring ABCB1a activity in Smics impedes their migration 
	  

In order to better understand the significance of transporter removal from 

the PGCs/Smics, we adopted an overexpression strategy that selectively 

restored ABCB1a activity in the Smics (Figure S4, Oulhen et al., 2013). Using 

this gain-of-function, we sought to test our hypothesis that loss of ABCB1a is 

necessary for the migratory behaviors of the Smics, presumably through efflux of 

an autocrine or paracrine signal.  To control for possible indirect effects of 
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transporter expression in the PGCs, we generated a mutant ABCB1a transporter 

with reduced efflux activity, Sp-ΔABCB1a (Figure 3A-C). Mutation of the 

nucleotide binding domains (NBDs, (Azzaria et al., 1989)) reduced the efflux of 

bodipy-FL-vinblastine 26-fold (Figure 3C), but did not alter trafficking to the apical 

plasma membrane (Figure 3B, Gokirmak et al., 2012). 
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Figure 2. Micromeres stain with more intracellular miniSOG tagged 
ABCB1a than macromeres. (A) SEM image for the vegetal region of a 16-
cell embryo 50 min after the fourth cell division. (B and C) Zooms of the 
respective yellow boxes (macromere is B and micromere is C). Arrowhead 
for the macromeres show staining at the tips of microvilli and for the 
micromere show staining in a large intracellular vesicle. The white box 
indicates smaller subcortical staining in micromeres not observed in 
macromeres. Scale bars are 1 µm. 
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To evaluate how ABCB1a restoration altered Smic migration, their 

behaviors following the co-expression mCherry tagged Vasa protein and the 

Nanos targeted version of ΔB1a-mCit, or B1a-mCit (Figure 3D) were followed by 

live-cell confocal microscopy. Smics expressing B1a-mCit or ΔB1a-mCit 

consistently formed a cluster on the tip of the archenteron at 48 HPF, which is 

consistent with previous findings using M-mCit (Figure 3D, Campanale et al., 

2014). Time-lapse analysis of Smics expressing either transporter showed these 

cells move independently around the tip of the archenteron (Movies 1 and Movie 

2). After correcting Smic movements for the effects of the underlying endoderm, 

we found B1a-mCit expression significantly reduced their total displacement and 

velocity (Figure 3B, C). Smics expressing B1a-mCit moved at an average 

velocity of 3.32 µm/hr and displaced only 0.59 µm from their starting position, 

while Smics from control sister embryos expressing ΔB1a-mCit migrated at 8.85 

µm/hr and displaced 3.41 µm (Figure 3B,C). Additional time-lapses of B1a-mCit 

expressing Smics showed that they migrate with similar velocities throughout 

gastrulation, moving with statistically indistinguishable average velocities that 

ranged from 1.53 and 3.46 µm/hr and displacements from 0.08 to 1.30 µm 

(Figure S5B,C).  
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Figure 3. Restoring ABCB1a activity impairs Smic migration during 

gastrulation. (A) Amino acid sequence alignment of ABCB1 nucleotide 
binding domains (NBDs) from human (Homo sapien, Hs) and sea urchin 
(Strongylocentrotus purpuratus, Sp). K476R and K1126R substitutions 
created the efflux actitivy mutant, DABCB1a. (B) Representative blastulae 
injected with 1000 ng/µL mCherry fused to wild type (WT) or DABCB1a and 
exposed to 125 nM of fluorescent Bodipy-FL-vinblastine (green). (C) Bar 
graph of average percent Bodipy-FL-vinblastine accumulation (± SEM) 
compared to control un-injected embryos. (D) Representative maximum 
intensity projections (MIPs) of Smics expressing B1a-mCit or ΔB1a-mCit 
(green) and mCherry-Vasa (red) at 48 hours post fertilization (HPF) with 
corresponding tracks of endoderm cells (Endo) and Smics after 1 hr time-
lapse. (E and F) Bar graphs of average (±SEM) Smic displacement and 
velocity in four embryos from different egg batches corrected for 
endoderm movement within each batch. (*) indicates significant differences 
by t-test blocked by egg batch. (G) Representative micrographs Smics 
expressing M-mCit or B1a-mCit at 43 and 48 HPF. Arrows indicate blebs at 
43 HPF and filopodia at 48 HPF. (H) Smics expressing M-mCit or B1a-mCit 
and co-expressing mCherry-Vasa in vitro produce blebs (arrow). 
Corresponding bar graphs display analysis of blebs at 43 HPF and 
filopodia at 48 HPF after 10 min time-lapse. All graphs represent the 
average (± SEM). Statistical differences were found by comparing eight 
cells in each treatment from at least two egg batches using a one-way 
ANOVA blocked by egg batch. (*) indicates P-values<0.05. All scale bars 
are 10 µm. 
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During the course of live imaging we also observed that control small 

micromeres exhibited a higher number of dynamic blebs and filopodia than those 

of B1a-mCit expressing Smics (Figure 3G). To more accurately quantify these 

differences, we dissociated embryos and measured the dynamics of these 

features in vitro (Figure 3H). Time-lapse analysis of control and transporter 

expressing Smics showed significant differences in bleb size, number and 

frequency between 43 and 54 HPF (Figure 3H, S6, Movie 3). We observed a 

general decrease in the number and/or relative size of the blebs and filopodia in 

B1a-mCit positive Smics. For instance, the relative cross-sectional area of blebs 

was 10.9% and 9.3% of cell area, in control cells at 43 and 54 HPF respectively 

(Fig S6). In contrast, expression of B1a-mCit significantly decreased these 

values to 7.6% and 7.8% respectively (Figure S6).  An exception to this trend 

was observed in the number of blebs at 43 HPF. Control Smics produced an 

average of 33.7 blebs in 10 min while B1a-mCit cells produced significantly more 

during the same time period at 51.5 blebs (Figure 3H). Interestingly, we also 

found these blebs were roughly 30% smaller and often occurred in pairs or 

triples, a phenotype not observed in controls (Figure 3H). 

4.4.3 Increasing ABCB1a activity increases the number of Smics on the left 
CP 
	  

Since the migratory features of Smics are presumably necessary for their 

migration to the left and right coelomic pouches, we next sought to assess how 

restoring ABCB1a activity affects this segregation. Expression of the functional 
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B1a-mCit construct significantly increased the number of Smics on the left CP 

(Figure 4A and B). In contrast, expression of M-mCit or ΔB1a-mCit resulted in 

embryos with normal Smic distributions (Campanale et al., 2014; Pehrson and 

Cohen, 1986). After expression of B1a-mCit we found an average of 6.1 Smics 

on the left CP, while those expressing either M-mCit or ΔB1a-mCit averaged 4.6 

and 5.4 respectively (Figure 4B). We consistently observed embryos that 

contained seven and eight Smics on the left CP after B1a-mCit expression, a 

distribution not observed with M-mCit and rarely with ΔB1a-mCit expression 

(Figure 4B).  

Next, we sought to evaluate whether the increase in Smics on the left CP 

was correlated with increase in activity of ABCB1a. Dose dependent increases in 

the number of Smics on the left CP were observed with higher levels of ABCB1a 

expression (Figure 4C), but not ΔABCB1a (Figure 4D). Injection of B1a-mCit 

mRNA at 100 ng/µl produces embryos with roughly an average 5/3 left/right 

distribution. Increasing B1a-mCit to 1000 ng/µl significantly increases the 

average number of Smics on the left CP from 5.0 to 6.0, this includes a dramatic 

increase in the number of embryos with seven left-fated cells (Figure 4C). 

Increasing the expression of ΔB1a-mCit had no effect on Smic left/right 

distribution (Figure 4D).  
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Figure 4. Increasing ABCB1a activity in Smics disrupts their left/right 
coelomic pouch distribution. (A) Aboral view of representative plutei 
expressing mCherry-Vasa (red) and M-mCit, B1a-mCit or ΔB1a-mCit (green, 
Figure S4). Arrows and insets denote Smics on the left CP. (B) Dot plot for 
the number of Smics on the left CP after expression of 150 ng/µL of M-mCit, 
or 1000 ng/µL of B1a-mCit and ΔB1a-mCit. (C and D) Dot plots for the 
number of Smics on the left CP with increasing mRNA concentration 
(expression) of (C) B1a-mCit and (D) ΔB1a-mCit. Average bars that do not 
share letters are significantly different (P>0.05, one-way ANOVA with Steel-
Dwass post-hoc comparisons). All scale bars are 10 µm. 
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4.5 Discussion 
	  

Sea urchin PGCs down-regulate ABCB and C-type transporter activity 

(Campanale and Hamdoun, 2012). Here, we report the reduction in efflux activity 

is, in part, from the removal of ABCB1a in nascent Smic plasma membrane 

(Figure 1).   Immunolocalization of ABCB1a in Smics of gastrulae showed they 

do not re-express this protein throughout early development (Figure 1). To 

investigate the necessity of ABCB1a removal in PGCs, we artificially expressed 

ABCB1a specifically in the Smics using a Nanos targeting technology (Oulhen et 

al., 2013). We hypothesized the removal of ABCB1a from PGCs increases their 

accumulation of chemicals, including chemoattractants and morphogens. 

Consistent with this hypothesis, our data show sea urchin PGCs expressing 

ABCB1a are unable to migrate as effectively or undergo normal left/right 

specification (Figure 3, 4). Smics expressing ABCB1a migrate slower, produce 

smaller blebs and do not segregate along the left/right axis properly (Figure 3-4). 

Therefore, our results indicate PGC development in the sea urchin requires the 

removal of this protein. Moreover, our results suggest poly-specific efflux may be 

a liability to PGC interpretations of endogenous signaling molecules controlling 

their migration and morphogenesis.  

Sea urchin ABCB1a is an ortholog of the human transporter, ABCB1 

(Whalen et al., 2012). ABCB1 was the first multidrug resistance transporter 

identified (Juliano et al., 1976)  and to date it is the best-studied efflux transporter 

for its polyspecific binding of several signaling (Fletcher et al., 2010) and 

chemotherapeutic (Gottesman et al., 2002) molecules. Sea urchin ABCB1a 
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contributes to the 80-fold increase of multidrug efflux activity observed after 

fertilization (Hamdoun et al., 2004) and like human ABCB1 is capable of pumping 

multiple structurally unrelated molecules that include calcein-AM, vinblastine and 

verapamil (Gokirmak et al., 2012).  

One possibility for the removal of ABCB1a from PGC membrane might be 

because it is used as an unconventional signaling transporter. It may be 

reasoned that ABCB1a must be removed from Smics to effectively detect 

developmental signaling molecules pumped by this transporter from surrounding 

cells. Polyspecific ABCB-type family members efflux a variety of signaling 

molecules in embryos that control differentiation in Dictyostelium (Good et al., 

2003) and morphogenesis in plants (Geisler and Murphy, 2006). Although this 

hypothesis is certainly a possibility, without definitive determination of the 

substrate, our data cannot distinguish whether ABCB1a is the primary efflux 

pump regulating signaling. More likely, removal of ABCB1a is required to reduce 

potential conflicts in reception of signaling molecules effluxed by other 

polyspecific ABC transporters. Smics remove polyspecific ABCC-type activity in 

addition to ABCB1a (Campanale and Hamdoun, 2012), suggesting that multiple 

transporters are involved in this process. Although it is unclear which 

transporter(s) are effluxing and whether others are mearly interfering with signal 

detection will be an exciting prospect for future studies. 

It remains uncertain what substrates are involved in Smic migration or 

whether they act through an autocrine or paracrine mechanism, but a growing 

body of knowledge indicates that PGCs receive multiple chemical inputs 
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throughout their life. These include the lipid signaling molecules required for their 

survival and migration to the gonad during embryogenesis (Ding et al., 2008; 

Renault and Lehmann, 2006; Thorpe et al., 2004) and during the induction of 

gametogenesis (Dierich et al., 1998). Our results showing ABCB1a activity 

interferes with migration and morphogenesis is somewhat not surprising since 

ABC transporters are known to mediate the efflux of many lipid signaling 

molecules that control cell migration and survival. These include prostaglandins, 

leukotrienes, sphingosine-1-phosphate, platelet activating factor, and lipid 

modified peptides (Randolph, 2001; Randolph et al., 1998; Ricardo and 

Lehmann, 2009; Robbiani et al., 2000). 

What is clear is that Smics with relatively high ABCB1a activity fail to 

undergo the morphological changes and migratory behaviors observed in WT 

cells (Figure 3). After increasing ABCB1a activity in Smics, we observed a 

significant reduction in migration velocity and direction of PGCs to those 

observed in control embryos expressing an efflux null transporter (Figure 3). We 

interpret these results to indicate that both migration speed and changes in cell 

morphology are dependent on the removal of ABCB1a from Smic membranes 

and not the result of changes in the biophysical properties of the plasma 

membrane after ABCB1a over-expression. Our measurements of Smic migration 

after expression of ΔABCB1a were comparable to our previously published 

results using M-mCit (Campanale et al., 2014). Either as a consequence or in 

addition to these altered migratory behaviors, Smics did not segregate between 

the left and right coelomic pouches at the same frequencies observed in control 
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embryos (Figure 4). Instead, a dose dependent increase in ABCB1a activity 

(which decreases their permeability) increases the number of Smics that are 

found on the left coelomic pouch. Thus it seems that PGCs need to remain 

permeable to developmental signals, including those controlling their migration 

and left/right fate (Su, 2014). 

An alternate and intriguing possibility is that the PGCs down-regulate 

multidrug efflux activity to increase permeability to the chemical information 

contained within their environment. This possibility is not without experimental 

and epidemiological evidence. PGCs in mammalian embryos “sense” their 

chemical surroundings by an as of yet unidentified mechanism, thus making 

them sensitive to environmental cues that can dictate adult onset diseases 

(Barker, 1997; Barker, 2007). At the same time, embryonic exposure to toxic 

chemicals causes genetically persistent and generationally stable disease states 

(Anway et al., 2006; Gluckman and Hanson, 2004) presumably transmitted to 

subsequent generations through PGCs. In addition, environmental chemicals, 

including ABC transporter substrates, interfere with PGC epigenomes (Skinner et 

al., 2010), suggesting that sensitive interactions exist between PGCs interpreting 

the chemical environment and accumulating genotoxic compounds. It will be 

interesting to investigate whether the removal of ABCB1 is conserved in PGCs of 

other species and if indeed the resulting increase in chemical permeability 

provides an evolutionary advantage by allowing epigenetic plasticity to a PGCs 

environmental influence. 
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Embryos are thought to have robust defenses (Gluckman and Hanson, 

2004; Vickers et al., 2000). Our results show this is likely not the case for PGCs. 

The evidence we present here indicates that the removal of protective ABC 

transporters, namely ABCB1a is required for Smic migration and morphogenesis. 

Given that sea urchin PGCs forgo the protective actions of multidrug 

transporters, a better understanding for the developmental regulation and role of 

the proteins is needed. Since we find that a removal of ABCB1a promotes the 

migration of Smics the coelomic pouches, we hypothesize that ABC transporters 

from elsewhere in the embryo are pumping developmental signals that these 

cells can effectively accumulate. It will be interesting to elucidate the 

morphogens(s) involved in this process, the cell type secreting them and if this is 

part of an evolutionarily conserved feature of PGCs. Nonetheless, at least for the 

sea urchin, the PGCs seem to be the must vulnerable to chemical accumulation 

and if conserved among vertebrate species, suggests that chemicals may have a 

far bigger role in altering the germ line than anticipated. 
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4.8 Supplemental Figures 

	  
Figure S1. ABCB1a Immunolocalization. Immunolocalization of ABCB1a 
(green) in whole embryos shown in Figure 1. Plasma membrane titer of 
ABCB1a in micromeres (Mic) is similar to macromere (Mac) and mesomere 
(Meso) minutes after the completion of the fourth cell division. Within 50 
mins Mics show a patchy membrane distribution of ABCB1a. (B) Vegetal 
view of a single confocal slice in XY-axis and companion orthogonal views 
for ZX and ZY of a 60 cell embryo showing decreased expression of 
ABCB1a (green) at the surface of Smics (representative marked with yellow 
arrows) compared to Veg2 cells (representative marked with white arrow). 
An increase in cytoplasmic staining in Smics is visible. In A and B actin 
microvilli were stained with phalloidin (red) and nuclei were stained with 
Hoescht33342 (blue). (C) Representative embryo injected with recomibinant 
ABCB1a fused to mCitrine fluorescent protein (green) and 
immunolocalization of ABCB1a (red). Reduced detection of ABCB1a in 
archenteron is a result of reduced antibody penetration within the 
archenteron. All scale bars are 10 µm. 
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Figure S2. MiniSOG tagged ABCB1a is a functional transporters. (A) 
Schematic of the construct used to express miniSOG fused to Sp-ABCB1a. 
(B) Representative blastula expressing mini-SOG fused to ABCB1a 
localizes to the apical plasma membrane. Scale bar is 10 µm. (C) 
Representative confocal micrographs showing that embryos injected with 
1000 ng/µL miniSOG-ABCB1a and exposed to 250 nM of calcein-AM for 90 
min do not accumulate as much calcein (green) as uninjected embryos. 
Scale bare is 10 µm. (D) Bar graph of average percent of fluorescent calcein 
accumulation (± SEM) for miniSOG-ABCB1a compared to the average of 
control un-injected embryos (100%). Scale bar is 10 µm (E) Single slice of 
SEM and overlayed positive miniSOG segementation in yellow. (F) Zoom 
and projection of 2 µm z-slice of the micromere macromere boundry of a 
16-cell embryo 50 min after the fourth cell division with (F') showing 
postivitve segmentation. White box shows difference in number of positive 
vesicles in micromeres versus macromeres. Scale bar is 1 µm. 
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Figure S3. Recombinant ABCB1a is down-regulated in Smics. Vegetal 
region from representative embryos expressing mCherry fluorescent 
protein fused to Vasa (red) and co-expressing mCitrine fluorescent protein 
(green) fused to either (A and B) ABCB1a at the (A) 16 cell stage or (B) in 
blastulae or (C) Phospholipase C-delta pleckstrin homology domain (PHD). 
Each embryo is overlaid on plots of raw fluorescence intensities measured 
along the white and yellow lines for the mCherry and mCitrine fused 
proteins, respectively. Raw values are shown in red and green 
corresponding to protein color and overlaid with smoothed curves in grey 
for mCherry fluorescence and black for mCitrine fluorescence. Smics show 
an expected increase in recombinant vasa fluorescence. A reduction in the 
apical expression of ABCB1a fluorescence is observed even after 
overexpression, whereas embryos expressing fluorescent PHD show an 
increase in Smic membranes.  Scale bar is 10 µm. 
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Figure S4. B1a-mCit does not disrupt overall embryonic development. (A) 
Schematic of the construct used to express mCitrine fluorescent protein 
fused to either the membrane anchoring domain from lymphocyte-specific 
tyrosine kinase (M-mCit) or ABCB1a (B1a-mCit) in Smics using the 5’ and 3’ 
untranslated regions (UTRs) of the Strongylocentrotus purpuratus Nanos2 
gene (Campanale et al., 2014). (B) Representative maximum intensity 
projections of gastrulae expressing B1a-mCit (green) and co-expressing 
mCherry fused to Vasa (red) between 43-70 HPF. All scale bars are 10 µm. 
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Figure S5. B1a-mCit does not disrupt overall embryonic development. (A) 
Schematic of the construct used to express mCitrine fluorescent protein 
fused to either the membrane anchoring domain from lymphocyte-specific 
tyrosine kinase (M-mCit) or ABCB1a (B1a-mCit) in Smics using the 5’ and 3’ 
untranslated regions (UTRs) of the Strongylocentrotus purpuratus Nanos2 
gene (Campanale et al., 2014). (B) Representative maximum intensity 
projections of gastrulae expressing B1a-mCit (green) and co-expressing 
mCherry fused to Vasa (red) between 43-70 HPF. All scale bars are 10 µm. 
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Figure S6. B1a-mCit disrupts Smic morphodynamics. Bar graphs of the 
average (± SEM) for (A) Number of blebs, (B) Bleb area, (C) Proportion of 
bleb area to cell cross-sectional area, and (D) Number of filopodia of Smics 
expressing either M-mCit or B1a-mCit and co-expressing mCherry-Vasa 
between 43 and 54 HPF. In A-D, black bars represent the Smics expressing 
M-mCit and grey bars represent Smics expressing B1a-mCit. Differences 
between bleb and filopodia number were found by comparing eight cells 
for each treatment from at least two egg batches and for bleb area, 
proportional bleb area and cell area measured during maximum bleb area 
were found by comparing all measurements produced in eight cells from 
each treatment using a one-way ANOVA blocked by egg batch with P-
values reported above the bars. (E) Occurrence of simultaneous blebs 
measured at 43, 49 or 54 HPF. 
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Chapter 5 

Unpublished observations from this dissertation 
research on ABC transporters in sea urchin embryos 
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5.1 Abstract 
	  

The main goal of my dissertation research was to discover new insights of 

ATP binding cassette (ABC) transporter function and regulation during 

development of the eight sea urchin primordial germ cells (PGCs) called small 

micromeres (Smics). I performed many experiments as part of a collaborative 

effort with other Hamdoun Lab members. Although designed carefully and fully 

replicated, these experiments and their results have not been formally published. 

While the results have been important to my dissertation and the lab, many are 

preliminary and will require additional experimentation with control treatments. 

Here, I present these experiments in the hope that they might be helpful to future 

researchers studying ABC transporter biology and/or serve as contributions to 

future publishable manuscripts from the Hamdoun Lab. I have constructed this 

chapter into experimental vignettes each consisting of a background, methods, 

results and conclusion section for each investigation. 

5.2 Introduction 
	  

Sea urchin eggs and embryos provide a unique and tractable model for 

understanding the intrinsic nature of ATP binding cassette (ABC) transporters. 

The human genome encodes a total of seven ABC transporter gene families 

(ABCA-ABCG, (Dean et al., 2001)). The sea urchin, Strongylocentrotus 

purpuratus, has 104 ABC-transporter genes, including 18 ABCBs, 44 ABCCs, 

and 11 ABCGs that constitute the multidrug resistance (MDR) gene set 

(Echinobase.org, (Sodergren et al., 2006)). The majority of these genes are 
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expressed during oogenesis and throughout embryonic development as part of 

the embyro's arsenal of defensome genes (Goldstone et al., 2006; Shipp and 

Hamdoun, 2012). 

ABC transporters are integral membrane proteins that pump moderately 

hydrophobic and relatively small molecules out of cells using ATP as an energy 

source (Higgins, 1992). In humans, misexpression and/or misregulation of ABC 

transporters cause numerous clinical pathologies that include cholestasis, retinal 

degeneration, and cystic fibrosis (Dean and Annilo, 2005; Dean et al., 2001). 

Over-expression of ABCB, ABCC and ABCG contribute to chemotherapeutic 

resistance in cancer cells (Gottesman, 2002; Leslie et al., 2005).  

While much is known about the roles of ABC transporters within terminally 

differentiated tissues (i.e. liver, kidney, blood brain barrier), many exciting 

questions regarding their biology remain unanswered. What are the structural 

components necessary for their activity? How are they regulated in cellular space 

and during developmental time? What are the molecular controls governing their 

cell polarity? How and why does their activity change during development and 

possibly contribute to cell differentiation?  

5.3 Unpublished experimental observations 
	  

5.3.1 Actin microvilli morphology during the fifth cell division  
	  

Background. Activation of ABC transporter activity depends on 

filamentous actin. Twenty-five minutes after fertilization, the sea urchin egg 

undergoes an 80-fold increase in ABC transporter activity (Hamdoun et al., 
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2004). Activation of ABC transporter activity is concomitant with a complete 

cortical reorganization of the zygote (Whalen et al., 2012). Re-organization 

includes elongation of cortical microvilli and Rab11 dependent insertion of the 

ABC transporter, ABCB1a, into the plasma membrane (Whalen et al., 2012). 

Similar changes in ABC transporter mediated activation of MDR activity are also 

observed during oocyte maturation in mammals (Brayboy et al., 2013) indicating 

that ABC transporter regulation in sea urchin eggs and embryos may help 

elucidate general ABC transporter dynamics in deuterostomes. 

However, the microvillar dynamics during the down-regulation of ABC 

transporter activity observed in micromeres, parents of the Smic lineage (Chapter 

1, (Campanale and Hamdoun, 2012) are unknown. To gain a better 

understanding for cortical actin dynamics during the development of the nascent 

Smic plasma membrane, I used both fixed and live cell approaches. 

Methods. First, embryos from the sea urchin, Strongylocentrotus 

purpuratus, were fixed with glutaraldehyde/paraformaldehyde throughout the fifth 

cell division and stained for filamentous actin. Briefly, eggs were fertilized in 4 

mM para-amino benzoic acid and then passed through a 61 µm Nitex mesh to 

remove fertilization envelopes. Embryos were grown at 15ºC, and beginning at 

the 8-16 cell transition, embryos were fixed every 20 minutes according to 

standard protocols (Strickland et al., 2004) until the Smics appeared. F-actin and 

nuclei were stained with 1 unit/ml Alexa-488 conjugated phallotoxin (Molecular 

Probes) and Hoescht 33342 for 30 min at room temperature, respectively. 

Embryos were washed, mounted on poly-L-lysine coated coverslips, and imaged 
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using a 60x (1.4 numerical aperture) oil immersion on a Zeiss LSM-700 confocal 

microscope. Images were taken with a Z-slice thickness of 200 nm. 

For live cell experiments, zygotes were injected with 250 ng/µl mRNA 

encoding the fluorescent membrane marker (Gokirmak et al., 2012) and 250 

ng/µl mRNA of the actin-binding domain of Utrophin fused to mCitrine fluorescent 

protein. Injections were performed according to standard protocols (Lepage et 

al., 2006). Embryos were imaged using a 40x (1.1 numerical aperture) water 

immersion objective on a Zeiss LSM-700 confocal microscope. Z-slices were 

taken at a thickness of 1.1 µm. 

Results. During formation of nascent small micromere plasma membrane, 

ABC transporter activity is reduced within 60 minutes after cell division 

(Campanale and Hamdoun, 2012). In fixed cells, the reduction in ABC 

transporter activity is coincident with transitions in microvillar surface area in the 

micromeres (Figure 1). High-resolution confocal reconstructions of embryos 

stained with the F-actin marker phalloidin indicated that during the fifth cleavage, 

micromeres undergo a conspicuous shift from a smooth surface to one covered 

in microvilli (Figure 1A). At their formation, micromeres are relatively smooth and 

lack long actin-based microvilli (Figure 1A,B). Within 60 minutes, when ABC 

transporter has been reduced, the micromeres become covered with F-actin rich 

microvilli (Figure 1A-B). Microvilli then shorten, but remain present in micromeres 

at 100 min after their formation (Figure 1A,B). Smics appear to lack prominent 

microvilli (Figure 1A, Chapter 4-Figure 1). Fixations with a second batch of 

embryos mimicked those that appear in figure 1. 
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Expression of the fluorescent F-actin binding domain of Utrophin 

confirmed the results found in fixed cells (Figure 1 and 2). In live cell confocal 

time-lapse movies, microvilli were dynamic during the fifth cell division (Figure 2). 

Micromeres were formed with a fewer number of microvilli. Within 70 min these 

cells became covered with microvilli (Figure 2A). Interestingly, co-expression of a 

generic membrane marker, Lck (lymphocyte tyrosine kinase membrane 

anchoring domain, (Campanale and Hamdoun, 2012; Gokirmak et al., 2012)) did 

not show perfect co-localization patterns with the Utrophin construct. Instead, 

some microvilli stained with the membrane marker, some stained only with the 

Utrophin and some stained with both (Figure 2). 

Conclusion. It was previously known that micromeres and Smics are formed 

lacking microvillar rich surfaces, but whether this smooth phenotype persisted 

throughout the fifth cell division remained unknown. By using live and fixed cell 

staining, I conclude that microvilli undergo lengthening and shortening in the 

micromeres during the fifth cell division. These dynamics agree with a model 

whereby ABC transporters might be removed from the nascent Smic membrane. 

Expression of fluorescent Lck and F-actin binding proteins did not perfectly co-

localize, suggesting that microvilli are heterogeneous in this cell lineage. Lastly, 

Smics are formed lacking appreciable microvillar surface area when compared to 

other cells in the embryo. Further investigation of these results should include co-

localization of F-actin and the ABCB1a and ABCC1 transporters. 
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Figure 1. The presence of apical actin microvilli is dynamic in micromeres. 
(A) Time course of fixed embryos stained with fluorescent phalloidin to 
show actin (green) and the DNA marker, Hoescht33342 (magenta). 
Micromeres cell clusters marked with an arrow and (B) represents zooms 
of a single micromere at the denoted time stage. Embryos shown are from 
a single batch and were fixed at indicated times post the fourth cleavage. 
All scale bars are 10 µm. 
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Figure 2. Dynamics of microvilli observed by live cell confocal time-lapse 
microscopy. Co-expression of the F-actin binding domain from Utrophin 
(green) and a generic membrane marker, Lck (magenta) show microvilli 
dynamics during the fifth cell division. Arrowheads denote micromere 
cluster on vegetal end of the embryo. Co-localization of the two markers is 
shown in white. Scale bar is 10 µm. 
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5.3.2 Cdc42 Immunolocalization and its effect on calcein accumulation  
	  

Background. Epithelia create functional boundaries to the environment 

and define the chemical composition of different internal compartments 

(Rodriguez-Boulan and Nelson, 1989). The maintenance of proteins within apical 

or lateral membrane domains is crucial for organismal physiology and epithelial 

function. Proteins that create cellular polarity also regulate endocytosis and 

create distinct cellular domains (Shivas et al., 2010). Additionally, such proteins 

are essential for the formation and maintenance of cell-cell contacts, including 

the recruitment of cadherins to adherens junctions (Fukata and Kaibuchi, 2001; 

Van Aelst and D'Souza-Schorey, 1997). Examples include the Rho-GTPases 

Cdc42 and Rac1 (Georgiou et al., 2008; Shivas et al., 2010). Rho-GTPases 

control cell polarity, cytoskeletal dynamics and endocytosis. In addition, they can 

alter the lateral mobility of apical membrane ion-exchangers in epithelia 

(Alexander et al., 2005). These observations suggest that the mechanisms 

generating, and more importantly maintaining, cell polarity, control the sorting 

and organization of membrane domains.  

Cell polarity in the sea urchin embryo is occurs at the first cleavage (Alford 

et al., 2009). This polarity is partly established by the apical Rho-GTPase, Cdc42 

(Alford et al., 2009). Although early embryos have apical microvilli (Whalen et al., 

2012), cell-cell junctions do not form until the 16-cell stage (Andreuccetti et al., 

1987; Spiegel and Howard, 1983). Small micromeres are born shortly after the 

formation of adherens junctions, are epithelial in the blastula (Campanale et al., 

2014), have the highest levels of membrane bound beta catenin (Miller and 
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McClay, 1997), and lack robust ABC transporter activity (Campanale and 

Hamdoun, 2012). One hypothesis to explain the reduction in transporter activity 

observed in micromeres is that the complex relationship between polarity 

proteins and the maintenance of apical membranes is greatly diminished at Smic 

formation. 

Methods. To test the hypothesis that micromeres and Smics undergo a 

shift in the localization of polarity-generating proteins, live and fixed cell 

experiments were performed using embryos of sea urchin, Strongylocentrotus 

purpuratus. Cdc42 was immunolocalized in fixed embryos using a commercially 

available antibody according to published protocols (Alford et al., 2009).  

Next, the activity of Cdc42 was manipulated by creating constitutively 

active (CA) and dominant negative (DN) forms from the wild type (WT) sea 

urchin Cdc42 sequence. In vitro mRNA synthesis and embryo micro-injection 

with 250 ng/µl mRNA for each construct was performed according to standard 

procedures (Lepage and Gache, 2004). To understand how altering the activity 

of Cdc42 proteins might modify ABC transporter activity, calcein accumulation 

assays were performed according to standard procedures (Campanale and 

Hamdoun, 2012). Intracellular calcein fluorescence was measured by confocal 

microscopy.  Comparison of fluorescent intracellular calcein values was 

performed using ImageJ software (imageJ.org). 

Results. The localization of Cdc42 is changes during early sea urchin 

development. In 8-cell embryos, Cdc42 localized to the apical membranes 

(Figure 3). During the fifth cleavage, Cdc42 was cleared from micromere apical 
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membranes and small micromeres were formed lacking this protein on their 

surface (Figure 3). In contrast to all other cells in the embryo, small micromere 

membrane was generated lacking Cdc42. Similar localization was obtained using 

embryos from a different female, likely indicating that these localization results 

are representative. 

To confirm that Cdc42 has a regulatory role in generating small micromere 

membrane and altering ABC transporter activity, the activity of this protein was 

manipulated. Expression of fluorescently tagged WT, DN or CA Cdc42 fused to 

mCherry fluorescent protein localized to apical surfaces (Figure 4A). In addition 

to localization differences, expression of these constructs altered cell division 

planes and calcein accumulation in the 16-cell embryo (Figure 4B). Specifically, 

overexpression of CA Cdc42 resulted in similar intracellular calcein accumulation 

as un-injected control embryos, while the WT and DN forms of Cdc42 showed 

increased calcein accumulation (Figure 4).  

Conclusion. Immunolocalization of Cdc42 showed it is cleared from nascent 

Smic plasma membranes formed during the fifth cleavage. These results fit with 

data regarding altered cytoskeletal architecture (Figure 1 and 2) and are 

consistent with the previous observations indicating that micromere membrane 

lipid rafts and ABC transporters are reduced in quantity in these cells 

(Campanale and Hamdoun, 2012) . Moreover, changing the activity state of 

Cdc42 affects ABC transporter activity. These results are interesting because 

they suggest that a loss of this critical polarity protein is upstream of reduced 

ABC transporter activity in the Smics. Further experiments to show how Cdc42 
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modulates ABC transporter localization and activity should prove useful for 

uncovering the molecular controls that down-regulate ABC transporter activity in 

the Smics 

  



	  

	  

159 

 

 

 

 

 

 

 

 

Figure 3. Production of nascent small micromere membrane involves 
clearing of apically localized Cdc42 protein. Vegetal views of 8-cell, 16-cell 
and 60-cell S. purpuratus embryos. Immunolocalization of Cdc42 (green) 
and DNA (magenta) indicate Cdc42 is uniformly apical in the 8-cell embryo. 
In the 16-cell embryos Cdc42 clears from apical membranes (representative 
marked with arrow), presumably during the formation of nascent small 
micromere membrane. At the 60-cell stage, small micromere (marked with 
arrow) shows a reduction in apical Cdc42, indicating that small micromeres 
are born with a loss of Cdc42 based polarity. Scale bar is 10 µm. 
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Figure 4. Disrupting Cdc42 function alters calcein accumulation in the 28-
cell embryo. (A) Vegetal views maximum intensity projections of embryos 
injected with either wildtype (WT), constitutively active (CA), and dominant 
negative (DN) Cdc42 in red and stained with calcein in green. Each form of 
Cdc42 localizes to apical membrane in the 28-cell embryo. (B) 
Quantification of calcein accumulation in the ROE for each form of Cdc42 
showing a significant increase in calcein accumulation for embryos 
expressing WT and DN Cdc42 from uninjected control and CA expressing 
embryos (n= at least 5 embryos from 3 batches). Bars not sharing letters 
are significantly different (2-way ANOVA, Steel-Dwass post-hoc 
comparison). 
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5.3.3 Determination of membrane protein mobility in micromeres by 
Fluorescence Recovery After Photobleaching (FRAP) 
	  

Background. The separation of small and large micromeres is physically 

and biochemically asymmetric. At the same time, the reduction of ABC 

transporter activity is coincident with the smooth micromeres becoming covered 

in actin-rich microvilli (Figure 1 and 2). Therefore, I hypothesized ABC 

transporters may be first uncoupled from actin at microvillar tips during the 

formation of small micromere membranes. Subsequently, the transporters were 

incorporated into lipid rafts and retrieved by endocytosis. To begin testing this 

hypothesis, fluorescence recovery after photobleaching (FRAP) of fluorescently 

tagged plasma membrane proteins was used to confirm differences in the 

diffusional mobility of these proteins in the micromere plasma membrane as 

compared to their sisters, the macromeres. 

Methods. To understand how diffusional mobility of sea urchin blastomere 

membranes changes over time, mRNA encoding fluorescent proteins fused to 

one of four different types of membrane proteins was injected into 

Strongylocentrotus purpuratus zygotes. 1. Lipid associated (i.e. PH-domain at 

500 ng/µl), 2. Lipid anchored (i.e. Lymphocyte tyrosine kinase or LCK anchoring 

domain at 500 ng/µl), 3. A small ABC transporter (6 transmembrane helices, Sp-

ABCG2 at 1000 ng/µl), and 4. A large ABC transporter (12 transmembrane 

helices, Sp-ABCB1a at 1000 ng/µl). Beginning at the 8-cell stage, FRAP was 

performed by spot photobleaching a single area of the plasma membrane 

followed by a short time lapse to observe the fluorescent recovery kinetics. The 
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bleached area was kept between 4-6 µm2. Bleaching occurred by passing a point 

scanning laser through the designated bleach area 20 times at 100% laser 

power. Fifteen images were taken before the bleach and 250 after the bleach. 

The interval between images remained constant at 500 msec. Using kinetic 

equations (Lippincott-Schwartz et al., 2001) the mobile fraction and diffusion 

coefficients for each protein were calculated for micromeres and macromeres.  

Results. Duplicate FRAP measurements in at least three embryos from a 

single female (Figure 5A) indicate that membrane protein mobility changes in 

micromeres (Figure 5B). Figure 5B shows striking differences in the percentage 

of mobile ABCB1a and ABCG2a between micromeres and macromeres. I found 

the mobile fraction of ABCB1a was lower in micromeres than in sister macromere 

membranes, whereas the control Lck protein was not different between the two 

cell types. In micromeres, 72% of ABCB1a was mobile. This is similar to the 62% 

for Lck. In contrast, ABCB1a in macromeres was less mobile and recovered to 

46% of its pre-bleach fluorescence. The same trend in mobility shift of the ABC 

transporter ABCG2a occurred between micromeres and macromeres at 65% and 

45%, respectively. The general membrane marker LCK and the PtlIns(4,5)P2 

marker, PLC PH-domain showed much higher mobility and no significant 

differences between the sister cells.  

Conclusion. These results suggest that the plasma membrane mobility of ABC 

transporters is regulated differently in macromeres and micromeres. One 

potential explanation for this difference could be because ABC transporters in 

micromeres are not tethered to the actin cytoskeleton as they are in the 
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macromeres. Therefore they are more freely mobile in the plane of the 

membrane. This hypothesis should be tested in future experiments using 

chemical inhibitors of actin polymerization and over-expression of truncated ABC 

transporters that do not interact with F-actin. 
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Figure 5. ABC transporters are more mobile in micromeres. Fluorescently 
tagged Sp-ABCB1a, Sp-ABCG2a, N-terminal tail of lymphocyte tyrosine 
kinase (LCK) and PLC-PH-domain were over-expressed by mRNA injection 
and photobleached 50 mins after the appearance of the 16-cell embryo. 
Recovery kinetics were measured over time. Bars represent the mobile 
fraction (+/- SEM) for each protein (n= 5 cells x 1 batch of eggs). LCK and 
PLC PH-domain are highly mobile in both macromere and micromere 
membranes, whereas, ABC transporters are less mobile in macromeres 
membranes. Statistical differences could not be calculated since this was 
performed in a single batch of embryos. 
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5.3.4 Cloning of sea urchin ABCC1 
	  

Background. The programmed reduction in ABC transporter activity in 

Smics is the result of both ABCB and ABCC-type transporter activity (Campanale 

and Hamdoun, 2012). Smics accumulate a variety of ABC transporter substrates, 

including calcein, vinblastine and verapamil. Chemical efflux assays performed 

by over expression analysis suggest that calcein is a substrate for both ABCB1 

and ABCC1 transporters (Essodaigui et al., 1998). Indeed, over expression of 

ABCB1a results in significantly higher calcein efflux than in control WT embryos 

(Gokirmak et al., 2012). Although inhibitor studies suggest ABCC-type activity is 

reduced in Smics, at the time of this dissertation, the sea urchin genome lacked a 

full annotation of ABCC1. Here the cloning and identification of two ABCC1 

isoforms, ABCC1α and ABCC1β is presented. 

Methods. I used standard cloning techniques to isolate, sequence and 

annotate two ABCC1 isoforms from Strongylocentrotus purpuratus embryos. The 

S. purpuratus genome contained two partial annotations for ABCC1 that resided 

within the same contig (spbase.org, Sodergren et al., 2006). I used these 

annotations to begin isolating the ABCC1 sequence by standard protocols. 

Briefly, total RNA was isolated from 54-hour-old embryos.  RACE-ready (rapid 

amplification of cDNA ends) cDNA was made according to the Clontech 

SmarterRACE kit directions. I amplified a single amplicon of the anticipated 

~4500 base pairs by PCR using the universal primers that corresponded to the 

adaptors added to RACE cDNAs. This amplicon was inserted into the Life 

Technologies TOPO-XL vector and transformed into TOP10 bacterial cells 
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according to kit directions. A total of 24 clones were sequenced. Open reading 

frames and predicted protein sequences were found using Sequencher software. 

Membrane topology predictions were found using the TOPcons membrane 

protein topology prediction server ((Bernsel et al., 2009); TOPcons.cbr.su.se). 

Results. Of the 24 sequenced clones, two complete open reading frames 

were found (Figure 6). Both clones contained 4734 bases and encoded a 1578 

amino acid protein. The two clones were named ABCC1α (clone 6) and ABCC1β 

(clone 15) (Figure 6). Amino acid alignments showed near complete homology 

with a small region of 78 amino acid difference. Comparisons of the nucleic acid 

sequence for this region showed ABCC1α and ABCC1β result from alternative 

splicing. The two sea urchin isoforms were 95.75% identical. When compared to 

human ABCC1, sea urchin ABCC1α and ABCC1β are 53.48% and 54.66% 

identical, respectively. Topology prediction algorithms showed that as with 

human ABCC1, sea urchin ABCC1 contains 17 transmembrane domains (Figure 

7). Importantly, membrane topology predictions indicate the presence of an 

external amino terminus, and a five-helix amino membrane spanning domain 

followed by two six-helix membrane-spanning domains separated by two 

nucleotide binding domains.  

Conclusion. The sea urchin genome encodes an ABCC1 protein that 

contains 17 transmembrane helices. Moreover, ABCC1 is alternatively spliced 

and results in at least two isoforms. Further evaluation is needed to confirm 

whether these isoforms display tissue specific expression or efflux different 

substrates.  
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Figure 6. Amino acid alignment of sea urchin ABCC1 clones 6 (ABCC1α) 
and 15 (ABCC1β). Red box denotes isoform differences between the 
clones. 
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Figure 7. Topology models of sea urchin ABCC1α and ABCC1β. 
Predictions were made from entering protein coding sequence into the 
TOPcons topology prediction server (topcons.cbr.su.se). 
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5.3.5 The effect of chimeric ABCB1a expression on Smic left/right 
distribution  
	  

Background. Artificial elevation of ABCB1a activity in Smics causes them 

to become left-fated (Campanale and Hamdoun, 2012; Chapter 4-Figure 4). It is 

unclear whether this phenotype is due directly to signaling activities of ABCB1a, 

or if Smics misinterpret signals necessary for their left/right fate. Furthermore, it is 

unknown whether the signals are generated and effluxed via an autocrine or 

paracrine mechanism.   

One way to gain mechanistic insight into this phenotype could be from the 

creation of left/right embryo chimeras. The first two divisions in sea urchin 

embryos are longitudinal and bisect the animal-vegetal axis (McCain and 

McClay, 1994; Wray, 1994). By injecting a single blastomere of a 2-cell embryo 

with mRNA encoding ABC transporters, one can create left/right chimeras where 

either the left or right side has higher multidrug efflux activity than the other. The 

effect on left/right Smic distribution can then be quantified. 

Methods. To investigate the left/right distribution of Smics after 

expressing ABCB1a in a left/right chimeric pattern, two separate injections of 

mRNA into Strongylocentrotus purpuratus embryos were performed. First, single 

cell zygotes were injected with 250 ng/µl mCherry tagged Vasa mRNA to mark all 

eight small micromeres (Campanale and Hamdoun, 2012). Second, a single 

blastomere of a 2-cell embryo was injected with 1000 ng/µl mRNA encoding 

fluorescently tagged transporter. To perform this second injection, embryos were 

extensively washed with calcium free seawater immediately after the first 
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injection. Removal of calcium in the seawater limited the elevation of the hyaline 

layer (Shuster, 2002). After injection of a single blastomere, embryos were 

returned to natural seawater and cultured at 15ºC. Plutei were imaged using a 

20x (0.7 numerical aperture) air objective on a Zeiss LSM-700 confocal 

microscope. Both the left/right side of transporter expression and the left/right 

distribution of Smics were assessed using ImageJ (Campanale and Hamdoun, 

2012; Campanale et al., 2014). 

Results. As expected, the injection of a single blastomere with ABC 

transporter created a left/right chimera where only half of the embryo was 

expressing ABCB1a (Figure 8A). Injection of ABCB1a in only half of the embryo 

was sufficient to increase the number of Smics on the left side of the embryo. 

The average number of Smics on the left of control embryos was 4.9, while those 

that were chimerically expressing ABCB1a showed a significant increase to 6.3 

Smics on the left (Figure 8B). Surprisingly, the increase in the number of Smics 

on the left coelomic pouch correlated with ABCB1a expression. Smics that were 

positive for ABCB1a expression tended to become left-fated. Fourty-five percent 

of embryos expressing asymmetric ABCB1a contained all four of the ABCB1a 

expressing Smics on the left. It is interesting to note that 70% of the embryos, 

injection of ABCB1a in a single blastomere resulted in that side becoming the 

right side of the embryo (Figure 8B). 

Conclusion. Small micromeres expressing ABCB1a tend to be left-fated. These 

results support those that show that Nanos targeted expression of ABCB1a 

increases the total number of Smics on the left (Chapter 4-Figure 4). 
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Interestingly, these results suggest that ABCB1a might be involved in generating 

the left/right axis because the majority of blastomeres injected with ABCB1a 

became right-fated. In the future it will be interesting to uncover the relationship 

between ABCB1a expression and activity with that of Nodal and BMP driven 

left/right axis formation (Luo and Su, 2012).    
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Figure 8. Chimeric expression of ABCB1a increases the number of left-
fated Smics. (A) Representative embryo expressing ABCB1a (green) on the 
left side of the embryo with all Smics expressing Vasa (red). Scale bar is 10 
µm. Arrow indicates left coelomic pouch. (B) Number of Smics on the left 
coelomic pouch in control Vasa expressing embryos and those expressing 
ABCB1a. Graph is composite of three batches of embryos and each dot is 
the results of a single embryo. Left/right expression is color-coded. Blue is 
expression on the right side, orange on the left side. (C) Counts of ABCB1a 
expressing Smics on the left coelomic pouch. 
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5.3.6 The effect of morpholino knockdown of ABCB1a and ABCC1 on Smic 
left/right distribution 
	  

Background. The left/right coelomic pouch distribution of Smics in plutei 

is disrupted after exposure to the ABCB-type inhibitor PSC833 and the ABCC-

type inhibitor MK571 (Campanale and Hamdoun, 2012). Gene knockdown can 

be used to confirm a gene's role during development. To understand the 

necessity for both ABCB1a and ABCC1 to guide Smics to the left and right 

coelomic pouches, morpholino antisense oligonucleotides (MASO) were 

designed to knockdown the expression of both transporters. 

Methods. To investigate the necessity of ABCB1a or ABCC1 in controlling 

the coelomic pouch distributions of S. purpuratus Smics, two translation blocking 

morpholinos were injected into zygotes. Each morpholino spanned the 5’ 

untranslated region and the translation start site for each transporter. MASO 

sequence for ABCB1a was 5’-TCACCCTCTACCATCTTGACACCGT-3’ and 

MASO sequence for ABCC1 was 5’-GTGCCATTGCATTGCTCAGTCTCAA-3’.  

At least 10 embryos from three batches of fertilized eggs were injected with 100 

µM of the MASO targeting ABCB1a expression and 400 µM targeting ABCC1 

expression. For both MASOs, mRNA encoding fluorescent Sp-Vasa was co-

injected according to standard protocols (Campanale and Hamdoun, 2012).  

Embryos were grown at 15ºC and plutei were imaged using a 20x (0.7 numerical 

aperture) air objective on a Zeiss LSM-700 confocal microscope. Images were 

analyzed in the ImageJ software package. The total number of Smics was 



	  

	  

174 

assessed in 48-hour-old in at least 17 embryos and the number in the left 

coelomic pouch was assessed at 72 hours in at least 28 embryos.   

Results. Embryos injected with 100 µM of the MASO targeting ABCB1a 

expression or 400 µM of the MASO targeting ABCC1 expression were 

morphologically normal. Embryos injected with the ABCB1a MASO resulted in a 

significant reduction in the number of Smics (Figure 9A). In gastrulae, Vasa 

control embryos and ABCC1 MASO injected embryos had an average of 7.6 

Smics, while those injected with the ABCB1a MASO only had 5.5 Smics. Of the 

embryos that contained eight Smics, those injected with the ABCC1 MASO had 

defects in the left/right patterning. Embryos injected with the ABCC1 MASO had 

an average of 6.2 Smics on the left coelomic pouch (Figure 9B). In contrast, 

control embryos or those injected with the ABCB1a MASO resulted in statistically 

indistinguishable numbers of Smics on the left coelomic pouch at 4.9 and 5.0, 

respectively. 

Conclusion. Injection of a MASO targeting ABCC1 expression increases 

the number of Smics on the left side of the embryo. These results suggest that 

ABCC1 could efflux a chemoattractant guiding Smics to their coelomic pouch 

position. Alternatively, C1 could also be involved in the left/right fate specification 

of these cells by an as of yet unknown mechanism. Interestingly, injection of the 

ABCB1a MASO decreased the number of embryos containing all eight Smics, 

suggesting that ABCB1a is necessary for promoting the survival of these cells. 

Future validation of the knockdown efficiency should be tested for these two 

MASO’s. 
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Figure 9. Injection of ABC transporter MASO’s alters Smic number and left-
fate. Box plots for (A) the number of Smics found in 48 hour old gastrulae 
or (B) the number of Smic on the left coelomic pouch after injection of 100 
and 400 µM ABCB1a and ABCC1 MASO, respectively. Data from three 
batches of embryos and each dot represents a single embryo. Significant 
differences were found by ANOVA with Steel-Dwass post-hoc 
comparisons. P-values for specific comparisons are denoted above the box 
plots. 
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5.3.7 Effect of lipid signaling inhibitors on Smic left/right distribution 
	  

Background. Gradients of lysophospholipids (LPAs) dictate the migratory 

paths of germ cells in Drosophila (Starz-Gaiano and Lehmann, 2001; Zhang et 

al., 1997). The production of these lipids is dependent on the activity of 

phospholipase A2, which catalyzes the production of LPAs and arachidonic acid 

from membrane phospholipids. Arachidonic acid is further broken down during 

eicosanoid biosysnthesis by lypoxygenases (LOXs) and cyclooxygenases 

(COXs) to the well-known ABC transporter substrates and pro-migratory lipids, 

leukotrienes and prostaglandins (Figure 9A and Fletcher et al., 2010). 

Methods. To test the hypothesis that small micromere migration could be 

related to production of autocrine or paracrine lipid signals, inhibitors were used 

to limit the production of lipids in the eicosanoid pathway. The investigation 

included the PLA2 inhibitor palmityl-trifluoromethyl ketone (PTK, (Ackermann et 

al., 1995)) and the COX2 inhibitor, SC236 (Thomas D Penning et al., 1997 

Figure 10A). S. purpuratus embryos were grown in these inhibitors beginning at 

24 hours post-fertilization and the left/right distribution of the Smics was 

assessed in plutei according to the protocols described above. To test whether 

there was an interaction between the transporter gain-of-function phenotype and 

the effect of inhibiting PLA2, B1a-mCit was expressed and then the embryos 

were treated with PTK (Figure 10B). 

Results. A significant increase in the number of left-fated Smics was 

observed in plutei expressing M-mCit after treatment with 3 µM PTK (Figure 

10B,C, ANOVA with Steel-Dwass post-hoc comparison). The average number of 
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Smics on the left CP increased from 5.1 in control embryos to 6.2. This included 

42.8% of embryos containing seven and eight Smics on the left CP (Figure 10C). 

Treatment with the COX2 inhibitor did not result in a statistical difference or the 

average number of Smics on the left, but generated plutei with highly variable 

numbers of Smics on the left CP (Figure 10C).   

Control embryos expressing only B1a-mCit and treated with DMSO 

resulted in an expected increase of the average number of Smics on the left-CP 

and those treated with PTK significantly increased this number further. The 

average number of Smics on the left-CP in DMSO controls was 5.7, while 

embryos treated with PTK averaged 6.5 Smics on the left. The combined 

increase in transporter activity with the PLA2 inhibitor severely decreased the 

number of embryos with four or five Smics on the left from 50% to 17% and 

increased the percentage containing six or higher.  

Conclusion. These results indicate that small micromere distribution is 

dependent on both the production of eicosanoid-derived lipids and their total ABC 

transporter efflux capacity. Future experiments should focus on finding the 

substrate controlling Smic left/right fate and the cells expressing the enzymes 

necessary for it production. 
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Figure 10. Disrupting eicosanoid biosynthesis phenocopies the left/right 
distribution of ABCB1a positive Smics. (A) Illustration of the eicosanoid 
biosynthesis. Phospholipase A2 (PLA2) produces arachadonic acid from 
membrane phospholipids. Lipoxygenases (LOXs) and cyclooxygenasess 
(COX) use arachidonic acid to generate leukotrienes and prostaglandins, 
respectively. Thromboxane synthases (TSs) catalyze the synthesis of 
thromboxane using prostaglandin precursors. (B) Aboral view of 
representative pluteus larvae expressing mCherry-Vasa and either M-mCit 
or B1a-mCit and exposed to the PLA2 inhibitor, palmityl trifluoromethyl 
ketone (PTK). Arrows indicate the left CPs with seven and eight Smics for 
each treatment respectively. (C) Dot plots for the number of Smics on the 
left CP in embryos expressing M-mCit after exposure to PTK or the COX2 
inhibitor, SC236 or (D) embryos expressing B1a-mCit. Inhibition of PLA2 
increases the number of left-fated Smics while SC236 treatment produces 
embryos with variable Smic distributions. Embryos from three egg batches 
were measured and average bars that do not share letters are significantly 
different (P>0.05, one-way ANOVA with Steel-Dwass post-hoc treatment 
comparisons). All scale bars are 10 µm. 
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6.1 Final thoughts and future directions 
	  
 Here, I have presented a body of work aimed at uncovering novel findings 

during the development of sea urchin primordial germ cells (PGCs). These cells, 

called small micromeres, are a peculiar cell type and one that has fascinated sea 

urchin embryologists for at least 100 years. While at Mount Dessert Island 

Marine Lab, Dr. Hamdoun found that small micromeres accumulate the ATP 

binding cassette (ABC) transporter substrate calcein. From that single 

observation, I reasoned that calcein accumulation was an indicator of a higher 

order developmental process. Thus, for my dissertation research, I set out to test 

whether the small micromeres reduce ABC transporter activity to accumulate 

morphogens secreted from ABC transporters elsewhere in the embryo.  

 In Chapter 2 of my dissertation I characterized the reduction of ABCB and 

ABCC-type transporter activity in these cells. I found that the down-regulation 

happens in the parental cells of the small micromeres, the micromeres. I found 

this down-regulation happens during the production of nascent small micromere 

plasma membrane by endocytosis. Incubating embryos in the endocytosis 

inhibitor, phenylarsine oxide, could prevent the down-regulation in ABC 

transporter activity. Furthermore, I found that the down-regulation was conserved 

among other euechinoids, including the sand dollar that shared a common 

ancestor with the sea urchin more than 250 million years ago. In the final 

experiment of Chapter 2, I found that globally inhibiting ABC transporter activity 

pharmacologically, altered the left/right coelomic pouch distribution of small 
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micromeres. These results suggested that ABC transporter activity is required for 

small micromere left/right morphogenesis.  

 In Chapter 3, I tested the hypothesis that small micromeres, like PGCs of 

other organisms, are motile and migrate to the coelomic pouches. Small 

micromeres are both passively moved by the advancing archenteron and that 

they are independently motile on the tip of that archenteron. Furthermore, their 

motility allows small micromeres to segregate between the two coelomic 

pouches. Morphodynamic analysis showed that these cells move by the 

production of cortical blebs and thin filopodia rich in the phosphoinositide, PIP2. 

 For Chapter 4, I built on the results of Chapter 2 and 3, by testing the 

hypothesis that the ABC transporter, ABCB1a, was removed from small 

micromere membrane. I reasoned that if this reduction is prevented, small 

micromere motility and migration would by altered because of interference with 

the accumulation of morphogens effluxed by ABC transporters that are critical for 

these processes. Using both light and electron microscopy, I found that ABCB1a 

is removed from the tips of microvilli covering in nascent small micromere 

membranes. I then used an innovative gain of function approach, where I 

overexpressed ABCB1a in the small micromeres, to evaluate if small micromere 

migration and morphogenesis required the loss of ABCB1a. I found that both 

motility and left/right morphogenesis were disrupted in small micromeres 

expressing ABCB1a, such that they move slower and are more often found in the 

left coelomic pouch. 
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 Taken together, the results of my dissertation showed that small 

micromeres undergo a prolonged reduction in ABC transporter activity that is 

required for their directed motility and morphogenesis. More broadly, these 

results suggest that PGCs, a critical cell type, are more vulnerable to chemical 

accumulation and that this window of vulnerability is integrally intertwined with 

the developmental program.  

 My initial hypothesis has driven my independent research for the last six 

years, it has also been a great source inspiration. I only took the first steps 

toward establishing and what I believe to be a large and deep phenomenon. I 

think that it is worth noting, I have only identified and characterized what I believe 

is an emerging model for elucidating the mechanisms of ABC transporter 

reduction and in understanding the developmental origins of PGC vulnerability to 

chemicals. The significance of my observations and measurements are still 

pending, but are the beginning of a higher order set of questions. Are PGCs the 

most chemically vulnerable cell in the embryo? Does the reduction in ABC 

transporter activity cause them to undergo epigenetic alterations that allow the 

next generation to anticipate the world they are born into? Is this phenomenon 

conserved among PGCs from multiple phyla? What morphogens are controlling 

small micromere migration and are other polyspecific transporters also involved 

in the efflux of these molecules? Can a basic understanding for the mechanism 

of ABCB1a down-regulation in small micromeres provide mechanistic information 

for getting multidrug resistant cancers to also remove these proteins from their 

surface? 
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 Having worked on uncovering small micromere migration and the 

regulation of ABC transporters, I have come to think that small micromeres 

represent a fascinating system for which to study all aspects of molecular, cell 

and developmental biology. Throughout this dissertation, I have tried to take an 

integrative approach and to dissect the biology of these cells as a developmental 

biologist would do. In my final data chapter, Chapter 5, I have documented many 

approaches and preliminary results that can drive future research in this system. 

This includes elucidation of the role actin microvilli play in signaling efficiencies of 

ABC transporters. How upstream regulators of cell polarity, such as Cdc42, might 

be the molecular switch activating the down-regulation efflux activity in the small 

micromeres. Whether the signaling occurs through autocrine or paracrine 

mechanisms using chimeric expression of ABC transporters. Is ABCC1 involved 

in efflux of a morphogens controlling small micromere migration? 

Continuation of this work would benefit from an even more integrated 

approach and from influence of many different biological disciplines. The outlook 

and future to continue discovering the underlying biology controlling PGC 

migration, the conservation of ABC transporter reduction in other organisms and 

the regulation of ABC transporters at the cells surface to efflux morphogens and 

toxicants, is bright. It is clear that a biochemist might be interested in 

understanding the regulation of molecules that control the down-regulation of 

transporters and the membrane re-organization that occurs at their formation. An 

evolutionary biologist would find many years of fruitful research in testing whether 

the removal of ABCB1 is conserved in other organisms and placing this 
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phenotype in a historical context. Developmental and cell biologists would be 

exceptionally thrilled to uncover the regulation of polarity and left/right 

determinants guiding these cells to the coelomic pouches. Thus, as I leave this 

sea urchin and small micromere system in the hands of future graduate students 

and post-docs, I hope that my investigations have opened many doors for others 

to be inspired to walk through.  

	  
	  
	  
	  
 




