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ABSTRACT 

 Pattern formation ensures that tissues, organs, and structures develop in the 

correct place and orientation within the body. Patterning processes are at the heart of 

morphogenesis yet remain poorly understood due to their complexity. The sea urchin 

larval skeleton provides a simple model to study skeletal patterning, where the skeleton-

producing primary mesenchyme cells (PMCs) receive patterning cues from the overlying 

ectoderm. The normal skeletal patterning process requires the PMCs to migrate within 

the blastocoel to specific positions. While ectodermal and endodermal signals regulate 

PMC positioning and differentiation, additional signals act to regulate biomineralization 

per se in the PMCs. However, the distinction between these effects is not well understood 

and new efforts have been made to identify these patterning and biomineralization cues 

that regulate sea urchin skeletal development. Understanding the mechanism by which 

PMCs interpret and transduce patterning cues into a migratory bias and/or positional 

information will provide insight into tissue patterning and developmental plasticity both 

in sea urchins and, more broadly, in deuterostomes. Ethanol is a known vertebrate 

teratogen that causes craniofacial defects as a component of fetal alcohol syndrome. 
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Perturbations to retinoic acid biosynthesis and the Hedgehog signaling pathway are 

thought to be causal for the fetal alcohol syndrome phenotype in vertebrates. We used the 

sea urchin embryo to gain evolutionary insight into how ethanol affects embryonic 

development in a basal deuterostome animal. We found that ethanol specifically perturbs 

skeletal patterning. When sea urchin embryos are exposed to ethanol, they exhibit 

conspicuously delayed development, and broad skeletal patterning defects that are 

potentially analogous to fetal alcohol syndrome associated facial patterning defects in 

vertebrates and humans. PMC transplantation experiments demonstrated that ethanol-

induced defects are not specific to the PMCs, and instead reflect the perturbation of 

patterning cues. We also found that the expression of both patterning cues and PMC-

specific genes was delayed by ethanol exposure. Surprisingly, our results indicate that 

retinoic acid and Hedgehog pathways are not functionally relevant for the teratogenic 

effects of ethanol in the larval skeletal patterning process, indicating a lack of 

evolutionary conservation of these pathways in ethanol-mediated teratogenesis among 

deuterostomes. Temporal transcriptome analysis revealed significant impacts of ethanol 

on signaling and metabolic gene expression and a disruption in the timing of expression 

for sea urchin specification gene regulatory network (GRN) genes. Surprisingly, multiple 

circuits with the GRN exhibit precocious expression while others are delayed. Taken 

together, our results suggest that the skeletal patterning perturbations in ethanol-treated 

sea urchin embryos arise from a loss of temporal synchrony within and between the 

instructive and responsive tissues during pattern formation. 
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CHAPTER ONE: Introduction 

1.1 Introduction  

1.1.1 Sea urchin as a model organism 

 Sea urchins belong to the animal subkingdom of Bilateria (Sodergren et al., 

2006), animals with bilateral symmetry as an embryo, and are members of the phylum 

Echinodermata. Bilateria is divided into two major phyla depending on when the mouth 

forms: deuterostomes (the anus develops first), which includes vertebrates, and 

protostomes (the mouth develops first), which includes insects (Fig. 1.1). 

Deuterostomes fall into two categories: chordates and non-chordates, which 

corresponds with the appearance of a notochord during development, which arises in 

the same location as the vertebral column in the adult. 

Sea urchins are non-chordates deuterostomes; therefore, they represent the basal 

deuterostomes that gave rise to vertebrates and mammals. Genome sequencing and 

analysis have revealed a surprisingly high degree of similarity of gene families between 

sea urchins and mammals; therefore, experimental findings from simple sea urchin 

embryos are often conserved in more complex vertebrates and mammals and thus often 

provide mechanistic insights into developmental processes (Bradham et al., 2006; 

Sodergren et al., 2006). Sea urchins offer a range of advantages as a developmental 

model organism: they produce millions to billions of gametes in a single spawn, their 

development is very fast, the embryos are entirely transparent, and the eggs can be 

fertilized in vitro to develop synchronously. They are regulative embryos, like 

vertebrates, and are therefore robust to experimental manipulations such as egg 
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bisections, cell dissociation, transplantation, and microinjection (Lyons et al., 2012).  

As a sister group to the chordates, the urchin offers an opportunity to obtain a 

glimpse of the evolutionary origins of the body plan that led to vertebrate development. 

The sea urchin has about 23,000 genes. A comparison showed that urchin shares about 

70% of their genes with humans, compared to flies, which share only 40% with humans. 

An analysis of developmental expression showed that while approximately 50% of the 

genome (approx. 12,000 of 23,000 genes) is expressed in the embryo (Samanta et al., 

2006), greater than 93% of genes encoding signaling proteins (including receptors) and 

transcription factors are expressed during embryonic development (Beane et al., 2006; 

Bradham et al., 2006; Croce et al., 2006; Howard-Ashby et al., 2006; Lapraz et al., 2006; 

Materna et al., 2006; Walton et al., 2006). This highlights the complexity of this process 

and emphasizes the importance of signaling and transcription to drive embryogenesis. 

1.1.2 Sea urchin development 

During cleavage, the sea urchin zygote is transformed into a multicellular blastula 

through rapid mitotic cell divisions. The first two cleavages produce the four-cell stage 

and occur parallel to the animal-vegetal (AV) axis that is established prior to fertilization 

(Angerer and Angerer, 2003; Lyons et al., 2012; Maruyama et al., 1985). During the 

third, perpendicularly oriented cleavage, the separation of the animal (anterior) 

blastomeres from four vegetal (posterior) blastomeres result in the eight-cell stage. Then, 

during the fourth cleavage, the animal cells divide with cleavage planes parallel to the 

AV axis and give rise to eight cells called mesomeres; in contrast, the vegetal 

blastomeres divide with cleavage planes perpendicular to the AV axis and with mitotic 
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spindles asymmetrically positioned toward the vegetal pole to produce four large upper 

cells called macromeres and four smaller, vegetally situated cells called micromeres (Fig. 

1.2) (Horstadius, 1939). During the next cleavage, the micromeres again divide 

asymmetrically, producing vegetal small micromeres, with large micromeres above them. 

The embryo continues to divide, and at the 60-cell stage, the embryo is composed of six 

layers of cells along the AV whose fate has been specified (Horstadius, 1939).  

The micromeres and macromeres in the posterior half of the embryo give rise 

primarily to the endomesoderm, while the mesomeres in the anterior half give rise to 

ectoderm. The small micromeres become the germ-line (Yajima and Wessel, 2011), and 

the large micromeres give rise to the PMCs (Fig. 1.2). AV axis specification is maternally 

initiated prior to fertilization, while the dorsal-ventral (DV) axis is established during 

blastula stages and becomes determined once gastrulation has begun (Bradham and 

McClay, 2006; Duboc et al., 2004; Hardin et al., 1992; Horstadius, 1939; Piacentino et 

al., 2015). Finally, the molecular cascades that define the left-right (LR) axis are initiated 

during gastrulation (Duboc and Lepage, 2008; Luo and Su, 2012; Piacentino et al., 

2016a). 

1.1.2 Dorsal-ventral (DV) specification 

 Specification of the DV axis, also known as the oral-aboral axis, relies on two 

TGFß signaling ligand superfamily members: Nodal and BMP2/4.  Nodal is a 

downstream target of asymmetrically active p38 MAPK (Bradham et al., 2009; Bradham 

and McClay, 2006; Duboc et al., 2004). The ventral (oral) territory is defined by 

asymmetrically expressed Nodal, which is maintained by auto-activation (Nam et al., 
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2007; Range et al., 2007). The spatial restriction of Nodal expression is thought to be 

regulated by the Nodal target Lefty in a Turing reaction-diffusion system (Duboc and 

Lepage, 2008).  BMP2/4 plays an essential role in the dorsal (aboral) specification in 

urchins (Angerer et al., 2000; Lapraz et al., 2009) since it acts as a diffusible relay 

molecule that signals for the specification of the dorsal ectoderm. Its signaling activity is 

confined due to the inhibition by Chordin (Chd) within the ventral ectoderm (Bradham et 

al., 2009; Lapraz et al., 2009). Other studies have proposed that a maternal redox agent 

cooperates with BMP2/4 to induce the expression of early dorsal regulatory markers such 

as Tbx2/3, IrxA, Dlx, Msx, Hmx and Hox7, that contribute to dorsal specification (Fig 

1.2) (Ben-Tabou de-Leon et al., 2013; Chen et al., 2011; Coffman, 2011; Coffman et al., 

2004; Modell and Bradham, 2011). Our current understanding of the AP and DV axis is 

captured by the current gene regulatory network (GRN) models for each territory (Fig. 

1.3-1.4) (Davidson et al., 2002; Li et al., 2014; Materna et al., 2013; Peter and Davidson, 

2011; Saudemont et al., 2010; Su et al., 2009).  

Two additional major regions in the ectoderm are the ciliary band (CB), located at 

the boundary between the dorsal-ventral region, and the apical neurogenic domain (Fig. 

1.5A). The ciliary band consists of apically constricted, ciliated cells along with neurons 

that together form an integrated tissue that functions as the larva's principal swimming 

organ (Yaguchi et al., 2010). Ventral Nodal and dorsal BMP2/4 signaling spatially 

restricts the ciliary band to the territory between the ventral and the dorsal territories that 

are specified by each signal (Yaguchi et al., 2010). Some ectodermal cells give rise to the 

larval "peripheral" nervous system, which consists of 40-50 neurons marked by 
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expression of the pan-neural marker synaptotagmin B (synB) that are mainly distributed 

along the ciliary band, in the apical plate and pharyngeal endoderm; in addition, 4-6 

serotonergic "central" neurons arise in the apical plate (Bradham et al., 2009; Burke et al., 

2014, 2006; Yaguchi et al., 2006). 

The ciliary band is the default ectodermal state prior to DV specification (Angerer 

et al., 2000; Bradham et al., 2009; Duboc et al., 2004; Lapraz et al., 2009; Yaguchi et al., 

2006); thus, perturbations to DV specification are hallmarked by ciliary band 

abnormalities (Bradham et al., 2009; Lapraz et al., 2009; Yaguchi et al., 2006). For 

example, in the absence of DV specification, there is a broad expansion of the ciliary 

band to most of the ectoderm (Fig 1.5B-C); in contrast, ventralized embryos exhibit 

vegetal expansion of the ciliary band (Fig. 1.4D) (Bradham et al., 2009; Lapraz et al., 

2009; Yaguchi et al., 2006).  

1.2 Role of PMCs in skeletal patterning in sea urchins 

The sea urchin larval skeleton is composed of calcium carbonate with numerous 

embedded proteins and is secreted via biomineralization by the primary mesenchyme 

cells (PMCs) (Beniash et al., 1999; Mann et al., 2010; Wilt, 2002, 1999). The PMCs arise 

from the large micromeres that are produced at the posterior pole of the 32-cell stage 

embryo (Oliveri et al., 2003, 2002). The four large micromeres exhibit β-catenin 

nuclearization (Logan et al., 1998).  β-catenin is necessary and sufficient for micromere 

specification and endomesoderm induction (Emily-Fenouil et al., 1998; Logan et al., 

1998; Wikramanayake et al., 1998). β-catenin nuclearization leads to the expression of 

the transcription factor Pmar1, which then represses the transcriptional repressor HesC. 
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This double-negative regulatory switch controls the fate of these cells and allows the 

micromere/PMC-specific program to unfold (Oliveri et al., 2003, 2002). The relief of 

HesC-mediated repression in the large micromeres leads to the expression of 

transcriptional regulators including Ets1, Alx1, and Tbr that mediate PMC specification 

(Oliveri et al., 2008) as well as expression of the Early Signal (now known to be Activin 

B) and Delta that induce endomesoderm specification (Ransick and Davidson, 1995; 

Sethi et al., 2009; Sherwood and McClay, 1999). 

The PMCs progenitor cells are the four large micromeres; their progeny undergo 

an epithelial to mesenchymal transition (EMT) and ingress into the blastocoel, after 

which they are referred to as PMCs (Fink and McClay, 1985; Lyons et al., 2012; Wu and 

McClay, 2007). PMC ingression requires the expression of transcriptional repressors 

Snail and Twist (Wu et al., 2008; Wu and McClay, 2007), which commonly mediate 

EMT in development and cancer (Hemavathy et al., 2000; Kurrey et al., 2005; Kwok et 

al., 2005). Snail is expressed an hour before PMC ingression and is required to repress 

expression of the gene encoding the cell adhesion protein Cadherin and for Cadherin 

endocytosis from the cell membrane, which are conserved functions for this transcription 

factor that result in the loss of cell-cell adhesion that accompanies EMT (Hemavathy et 

al., 2000; Kurrey et al., 2005; Kwok et al., 2005; Lyons et al., 2012; Wu and McClay, 

2007). LvTwist is expressed just before PMC ingression and is required for timely PMC 

ingression and skeleton formation (Wu et al., 2008). 

Once inside the blastocoel, PMCs migrate to a posterior ring with two 

ventrolateral (VL) clusters in response to ectodermal signals, including VEGF (Duloquin 
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et al., 2007).  The VL clusters extend PMC cords toward the embryo's anterior region, 

and this ring-and-cords arrangement constitutes the primary PMC pattern.  

Biomineralization initiates as skeletal triradiates that form in the VL clusters at late 

gastrula stage, then extend spicules along the ring and cords to produce the primary 

skeleton (Fig. 1.6A2-A3) (Ettensohn and M., 1993; Lyons et al., 2012; Piacentino et al., 

2016b) (Fig. 1.6A4 and B4, blue). Then, additional migration out of the 1º pattern 

produces the secondary (2º) elements that give rise to the long skeletal arms, anterior 

skeleton, and the dorsal scheitel (Fig. 1.6B4, red). Heterochronic PMC transplantations 

and PMC re-positioning experiments demonstrated that all the PMCs are capable of 

making any region of the skeleton (Ettensohn, 1990; Ettensohn and McClay, 1986).  

PMC migration is driven by patterning cues from the ectoderm, as first suggested 

by von Ubisch in 1937, who noted that the posterior PMC ring adopted a more anterior 

position upon animalization of the embryo with LiCl2 treatment (von Ubisch et al. 1937). 

Later, it was demonstrated that nickel-mediated skeletal patterning defects arise within 

the ectoderm (Armstrong et al., 1993; Hardin et al., 1992; Hardin and Armstrong, 1997; 

Piacentino et al., 2016b). Numerous additional experiments, some involving PMC 

transplantation, confirmed that patterning cues from the ectoderm regulate PMC 

positioning (Ettensohn, 1990; Ettensohn & McClay, 1986; Hardin & Armstrong, 1997; 

Tan et al., 1998). The PMCs extend filopodia that interact with the ectoderm throughout 

their migration, which led to the hypothesis that filopodia act as conduits for receiving 

information from the ectoderm (Malinda et al., 1995; Malinda and Ettensohn, 1994; 

Miller et al., 1995; Piacentino et al., 2016a, 2016b). 
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1.2.1 Skeletal patterning cues  

Several ectodermal cues have been identified that are required either for 

biomineralization or skeletal patterning, and in one case, for both. Some of these cues 

include VEGF, FGF, WNT5, BMP5-8, NFL, ALOX, sulfated proteoglycans, and Univin 

(Adomako-Ankomah and Ettensohn, 2013; Duloquin et al., 2007; Knapp et al., 2012; 

McIntyre et al., 2013; Piacentino et al., 2016a, 2016b, 2015; Rottinger et al., 2008). 

Growth factors like vascular endothelial growth factor (VEGF) and fibroblast growth 

factor ligand (FGF) are necessary and sufficient for skeletogenesis in some sea urchins 

species (Adomako-Ankomah and Ettensohn, 2013; Knapp et al., 2012; Rottinger et al., 

2008). They are each expressed in the ventrolateral ectoderm, with VEGF in a posterior 

domain adjacent to the PMC clusters at late gastrula stage, while FGF is expressed by 

more anterior ventrolateral ectoderm at the same stage (Adomako-Ankomah and 

Ettensohn, 2013; Rottinger et al., 2008). VEGF signaling is required for normal PMC 

migration into the ring and clusters and for biomineralization (Fig 1.7) (Adomako-

Ankomah and Ettensohn, 2013; Duloquin et al., 2007), while FGF is dispensable for 

biomineralization and skeletal patterning in L. variegatus (Adomako-Ankomah and 

Ettensohn, 2013; Rottinger et al., 2008). Wnt5 act as a short-range signal that establishes 

the expression of the transcription factor Pax2/5/8 in the posterior ventrolateral ectoderm 

and is required for biomineralization (Fig 1.8) (Cavalieri et al., 2011; McIntyre et al., 

2013).  

A screen for skeletal patterning genes in L. variegatus (Lv) that was performed in 

our lab identified the sulfate transporter SLC26a2/7 (SLC) and associated sulfated 
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proteoglycans as ventral patterning cues, and 5-lipoxygenase (ALOX) as a ventral and 

midline patterning cue (Piacentino et al., 2016b). SLC and ALOX are each required for 

normal skeletal organization (Fig 1.9A2-A3). SLC expression in the ventral ectoderm is 

responsible for maintaining a gradient of sulfated proteoglycans (sPGs) along the ventral-

dorsal axis within the blastocoel (Piacentino et al., 2016b). When the sPGs gradient is 

inhibited, this results in loss of ventral PMCs and corresponding loss of ventral skeletal 

elements. We have also shown that the TGF-β signal Univin and its receptor Alk4/5/7 are 

required for anterior PMC positioning and anterior skeleton formation (Piacentino et al., 

2015). 

1.3 Fetal alcohol syndrome disorder 

Ethanol (EtOH) exposure during embryonic development results in a spectrum of 

developmental defects referred to as Fetal Alcohol Spectrum Disorder (FASD). FASD is 

an umbrella term used to describe a group of conditions that reflect a wide range of 

developmental, morphological, and neurological defects after alcohol exposure during 

pregnancy (CDC, 2021; Eberhart and Parnell, 2016; Kot-Leibovich and Fainsod, 2009). 

Fetal Alcohol Syndrome (FAS) is a condition characterized by stereotypical facial 

patterning defects and disruption of neural proliferation, migration, and differentiation 

accompanied by excessive neural apoptosis and necrosis during the development of the 

central nervous system (CNS) (Blader and Strähle, 1998; Gil-Mohapel et al., 2019; Sulik, 

2014). The pattern of facial perturbations that arise after fetal EtOH exposure primarily 

affects the facial midline and is thought to arise from aberrant neural crest cell behavior 

(Abramyan, 2019; Cartwright and Smith, 1995; Smith et al., 2014). The extent of 
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phenotypic variations in response to fetal alcohol exposure is thought to reflect individual 

differences in both maternal and fetal genetics, as well as the dose, pattern, and timing of 

alcohol exposure (Gilliam, 2014; Goodlett et al., 1989; Thomas et al., 2010). Studies in 

vertebrate models have determined that exposure to EtOH during early gestation (i.e., 

gastrulation) results in facial dystrophy (Marrs et al., 2010; Sarmah et al., 2020).  

1.3.1 EtOH-mediated retinoic acid synthesis perturbations  

One model for the FAS phenotype is based upon the inhibitory effect that EtOH 

has on retinoic acid (RA) synthesis (Shabtai et al., 2018). The biosynthesis of RA from 

retinol involves two successive oxidation steps performed by the retinol dehydrogenase 

(RDH) and retinaldehyde dehydrogenase (RALDH) enzymes. Similarly, EtOH is 

metabolically oxidized to acetaldehyde by the enzymatic action of alcohol dehydrogenase 

(ADH). Acetaldehyde is then further oxidized to acetate by aldehyde dehydrogenase 

(ALDH). Elevated levels of EtOH result in the competitive inhibition of RALDH by 

acetaldehyde, resulting in a severe reduction of RA levels (Crabb et al., 2004; Duester, 

1991; Rahman and Yamauchi, 2006; Shabtai et al., 2018; Singh et al., 2015). 

Experimental reduction in RA synthesis results in complex developmental phenotypes 

that are comparable to the FAS phenotype (Fig 1.10) (De Jonge and Zachman, 1995; Kot-

Leibovich and Fainsod, 2009; Marrs et al., 2010; Mitoma et al., 2021; Serio et al., 2019; 

Shabtai et al., 2018; Wilson et al., 1953; Zakhari, 2006). In a parallel example, in frog 

embryos, EtOH exposure provokes limb defects that are hallmarked by altered RA 

signaling and rescued by exogenous RA (C. S. Johnson et al., 2007; Yelin et al., 2005). 

Here, proximally produced RA (via RALDH expressed by the somites) along with 
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distally produced FGF and Wnt signals have opposed signaling gradients that pattern the 

vertebrate limb. Although limb defects are not a typical component of FASD, these 

findings highlight the relationship between RA and EtOH.  

1.3.2 EtOH-mediated defects in Hedgehog signaling pathway. 

 The hedgehog pathway (Hh) was first discovered in Drosophila melanogaster in a 

genetic screen for mutations that affect the patterning of the larval cuticle (Jia and Jiang, 

2006; Nüsslein-volhard and Wieschaus, 1980). Hh signaling is triggered by the binding 

of Hh ligand to its receptor Patched (Ptc), resulting in the release of the transmembrane 

protein Smoothened (SMO) from endocytic vesicles via exocytosis. In the absence of Hh 

signaling, SMO is internalized in vesicles, and the associated transcription factor cubitus 

interruptus (Ci) is phosphorylated and cleaved, truncated Ci acts as a transcriptional 

repressor. Upon Hh stimulation, Ci is protected by now-available SMO from 

phosphorylation and cleavage; full-length Ci functions as a transcriptional activator 

(Hooper and Scott, 2005; Ingham and McMahon, 2001; Jia and Jiang, 2006; Lou et al., 

2020; Zhang et al., 2021). This signaling cascade is highly conserved among Bilateria 

and is essential for embryonic development and post-developmental tissue homeostasis 

(Echelard et al., 1993; Jiang and Hui, 2008; Riddle et al., 1995; Zhang et al., 2021). For 

example, Hh functions as a long-range morphogen to specify ventral neuronal fates 

within the spinal cord and controls both proliferation and cell survival in the neural tube 

(Cayuso et al., 2006). This pathway plays a crucial role in the development of both the 

CNS and the face, each of which is affected in FASD (Fig. 1.11); the phenotypes of 

embryos exposed to EtOH are very similar to those found in embryos with defects in the 
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Hh signal transduction (Barresi et al., 2000; Blader and Strähle, 1998; Ingham and 

Placzek, 2006; Li et al., 2007). In severe cases, the EtOH-mediated defects of the face 

and brain fall inside the spectrum of holoprosencephaly, a hallmark of Shh loss-of-

function in vertebrate embryos (Abramyan, 2019; Kietzman et al., 2014; Petryk et al., 

2015; Solomon et al., 2010). Mutations in the co-receptor for Hh, Cdon, intensify the 

effects of EtOH during embryonic development, demonstrating a direct genetic 

interaction between EtOH and the Hh signaling pathway (Eberhart and Parnell, 2016; 

Hong and Krauss, 2012; Kietzman et al., 2014). Moreover, EtOH disrupts cholesterol 

homeostasis and thereby decreases the normal cholesterol modifications of the Hh ligand. 

When cholesterol is added to EtOH-exposed embryos, the phenotype is mitigated, further 

associating fetal EtOH exposure with suppression of Hh signaling (Li et al., 2007). 

Recent studies in zebrafish embryos demonstrate that agonism of Shh signaling rescues 

EtOH-treated embryos (Burton et al., 2022), providing strong evidence for a functionally 

significant impact of EtOH exposure on Shh signaling during development.  

1.3.3 Roles of hedgehog (Hh) and retinoic acid (RA) signaling in echinoderms 

 RA and Hh signaling play essential roles in vertebrate development (Abramyan, 

2019; Chatzi et al., 2013; Dubey et al., 2018; Gur et al., 2022; Janesick et al., 2015; Li et 

al., 2021; Sun et al., 2020). RA signaling is required for AP axis specification in 

vertebrates and other chordates, but its role in echinoderm development is unexplored. As 

described above, Hh is a crucial signal for vertebrate neural and facial development. In 

sea urchins, endodermally expressed Hh signals to the adjacent mesodermal lineages and 

is required for normal mesodermal patterning. Skeletal patterning defects arise after 



 

13 

perturbation of Hh signaling, which shows that Hh acts as a patterning cue for the PMCs 

(Walton et al., 2009). Hh signaling also contributes to left-right axis specification in sea 

urchin embryos, where motile cilia are required for Hh signaling transduction (Warner et 

al., 2016, 2014). 

1.4 Thesis rationale 

Although significant strides toward understanding the molecular nature of EtOH-

mediated teratogenesis have been made, it is still not well understood. In this dissertation, 

we performed a series of experiments to understand how EtOH mediates its effects on sea 

urchin embryos, which offer a simple model system whose specification and patterning 

are relatively well-understood. We find that skeletal patterning is perturbed by EtOH 

treatment, while neural development is surprisingly not inhibited. We show that EtOH 

strongly delays morphological development. We describe how some skeletal patterning 

cues are affected by EtOH treatment. We tested the known targets for EtOH, RA, and Hh, 

and  we found unexpectedly that they contributed only minimally or not at all to the 

teratogenic effects of EtOH in sea urchins, providing insight into the evolution of the 

embryonic response to EtOH. Temporal transcriptome analysis of EtOH-exposed 

embryos revealed both delayed and precocious gene expression within PMC-specific 

genes, specification GRN genes, as well as among genes encoding skeletal patterning 

cues. We, therefore, conclude that EtOH exposure results in dysregulation of temporal 

synchronization of GRN gene expression that results in disruption of development. This 

model provides novel insights into the mechanism underlying EtOH-mediated 

teratogenesis.  
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Fig. 1.1 Sea urchins are basal deuterostomes. Chordates (which possess a notochord, 

dark blue) are a subgroup of the Deuterostomes ("mouth second", light blue), and are 

distinct from Protostomes ("mouth first", yellow). From Sodergren et al 2006. 
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Figure 1.2 A fate map of a 60-cell stage sea urchin embryo. Blastomeres that give rise 

to the ectoderm are shown in blue, endoderm in yellow, mesoderm in orange, and 

micromere lineages in red. The small micromeres give rise to the germ line, and the large 

micromeres produce the PMCs. Veg1 and veg2 tiers are derived from macromeres. 

Adapted from S. Gilbert, Developmental Biology 8th Edition (Sinauer Oxford Press). 
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Figure 1.3 The sea urchin ectoderm gene regulatory network model. The model is a 

presentation of all interactions among regulatory genes governing ectoderm regulatory 

state. From BioTapestry online tool; Davidson Lab Gene Regulatory Networks 
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Figure 1.4 The sea urchin endomesoderm gene regulatory network model. The model is a presentation of all interactions 

among regulatory genes governing endomesoderm regulatory states including PMCs ("Skel"). From Li and Davidson 2009.  
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Figure 1.5. Ciliary band development. (A) The ciliary band was immunolabeled in 

control embryos (A), p38 MAPK-inhibited embryos (via SB203580 treatment) (B), 

LvNodal MO-injected embryos (C), and LvNodal mRNA-injected embryos (D), shown at 

30 hpf. Adapted from Bradham et al., 2009. 
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Figure 1.6. The sea urchin skeleton is secreted by PMCs in 1° and 2° phases. 

Morphology (DIC, 1), PMC-specific immunostaining (2), and skeletal birefringence (3) 

are shown at late gastrula (LG, A) and pluteus stages (B). Schematics (4) show the 1º 

(blue) and 2º (red) elements.  
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Figure 1.7. VEGF or VEGFR loss-of-function blocks PMC spatial patterning and 

skeleton formation in sea urchin embryos. Paracentrotus lividus sea urchin zygotes 

were injected with VEGF or VEGFR morpholino (MO) as indicated. Morphant embryos 

exhibit loss of PMC spatial organization (A2-3), and loss of biomineralization (B). 

Adapted from Duloquin et al., 2007.   
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Figure 1.8. Wnt5 loss-of-function blocks biomineralization. Embryos were injected 

with control MO (A) or with Wnt5 MO (B), then developed to pluteus stage. Morphology 

(DIC) and skeletal birefringence (insets) are shown. Wnt5 morphants lack skeletons and 

are morphologically stalled at late gastrula stage. Adapted from McIntyre et al., 2013. 
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Figure 1.9. An RNA-seq-based screen identified skeletal patterning genes in sea 

urchin embryos. Loss-of-function analysis for SLC26a2/7 (SLC, 2) and ALOX (LOX, 

3) is compared to control MO (1), shown as morphology (DIC; A), skeletal pattern (B), 

PMC immunostaining at late gastrula stage (18 hpf; C) and at pluteus stage (48 hpf, D), 

with corresponding brightfield images inset. Adapted from Piacentino et al., 2016.  
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Figure 1.10. Ethanol-mediated developmental defects are rescued by retinoic acid 

(RA) treatment in zebrafish embryos. Control (A), EtOH- (B), EtOH+RA- (C), and 

RA- (D) treated embryos are shown in dorsal (1) and lateral (2) views at 4 days post-

fertilization. The eye, optic vesicle (ov) and fin are indicated; asterisks and arrows 

indicate the swim bladder. Adapted from Marrs et al., 2010.  
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Figure 1.11. Sonic hedgehog loss of function severely perturbs facial development.  

Mouse embryos with normal (A) and perturbed (B, C) facial morphogenesis due to 

heterozygous loss of Shh are shown in frontal (control and mutants, left) and lateral 

(mutants, right) views. Adapted from Kietzman et al., 2014. 
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CHAPTER TWO: Ethanol Exposure Perturbs Sea Urchin Development and 

Disrupts Developmental Timing 

Nahomie Rodríguez-Sastre, Nicholas Shapiro, Dakota Y. Hawkins, Alexandra T. Lion, 

Monique Peyreau, Andrea E. Correa, Kristin Dionne, Cynthia A. Bradham1 

This chapter has been published on bioRxiv and is currently under peer review: 

bioRxiv 2022.07.07.499183; doi: https://doi.org/10.1101/2022.07.07.499183 

2.1 Abstract   

 Ethanol is a known vertebrate teratogen that causes craniofacial defects as a 

component of fetal alcohol syndrome (FAS). Our results show that sea urchin embryos 

treated with ethanol similarly show broad skeletal patterning defects, potentially 

analogous to the defects associated with FAS. The sea urchin larval skeleton is a simple 

patterning system that involves only two cell types: the primary mesenchymal cells 

(PMCs) that secrete the calcium carbonate skeleton and the ectodermal cells that provide 

migratory, positional, and differentiation cues for the PMCs. Perturbations in RA 

biosynthesis and Hh signaling pathways are thought to be causal for the FAS phenotype 

in vertebrates. Surprisingly, our results indicate that these pathways are not functionally 

relevant for the teratogenic effects of ethanol in developing sea urchins. We found that 

developmental morphology as well as the expression of ectodermal and PMC genes was 

delayed by ethanol exposure. Temporal transcriptome analysis revealed significant 

 
1 NRS performed the experiments and analysis reflected in Figures 2.1A-D, 2.2, 2.3, 2.4C-D and 2.5, 

2.7,2.8,2.9,2.10, 2.11. NS, MS, and AEC performed replicates captured in Figure 2.1-2.2, 2.7, 2.8. 

ATL performed the experiments in Figure 2.1E. NS performed the experiments reflected in Figure 

2.1A-D, 2.4, 2.10. MP and KD establish optimal dose for EtOH. DYH and CAB performed the 

analysis presented in Figure 2.6, 2.12, 2.13. 
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impacts of ethanol on signaling and metabolic gene expression, and a disruption in the 

timing of GRN gene expression that includes both delayed and precocious gene 

expression throughout the specification network. We conclude that the skeletal patterning 

perturbations in ethanol-treated embryos likely arise from a loss of temporal synchrony 

within and between the instructive and responsive tissues. 

2.2 Introduction  

Pattern formation during embryonic development represents the expansion of 

genetically encoded biological design into tangible physical structures within the animal 

(Briscoe, 2019; Cang et al., 2021; Ulloa and Briscoe, 2007; Zernicka-Goetz, 2002). 

Studying patterning in vertebrates is challenging, because of both their morphological 

and their genomic complexity. Vertebrates exhibit two ancestral genome duplication 

events that have resulted in significant genetic redundancy. Sea urchin embryos offer a 

considerably simpler model for pattern formation. First, they are morphologically quite 

simple, and second, because their genome was never duplicated, they lack extensive 

genetic redundancy (Sodergren et al., 2006), simplifying the study of gene function in 

this model.  

 The sea urchin larval skeleton is a bilaterally symmetric biomineral composed of 

calcium carbonate with numerous embedded proteins; the skeletal elements are secreted 

by the primary mesenchyme cells (PMCs) (Mann et al., 2010; Wilt, 2002). The PMCs 

ingress into the blastocoel at the onset of gastrulation, then migrate into stereotypical 

positions (Lyons et al., 2012). The PMCs receive instructive cues, mainly from the 

ectoderm, which direct their spatial positioning and differentiation (Adomako-Ankomah 
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and Ettensohn, 2013; Armstrong et al., 1993; Duloquin et al., 2007; McIntyre et al., 2013; 

Piacentino et al., 2016b, 2016a, 2015; Walton et al., 2009). The PMCs migrate into a 

primary (1°) spatial arrangement at late gastrula stage that is comprised of a posterior ring 

of cells around the blastopore with ventrolateral PMC clusters that extend cords of PMCs 

towards the embryo's anterior pole. This ring-and-cords arrangement presages the 1° 

skeletal pattern (Fig. 1A, blue). Then, additional PMC migration produces the secondary 

(2º) elements that give rise to the pluteus skeleton (Fig. 1A, red). Previous work from our 

lab and others has discovered numerous skeletal patterning cues that are expressed by the 

ectoderm; the molecules that drive skeletal patterning include conserved signaling 

proteins, second messengers, and extracellular matrix molecules (Armstrong et al., 1993; 

McIntyre et al., 2013; Piacentino et al., 2016b, 2016a, 2015). Although most patterning 

cues are expressed by the ectoderm, Hedgehog (Hh) signals from the endoderm also 

contribute to skeletal patterning (Walton et al., 2009). 

 Ethanol (EtOH) exposure during embryonic development in vertebrates leads to 

Fetal Alcohol Spectrum Disorder (FASD), which is a group of conditions that include a 

range of neurological and skeletal patterning defects (CDC, 2021; Eberhart and Parnell, 

2016; Kot-Leibovich and Fainsod, 2009). Fetal Alcohol Syndrome (FAS) in humans is 

characterized by defects in the central nervous system (CNS) and facial aberrations. The 

patterning defects that arise after EtOH exposure primarily affect the midline of the face 

and are thought to arise from perturbations to the neural crest cells that produce the facial 

skeleton (Abramyan, 2019; Cartwright and Smith, 1995; Smith et al., 2014). Studies 

performed in vertebrate models have identified multiple downstream targets for EtOH, 
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including the Hh signaling pathway (Abramyan, 2019; Ahlgren et al., 2002; Li et al., 

2007) and the retinoic acid signaling pathway (Hong and Krauss, 2017; Kot-Leibovich 

and Fainsod, 2009; Shabtai et al., 2018). Although these pathways contribute to the 

FASD phenotype, the overall mechanism underlying the FASD phenotypes, including 

their variable penetrance and severity, is still not well understood (Eberhart and Parnell, 

2016; Sarmah et al., 2020; Serio et al., 2019).  

 When we exposed sea urchin zygotes and embryos to EtOH, we observed skeletal 

patterning defects, including midline and rotational defects, with no apparent effects on 

neural development or patterning. Surprisingly, we found that RA or Hh signaling 

perturbation does not account for the EtOH phenotype in sea urchins. We found that 

migration of the skeletogenic PMCs was delayed in EtOH-treated embryos, as was the 

expression of some PMC genes and ectodermal patterning cues. Temporal transcriptome 

analysis revealed  that other such genes exhibited precocious expression, indicating that 

ethanol treatment results in temporally disrupted developmental gene expression; this 

broad asynchrony may underlie the intercellular communication-based patterning process 

in sea urchin embryos. 

2.3 Material and Methods  

2.3.1 Reagents  

 Dose-response experiments were performed to determine the optimal working 

doses for each perturbation reagent, which include EtOH, Acetaldehyde, Retinol, 

Retinoic Acid, Fomepizole (Sigma-Aldrich or Fisher Scientific), Cyclopamine (Enzo Life 

Sciences), and SAG (Santa Cruz Biotechnology). All other chemicals were obtained from 
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Sigma-Aldrich or Fisher Scientific unless otherwise noted. 

2.3.2 Chemical treatment 

 Embryos were cultured in artificial sea water (ASW) at a density of 500 

embryos/mL in a 24 well plates and incubated in humid chamber at 23⁰C. EtOH- and 

Acetaldehyde-treated embryos were cultured in a separate well-plate and humid chamber 

to prevent vapor-mediated cross-contamination. Highly volatile and reactive retinol was 

reconstituted in DMSO, aliquoted, and added to embryo cultures inside an oxygen-free 

glove box. 

2.3.3 Animal, perturbations, transplant, imaging, and skeletal scoring 

 Lytechinus variegatus sea urchins were obtained from the Duke University 

Marine Laboratory (Beaufort, NC) or from Reeftopia (Miami, FL). Gamete harvesting, 

fertilizations, and embryo culturing were performed as previously described (Bradham et 

al., 2006). Transplant experiments were performed as described (Piacentino et al., 

2016b), using donor embryos labeled with tetramethyl rhodamine methyl ester (TMRM, 

Fisher Scientific). Larval morphology was imaged using DIC; larval skeletal 

birefringence was imaged in multiple focal planes using plane-polarized light on a Zeiss 

Axioplan inverted microscope at 200x magnification. Focal planes were then manually 

assembled into montage images using CanvasX (Canvas GFX, Inc.) to present the 

complete larval skeleton in focus. All focal planes were used for scoring with our in-

house scoring rubric (Piacentino et al., 2016b) which captures element shortening, 

lengthening, loss, or duplication, spurious element production, abnormal element 

orientations, as well as whole embryo-level defects such as midline defects, and 
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orientation defects. 

2.3.4 Immunostaining and confocal microscopy 

 Immunolabeling was performed as described (Bradham et al., 2006). Primary 

antibodies were PMC-specific 6a9 (1:5; from Charles Ettensohn, Carnegie Mellon 

University, Pittsburgh, PA), neural-specific 1e11 (1:10, from Robert Burke, University of 

Victoria, BC, Canada) and anti-serotonin (Sigma), and ciliary band-specific 295 

(undiluted; from David McClay, Duke University, Durham, NC). Confocal imaging was 

performed using an Olympus FV10i laser-scanning confocal microscope. Confocal z-

stacks were projected using Fiji, and full z-projections are presented. 

2.3.5 Fluorescent in situ hybridization (FISH) 

 Full-length probes for LvJun, LvVEGF, LvVEGFR, LvHh, and LvWnt5a were 

transcribed using SP6 or T7 RNA polymerases (New England BioLabs) and labeled with 

digoxigenin (Roche). In situ hybridization was performed as previously described 

(Piacentino et al., 2015). FISH probe for Hedgehog, VEGF, VEGFR, and Wnt5 were 

previously described (McIntyre et al., 2013; Piacentino et al., 2015; Walton et al., 2009). 

2.3.6 HCR FISH: probe sets, amplifiers, and buffers  

Embryos were collected and fixed in 4 % paraformaldehyde at 18 hours post-

fertilization (hpf). The published hybridization chain-reaction (HCR) single molecule 

FISH protocol (Choi et al., 2018, 2016) was performed using fluorescently labeled 

amplifiers (hairpins with either Alexa488, Alexa 546, or Alexa647 labels), buffers, and 

probe sets from Molecular Instruments, Inc. (Los Angeles, CA). The detection step was 

performed in 0.5 mL microcentrifuge tubes at 37⁰ C; embryos were then transferred to a 
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96-well plate for the amplification step. Embryos were incubated in the hairpin solution 

for ~2.5 hours or overnight in the dark at room temperature, washed with 5X SSCT, then 

mounted in PBS/glycerol for imaging. Probe sets were designed from the open reading 

frames by Molecular Instruments, Inc. (Los Angeles, CA). 

2.3.7 Acetaldehyde Measurements  

 Embryos were cultured at a density of 1500 embryos/mL until 18 hpf when the 

culture supernatant was collected. Acetaldehyde measurements was performed with a kit 

(Megazyme, Inc.) according to the manufacturer's instructions. 

2.3.8 Serotonin level and spatial gene expression measurements 

Fiji was used to process all confocal z-stacks. For measurements of serotonin 

levels from immunostained images, regions of interest (ROIs) were manually drawn in 

Fiji around each neural cell body, then the fluorescence intensity was measured as the 

total relative fluorescent units (RFU) per cell. Comparisons were limited to controls and 

treated embryos that were prepared together and imaged using identical settings. For 

spatial measurements of gene expression territories from FISH images, a threshold was 

applied to z-projections images in Fiji to produce a binary image. ROIs were then 

automatically defined using the Analyze Particles function in Fiji after adjusting the size 

range to most accurately capture the data. The resulting area values were normalized to 

the total area of the z-projected embryo. 

2.3.9 RNA-seq Analysis 

Total RNA was prepared from 10,000 embryos per sample using TRIzol 

(Invitrogen) and precipitated along with glycogen carrier (Ambion) from control and 
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ethanol-treated embryos at 15, 18 and 21 hpf, from three independent biological 

replicates. Library preparation and transcriptome sequencing were performed using DNA 

nanoball (DNB)-seq (BGI, Inc.) to generate 100 bp paired end reads. Quality control was 

performed using fastp to trim low-quality bases and remove low quality and low 

complexity reads (Chen et al., 2018). Reads were then aligned to the Lvar 3.0 genome 

(Davidson et al., 2020) using STAR (Dobin et al., 2013) and read counts were calculated 

using featureCounts (Liao et al., 2014). Raw fastq files and the processed count matrix 

are available at GEO (accession number GSE207100). Multiple gene models mapping to 

a single gene annotation were collapsed to a single entry by summing read accounts 

across models. Differential expression analysis and library normalization was performed 

using DESeq2 (Love et al., 2014), with batch set as a covariate during differential 

expression analysis. For downstream analysis, normalized counts were batch corrected 

using COMBAT from the sva R package (W. E. Johnson et al., 2007; Leek et al., 2012). 

Principal component analysis was performed using the prcomp R function with the 

corrected counts. GO enrichment analysis was performed using ssGSEA from the gsva R 

package (Barbie et al., 2009; Hänzelmann et al., 2013), and the top 20 up and down 

pathways were ranked by p-value following a Wilcoxon Rank-sum test. The top 20 

enriched and depleted GO terms were manually binned using custom-defined categories 

(Hogan et al., 2020). Gene regulatory network (GRN) and skeletal patterning cue gene 

expression levels were analyzed in time-matched and heterochronic comparisons; in 

time-matched comparison, genes were considered to be early/elevated or late/reduced if 

the average expression level in EtOH-treated embryos deviated from control embryos by 
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≥ 18%. Potential GRN circuits connecting genes whose expression was similarly 

impacted by EtOH were manually mapped onto known and predicted edges in an 

integrated version of the specification network (Hogan et al., 2020). 

2.4 Results 

2.4.1 EtOH treatments results in skeletal patterning defects 

  To test whether EtOH has teratogenic effects on developing sea urchins, we 

exposed zygotes to a range of EtOH doses, then assessed their larval phenotypes. Using a 

systematic scoring approach (Piacentino et al., 2016b), we found that treatment with 

1.7% (369 mM) EtOH induces dramatic skeletal patterning defects that include element 

losses, spurious elements, and rotational defects, with anterior and ventral elements most 

frequently perturbed, and both 1° and 2° elements affected (Fig. 2.1A-C). Most skeletal 

elements exhibited losses in EtOH-treated embryos (Fig. 2.1C). Anterior-posterior 

rotational defects were the most common orientation defect in EtOH-treated embryos. 

The treated embryos also showed unusual defects, including a high frequency of spurious 

elements, long anonymous rods, and midline losses (Fig. 2.1C); these latter defects were 

not observed with perturbations to other known patterning cues or their receptors, 

including Univin/Alk4/5/7, VEGF/VEGFR, SLC26a2/7, or BMP5-8 (Adomako-

Ankomah and Ettensohn, 2013; Duloquin et al., 2007; McIntyre et al., 2013; Piacentino 

et al., 2016b, 2016a, 2015). 

To determine the time dependence of EtOH-mediated defects, first, we treated 

embryos at different time points ranging from fertilization to 30 hours post-fertilization 

(hpf), then scored the resulting pluteus larvae for patterning defects at 48 hpf. The results 
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show that an inflection point occurred between 22 and 24 hpf when the fraction of 

perturbed embryos dramatically declined (Fig. 2.1D1, left; Fig. 2.7A, 2.7B1-4). This 

indicates that EtOH is most effective before 24 hpf. This timepoint overlaps with both 1° 

and 2° skeletal patterning processes, in keeping with the broad skeletal defects induced 

by EtOH (Fig. 2.1A-C), although 1° skeletogenesis is well-underway at 24 hpf 

(Piacentino et al., 2016b, 2016a, 2015). Next, to define when EtOH begins to have an 

effect, we treated embryos at fertilization, removed EtOH hourly over a range of time 

points, then scored the resulting larvae at pluteus stage. We found an inflection point at 5 

hpf, indicating that EtOH effects initiate between 4 and 5 hpf (Fig. 2.1D2; Fig. 2.7A, 

2.7B5-6). This time point is surprisingly early, before the onset of Nodal expression and 

ectodermal dorsal-ventral specification (Bradham et al., 2006). These results indicate that 

EtOH perturbs skeletal patterning between 5 and 24 hpf. 

 Because EtOH treatment caused a broad range of skeletal patterning defects, we 

evaluated whether any defects predominated for different intervals of EtOH exposure 

during the overall window of sensitivity to EtOH by scoring skeletal defects in embryos 

treated with EtOH for the same defined temporal windows. Our results show that 2° 

elements and rotational defects are most sensitive to EtOH at 17 hpf, while 1° defects are 

most penetrant at 18 hpf (Fig. 2.7C1). We used the same approach to assess EtOH wash-

out embryos, and the results show that 2° elements and rotational defects are most 

sensitive to EtOH after 6 hpf (Fig. 2.7C2). These data demonstrate that EtOH is most 

effective between 7 and 17 hpf regarding specific perturbations to the 2° elements and 

rotational defects, while impacts on the 1° elements are most pronounced after 18 hpf. 
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2.4.2 EtOH indirectly impacts the PMCs to produce skeletal patterning defects.   

 To determine whether the EtOH-mediated defects arise from perturbation of the 

ectoderm or the PMCs, we performed PMC transplantation experiments (Armstrong et 

al., 1993; Ettensohn and McClay, 1986; Piacentino et al., 2016b) to produce chimeric 

embryos in which either the PMCs or the remaining hulls were treated with EtOH (Fig. 

2.1E1). When we transplanted EtOH-treated PMCs into control hulls, this resulted in 

embryos with normal skeletons (Fig. 2.1E2). In contrast, when we performed the 

reciprocal experiment in which control PMCs were transplanted into EtOH-treated hulls, 

the embryos developed skeletal patterning defects characteristic of EtOH treatment (Fig. 

2.1E3). These results demonstrate that EtOH acts on PMCs indirectly via impacts on 

other tissues such as the ectoderm. This is consistent with EtOH treatment perturbing the 

expression of skeletal patterning cues rather than directing perturbing the PMCs. 

2.4.3 EtOH does not perturb ectodermal DV specification. 

 The ectoderm is the source of most skeletal patterning cues (Piacentino et al., 

2016b). This tissue is subdivided into dorsal and ventral regions during early 

development by TGF-ß signaling (Duboc et al., 2004); DV perturbations produce 

radialized embryos and skeletons (Armstrong et al., 1993; Bradham and McClay, 2006; 

Hardin et al., 1992; Piacentino et al., 2016a, 2015). While the patterning defects elicited 

by EtOH do not resemble radialization, we nonetheless tested whether DV specification 

of the ectoderm is affected by EtOH treatment. We performed immunostains to examine 

the ectodermal ciliary band (CB), a distinct region that is spatially restricted to the 

boundary between the dorsal and ventral ectodermal regions by the DV specifying TGF-ß 
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signals in sea urchin embryos. When those signals are disrupted, the ciliary band is either 

posteriorly positioned or spatially unrestricted (Bradham et al., 2009; Duboc et al., 2004; 

Yaguchi et al., 2010). Our results show that the CB was both restricted normally and 

appropriately positioned within the context of the perturbed morphology induced by 

EtOH treatment (Fig. 2.2A. 2.8A). These results suggest that EtOH exposure does not 

affect ectodermal DV specification. This finding was corroborated by evaluating gene 

expression for the dorsal marker Lv-IrxA and ventral marker Lv-Chd via single-molecule 

FISH. The spatial expression of both genes was normal in EtOH-treated embryos (Fig. 

2.2B), confirming that EtOH exposure does not perturb ectodermal DV specification. 

2.4.4 EtOH does not perturb neural specification or patterning.  

 EtOH is a well-known neural teratogen that leads to intellectual impairment and 

reduced brain size in vertebrates and humans (Hoyme et al., 2005; Khalid et al., 2014). 

To test whether neural defects are a conserved response to embryonic EtOH exposure, we 

visualized synaptotagmin B (synB)-positive and serotonergic neurons using 

immunostaining (Fig. 2.2C, Fig. 2.8B). Surprisingly, we did not detect any losses of 

serotonergic neurons in the EtOH-treated embryos (Fig. 2.2C, 2.2D1), nor any significant 

losses of synB neurons (Fig. 2.2C, 2.8B). Instead, we found a statistically significant 

increase in serotonin levels in EtOH-treated embryos compared to controls (Fig. 2.2C, 

D2; see also Fig. 2.8B). These results indicate that EtOH exposure does not disrupt neural 

specification or patterning in sea urchin embryos but increases the serotonin expression 

level within the nervous system. 
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2.4.5 EtOH perturbs temporal expression of Wnt5 ectodermal patterning cue. 

The ectoderm is required for normal PMC positioning and biomineralization since 

it provides instructive cues that are detected by the PMCs (Armstrong et al., 1993; 

Duloquin et al., 2007; Ettensohn and McClay, 1986; McIntyre et al., 2013; Piacentino et 

al., 2016a, 2016b, 2015; von Ubisch, 1937). Thus, our next step was to ask whether EtOH 

exposure perturbs the expression of ectodermal skeletal patterning cues, including Lv-

Wnt5 and Lv-VEGF. Lv-VEGF is an ectodermal cue that is expressed in the ectoderm 

that overlies ventrolateral PMC clusters at the late gastrula stage (Fig. 2.2E1) and is 

required for normal PMC cluster formation and biomineralization; at later time points, 

VEGF is required for skeletal patterning (Adomako-Ankomah and Ettensohn, 2013; 

Duloquin et al., 2007; Piacentino et al., 2016b). Lv-Wnt5 is also expressed in the 

ectoderm that overlies the PMC clusters (Fig. 2.2F1) and is required for biomineralization 

(McIntyre et al., 2013). We found that the expression of both Lv-VEGF and Lv-Wnt5 

appears to be spatially expanded to an abnormally broad ectodermal expression pattern in 

EtOH-treated embryos, with VEGF expression expanded laterally, and Wnt5 expression 

expanded both laterally and apically (Fig. 2.2E2, 2.2F2). We also assessed the expression 

pattern for Lv-Hh, which is expressed by the endoderm and contributes to skeletal 

patterning (Walton et al., 2009). Since gastrulation is delayed by EtOH treatment, the 

morphology of the developing archenteron differs from controls such that the gut tube is 

shorter and wider, making a qualitative assessment of Hh expression domain size 

challenging (Fig. 2.2G). Quantitation of their expression areas shows that among these 

three skeletal patterning cues, only Wnt5 expression is significantly spatially perturbed 
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by EtOH exposure at 18 hpf (Fig. 2.2H).  

To test whether the differences in gene expression might reflect a developmental 

delay, we compared their expression over time. Those results show that Lv-Hh and Lv-

Wnt5 expression patterns match controls with a 3- to 6-hour delay (Fig. 2.9A-D). Hh 

expression appears mildly delayed with EtOH treatment compared to controls (Fig. 2.9A-

B). Wnt5 exhibits broad ectodermal expression in controls at 13 and 15 hpf, spatially 

contracts to bilateral posterior ventrolateral regions of expression at 18 and 21 hpf, then 

displays a distinct dorsal expression domain at 24 hpf (Fig. 2.9C). In EtOH-treated 

embryos, Wnt5 expression similarly contracts to the posterior VL ectoderm at 21 hpf, 3 

hours later than controls, while simultaneously exhibiting the dorsal expression domain, 3 

hours earlier than controls (Fig. 2.9C-D). 

Taken together, these results show that the patterning cues Hh and Wnt5 exhibit 

temporally abnormal spatial expression in EtOH-treated embryos. While this change to 

Wnt5 might be responsible for the perturbations to skeletal patterning that occur with 

EtOH exposure, this seems less likely to account for the patterning defects since Wnt5 

loss of function blocks biomineralization rather than patterning per se (McIntyre et al., 

2013). The effects on Hh are more likely to contribute to patterning defects since Hh 

signaling is required for normal 2° skeletal patterning (Walton et al., 2009). 

2.4.6 EtOH perturbs PMC migration, positioning, and spatial gene expression. 

Given the effects of EtOH on Wnt5 and Hh expression, we next examined the 

skeletogenic PMCs in EtOH-treated embryos using immunostaining. PMCs in control 

embryos ingress at the mesenchyme blastula stage (~13 hpf) (Fig. 2.3A1), become 
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organized into the 1° ring-and-cords pattern during gastrulation (~15-18 hpf) (Fig. 2.3A2-

A3), then initiate biomineral secretion in the ventrolateral PMC clusters at late gastrula 

stage (~18 hpf) (Fig. 2.3A3). In EtOH-treated embryos, PMC ingression and migration 

were delayed by approximately 3 hours compared to controls, although the cells 

eventually adopted relatively normal spatial positions by 24 hpf (Fig. 2.3B1-B5).  

During skeletal secretion, PMCs located in distinct regions express different genes (Sun 

and Ettensohn, 2014; Zuch and Bradham, 2019) reflecting their diversification during 

skeletal patterning. We next asked whether the spatial expression of known PMC subset 

genes is perturbed in response to EtOH exposure using a combination of FISH and PMC 

immunostaining. Lv-VEGFR is generally expressed in the PMCs and is elevated in the 

PMC clusters at late gastrula stage (Fig 3C1), adjacent to the VEGF signal that is 

expressed in the posterior ventrolateral ectoderm (Fig. 2.2E) (Adomako-Ankomah and 

Ettensohn, 2013; Duloquin et al., 2007; Schatzberg et al., 2015; Sun and Ettensohn, 

2014). Lv-Jun is a transcription factor that is expressed primarily in the PMC clusters 

(Fig. 2.3D1, E1) (Sun and Ettensohn, 2014). In EtOH-treated embryos, VEGFR exhibits 

spatial expanded expression into non-cluster PMCs (Fig. 2.3C), while Jun is not 

expanded in the PMCs but interestingly is ectopically expressed in the ectoderm (Fig. 

2.3D-E). We also assessed two additional genes enriched in the VL cluster PMCs, Lv-Frp 

and Lv-Otop. Neither Frp nor Otop exhibited changes in spatial expression with EtOH 

exposure (Fig. 2.3F-G). This observation of perturbed spatial expression of some PMC 

subset genes is consistent with the perturbation of some patterning cues and agrees with 

our previous results, suggesting that the EtOH-induced skeletal defects reflect 
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perturbations to patterning cues.  

Given that PMC ingression and migration are delayed in response to EtOH, and 

that patterning cue expression is also delayed, we next evaluated how Jun expression 

changes with time. The results show that ectodermal expression of Jun normally occurs at 

15 hpf in control embryos, while a similar expression pattern was observed in EtOH-

treated embryos at 18 hpf, consistent with the general delay in PMC development with 

EtOH (Fig. 2.9E-F). As with migration, Jun expression appears normally restricted to the 

PMC clusters in EtOH-treated embryos at later time points (Fig. 2.9F4-5). Together, 

these results show delays induced by EtOH exposure in the spatial expression of 

ectodermal and endodermal patterning cues and a PMC subset gene, as well as delayed 

PMC ingression, migration, and differentiation.   

2.4.7 EtOH-mediated skeletal patterning defects arise independently of retinoic acid 

perturbation. 

A central mechanism that has been identified for FAS phenotypes in vertebrates is 

the loss of retinoic acid (RA) production and signaling (Kot-Leibovich and Fainsod, 

2009; Nelson et al., 2013). This occurs because EtOH is normally metabolized to 

acetaldehyde by alcohol dehydrogenase (ADH); acetaldehyde then competitively binds 

and inhibits retinaldehyde dehydrogenase (RALDH), causing the reduced synthesis of 

retinoic acid (RA) (Shabtai et al., 2018) (Fig. 2.4A, blue). To test whether this 

mechanism is conserved in sea urchins, we first examined whether acetaldehyde is 

sufficient to phenocopy EtOH. We found that treatment with acetaldehyde caused 

skeletal patterning defects that are similar but not identical to the defects produced by 
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EtOH (Fig. 2.10A-C, 2.10E). Acetaldehyde embryos also showed a similar delay in PMC 

migration and positioning (Fig. 2.10C3-C5). We also tested the time dependence of the 

effects of acetaldehyde and found that the inflection point is delayed compared to EtOH 

to 25 hpf (data not shown), consistent kinetically with a model in which EtOH perturbs 

sea urchin development by increasing acetaldehyde levels that result in diminished RA 

levels, as in vertebrates.  

To test this model, we performed two key experiments. In the first set of 

experiments, we attempted to rescue the EtOH phenotype by adding RA or retinol at 

fertilization. We tested a range of doses and found surprisingly that neither RA nor 

retinol rescued EtOH (Fig. 2.4B, Fig. 2.10D). Next, we attempted to rescue EtOH with 

fomepizole (4-methylpyrazole), an inhibitor of ADH that blocks acetaldehyde production 

(Fig. 2.4A, red). We tested the inhibitory activity of fomepizole on EtOH-mediated 

acetaldehyde production and confirmed its inhibitory effects in sea urchin embryos (Fig. 

2.10F). However, we found that fomepizole did not rescue the EtOH phenotype over a 

wide range of doses (Fig. 2.4C-D), indicating that acetaldehyde production is not 

required for the defects produced by EtOH. This result is consistent with the lack of 

rescue of the EtOH phenotype by either RA or retinol. Taken together, these unexpected 

findings indicate that while acetaldehyde is sufficient to perturb skeletal patterning, 

neither acetaldehyde production, ADH activation, nor RA reduction account for the 

mechanism by which EtOH exposure produces skeletal patterning defects in sea urchin 

embryos. Thus, the role for the RA pathway in vertebrate EtOH teratogenesis is not 

conserved throughout deuterostomes. 
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2.4.8 Inhibition of the Hh signaling pathway partially rescues the EtOH phenotype. 

The Hh signaling pathway is causally implicated downstream from EtOH in 

FASD in vertebrate embryos (Abramyan, 2019; Eberhart and Parnell, 2016; Hong and 

Krauss, 2017; Li et al., 2007; Sidik et al., 2021). Since Hh signaling is also implicated in 

sea urchin skeletal patterning (Walton et al., 2009), we next asked whether perturbed Hh 

signaling can explain the EtOH-mediated defects by testing whether the Hh pathway 

inhibitor cyclopamine or agonist SAG (Chen et al., 2002b, 2002a; Frank-Kamenetsky et 

al., 2002) can rescue EtOH-treated embryos. Neither cyclopamine nor SAG alone elicited 

patterning defects (Fig. 2.5A2-3). When combined with EtOH, cyclopamine provided a 

modest but statistically significant rescue, while SAG treatment did not. (Fig. 2.5A4-6, 

2.5B). Interestingly, increasing the dose of cyclopamine did not improve the rescue 

effect, and cyclopamine was the least effective at the highest tested dose (Fig. 2.11). 

Similarly, higher doses of SAG did not improve the rescue effect (Fig. 2.11). These 

results show that antagonism but not agonism of Hh signaling is sufficient to partially 

rescue the EtOH phenotype, but only at low doses and with a weak effect. 

2.4.9 RNA-seq reveals temporal perturbations of GRN gene expression. 

We used RNA-seq to query the global effects of EtOH on development by 

comparing the transcriptomes of control and EtOH-treated embryos at 15, 18, and 21 hpf. 

We found many differentially expressed (DE) genes at 15 and 18 hpf, but at 21 hpf, far 

fewer DE genes were identified (Fig. 2.12A). We analyzed differential GO pathway 

activity using ssGSEA to identify functional categories of genes affected by EtOH 

exposure. The top 20 enriched and depleted GO terms for each pair-wise comparison 
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were binned into broad categories (Fig. 2.6A, 2.12B). Those results show that 

metabolism and signaling were the GO term categories most impacted in EtOH-treated 

embryos in time-matched comparisons, accounting for 55-70% of the enriched and 35-

55% of depleted GO terms (Fig. 2.6A). Heterochronic comparisons revealed additional 

differences in chromatin and protein trafficking while still exhibiting a majority of 

differences in signaling and metabolism (Fig. 2.12B).   

The first two components of a principal component analysis (PCA) accounted for 

62% of the overall variation in the data. PC1 appears to sort on treatment for the earlier 

time points but does not separate control and EtOH at 21 hpf (Fig 2.6B), consistent with 

the few DE genes identified at 21 hpf. PC2 appears to sort on time, with EtOH samples 

being temporally offset from controls, aside from 21 hpf. Given the mild temporal 

displacements in the PCA results and the conspicuous morphological delays in 

development for EtOH-treated embryos, we further assessed EtOH-mediated temporal 

perturbations by comparing the expression of genes in the known gene regulatory 

network (GRN) specification models for sea urchins, focusing on genes whose expression 

changes between 15 and 21 hpf in L. variegatus embryos and their regulators (Davidson 

et al., 2002; Hogan et al., 2020; Li et al., 2014; Materna et al., 2013; Peter and Davidson, 

2011; Saudemont et al., 2010; Su et al., 2009), using a cut-off threshold of ≥ 18% change. 

Surprisingly, of the 49 genes we evaluated, only 30% exhibited late or reduced 

expression, with 47% of genes instead displaying early or elevated expression, while the 

remaining 22% were unaffected by EtOH treatment (Fig. 2.6C). Temporally perturbed 

genes were present in each of the germ layers (Fig. 2.13).  
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These results suggested that some GRN subcircuits are independently activated 

and therefore insulated from other circuits. To obtain a clearer view, we mapped the 

late/reduced genes and the early/elevated genes onto a network model and indicated 

previously known connections that could potentially integrate these changes. Several 

plausible circuits emerged from this analysis, including elevated or early expression of 

ectodermal Univin, Nodal, Lefty, Not1, Vegf3, BMP2/4, Tbx2/3, and IrxA (Fig. 2.6D). 

Curiously, Nodal is known to activate Lefty, Chordin (Chd), Goosecoid (Gsc), and 

BMP2/4, but both Chd and Gsc exhibit late or reduced expression rather than early or 

elevated expression in response to EtOH, implying additional regulators for these genes 

(Fig. 2.6D). Similarly, early, or elevated expression interconnects the PMC genes Ets1/2, 

Alx1, Tbr, Erg, FoxB, and VEGFR. As with the ectoderm, some known targets of Alx1 

and Ets1/2 are not affected or are delayed/reduced, including SM50, SM30b, Snail, and 

Twist (Fig. 2.6D), once again implying additional unknown regulators for those genes. 

Interestingly, the clearest circuits interconnecting genes that are delayed or reduced by 

EtOH are in the endomesoderm and include ß-catenin, GataE, Blimp1, Bra, FoxA, Hh, 

LOX, and Cdx. The delayed or reduced expression of these genes could explain the delay 

in gastrulation in EtOH-exposed embryos; perhaps the timing of gastrulation sets the pace 

for development overall, leading to the morphological delay despite the presence of genes 

whose expression is early or elevated rather than delayed or reduced. Finally, we 

evaluated the expression of known patterning genes from the RNA-seq data (Fig. 2.6E). 

Those results indicated early or elevated expression for BMP5-8, Univin, SLC, VEGF, 

VEGFR, and Ptc, late expression for Hh, and unaffected expression for Wnt5. These 
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findings agree with our FISH results for VEGF and Wnt5, particularly that normal 

expression is achieved at late timepoints, as well as supporting the weak rescue effects 

we obtained when Hh signaling was perturbed along with EtOH treatment. 

2.5 Discussion 

In this study, we show that EtOH exposure is teratogenic to sea urchin embryos; 

more specifically, EtOH perturbs skeletal patterning but not neural development. We 

further show that the defective skeletal patterns in EtOH-treated embryos arise from 

perturbation to patterning cues rather than from the direct effects of EtOH on the PMCs 

and are not explained by the RA or Hh pathways that are implicated in vertebrate fetal 

alcohol syndrome disorders. Finally, we observed temporal perturbations in 

developmental gene expression in EtOH-treated embryos that potentially account for 

their aberrant pattern formation. 

Although skeletal patterning defects were observed that could be considered to be 

analogous to the facial perturbations in FASD, neural patterning was not perturbed in sea 

urchins after the exposure to EtOH. Levels of serotonin were increased by EtOH 

treatment, but the number of ser neurons was not affected. Studies in mice, fish, and frogs 

have shown that EtOH exposure disrupts every step of CNS development, including 

neural proliferation, migration, and differentiation, as well as directly leading to neural 

apoptotic and necrotic cell death (Blader and Strähle, 1998; Gil-Mohapel et al., 2019; 

Sulik, 2014). The absence of evident neural specification or patterning defects in EtOH-

treated sea urchin embryos suggests that the neural developmental vulnerability to 

ethanol is a vertebrate novelty whereas the impact of ethanol on skeletal patterning is 
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more deeply conserved among deuterostomes. 

Previous studies have linked FASD abnormalities, both neural and facial, to 

perturbations of the Hh and RA signaling pathways (Ahlgren et al., 2002; Cayuso et al., 

2006; Cohen and Sulik, 1992; Petrelli et al., 2019; Reimers et al., 2004; Smith et al., 

2014), each of which plays important roles in the development of both the CNS (Chatzi et 

al., 2013; Janesick et al., 2015; Li et al., 2021) and the facial skeleton (Abramyan, 2019; 

Dubey et al., 2018; Gur et al., 2022; Sun et al., 2020). Our results show that RA signaling 

does not play a role in EtOH-mediated perturbations, and Hh plays only a minor role in 

sea urchin embryos. We found that acetaldehyde also results in skeletal patterning 

defects, implying that other downstream pathways that are shared by ethanol and 

acetaldehyde, but that do not impinge upon RA levels, are responsible for their 

overlapping patterning phenotypes in sea urchins. These shared downstream effects 

potentially include metabolic pathways, which clearly are affected by EtOH treatment 

(Fig. 2.6A); for example, both EtOH and acetaldehyde exert inhibitory effects on 

mitochondrial β-oxidation (Latipää et al., 1986; Ontko, 1973; You and Arteel, 2019). 

Thus, the contributions of the RA and Hh pathways to the phenotypic effects of 

embryonic EtOH exposure surprisingly are not evolutionarily conserved in sea urchins.  

Our results show that EtOH perturbs skeletal patterning by affecting patterning 

cues rather than directly impacting the skeletogenic PMCs. One of the most conspicuous 

defects in EtOH-treated embryos is a three-hour morphological delay in development. 

This delay is echoed by the expression of numerous genes, including delays or reductions 

in the level of expression or the normal spatial pattern for some genes that encode 
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skeletal patterning or differentiation cues, such as Wnt5 and Hh, or PMC subset genes, 

such as Jun. However, other genes encoding patterning cues exhibit early expression, 

including BMP5-8, SLC26a2/7, and VEGF3, while still others are unaffected. Temporal 

discrepancies are present throughout the GRN; those genes exhibit mostly early or 

elevated expression in response to EtOH, with a minority being unaffected. Together, this 

suggests that the EtOH-induced phenotype might arise from temporal mismatches 

between the instructive ectoderm and endoderm tissues and the responsive PMCs, 

reflecting an overall loss of synchronization across the embryo. Asynchronous 

intraembryonic development is clearly implied by plausible circuits connecting genes 

whose expression is early or elevated by EtOH exposure in the ectoderm and PMCs, 

alongside plausible circuits for genes whose expression is late or reduced by EtOH in the 

endomesoderm; in each of these tissues, genes with all three temporal profiles are present 

but not readily explained, implying the existence of still-unknown network components. 

Temporal loss of registration could also explain why our attempts to rescue the EtOH 

phenotype have met with limited success since that model suggests a more complex 

cause for the EtOH-mediated defects than the simple loss of a signal or set of signals. It 

will be interesting to determine whether these effects are conserved by testing whether 

EtOH exposure mediates similar temporal disruption in other species. 

Overall, our study offers a novel model to study EtOH-mediated teratogenesis that 

separates the impact on skeletal patterning from the effects on neuronal survival, 

providing insight into the evolution of the embryonic response to EtOH and revealing a 

novel dysregulation of temporal synchronization of GRN gene expression that is induced 
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during EtOH-mediated teratogenesis. 
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Figure 2.1. Ethanol exposure perturbs skeletal patterning between 5 and 22 hpf.  

A-B. Representative skeletal morphology (birefringence, top) and schematics (bottom) of 

control (C, A) and EtOH-treated (E, B1-3) embryos are shown at 48 hpf (pluteus stage); 

the corresponding DIC images are inset, and body axes are indicated. The primary 

skeletal elements (A, blue) include the initial triradiate that gives rise to the ventral 
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transverse rods (VTs), the dorsoventral connecting rods (DVCs), and the anonymous rods 

(anon); the latter branch to produce the dorsal body rods (BRs). Secondary elements (A, 

red) include the posterior aboral rods (ARs) that branch from the anons, as well as the 

anterior oral rods (ORs) and the recurrent rods (RRs) that branch from the DVC, and 

finally the scheitel (sch) that branches from the tips of the BRs at the dorsal extreme. The 

perturbed skeletons in EtOH-treated embryos exhibit abnormal rotations of skeletal 

elements about one of the body axes (B1), sometimes in combinations (B2), as well as 

element losses (B3). Arrows show rotations (B1, B2) and absent elements (B3). C. 

Skeletal patterning defects including rotational defects, compound defects, and element 

losses are plotted as the percentage of embryos exhibiting the indicated effect. Spur, 

spurious elements; LAR, long anonymous rods; mid, midline losses; n > 60. D. The 

percentage of embryos that were normal (blue) or perturbed (red) after adding (D1) or 

removing (D2) EtOH at different time points is shown; n > 50 per time point. E. The 

approach for PMC transplantation to produce chimeric embryos is shown schematically 

(E1). Chimeric embryos are shown as morphology (DIC, 1) and skeletal pattern 

(birefringence, 2) for EtOH-treated PMCs in control hulls (E2), or the reciprocal control 

PMCs in EtOH-treated hulls (E3) at 40 hpf (pluteus stage). The results shown were 

obtained in 6/7 trials. See also Fig. 2.7. 
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Figure 2.2. EtOH treatment does not impact neural development or ectodermal DV 

specification and delays normal expression of the PMC-directing signal Wnt5. A. 

The ciliary band was visualized via immunostaining in controls (A1) and EtOH-treated 

(A2) embryos at 48 hpf. B. HCR-FISH for ventral Chd (green) and dorsal IrxA (red) 

expression is shown in control (B1) and EtOH-treated embryos (B2) at 18 hpf (late 

gastrula stage); the DV axis is indicated. C. Neural-specific immunostaining for serotonin 

(ser, green) and pan-neural synaptotagmin B (synB, red) is shown in control (C1) and 

EtOH-treated (C2) anterior structures at 48 hpf (pluteus stage); corresponding phase 

contrast images are inset. D. The number of neurons (D1) and the relative level of the 
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serotonin signal (D2) is shown as the average per embryo ± s.e.m.; n = 15; ****, p ≤ 

0.0001 (student t-test). E-G. The expression of the signals VEGF (E), Wnt5 (F), and Hh 

(G) is shown along with PMC immunostains in control (1) and EtOH-treated (2) embryos 

at 18 hpf. Embryos are oriented with anterior at the top. H. The total expression area for 

the indicated signals in control (C) and EtOH (E) is shown as the mean summed area ± 

s.e.m; *p < 0.05 (student t test, n=15 per condition). See also Fig. 2.8.  
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Figure 2.3. EtOH treatment results in delayed PMC ingression, migration, and Jun 

expression. A-B. PMCs were immunolabeled in control (A) and EtOH-treated embryos 

(B) that were fixed at 13 (1), 15 (2), 18 (3), 21 (4) or 24 (5) hpf during gastrulation. All 

embryos are oriented with anterior upward. C-G. Gene expression was detected using 

HCR-FISH and PMCs were immunolabeled in control (1) and EtOH treated (2) embryos 

at 18 hpf (late gastrula stage). PMC-specific genes detected are Lv-VEGFR (C), Lv-Jun 

(D-E), Lv-Frp (F), and Lv-Otop (G). All embryos are oriented with anterior upward 

except C2 and E1-2 shown in vegetal views. See also Fig. 2.9. 
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Figure 2.4. EtOH-mediated defects do not arise via reduction in retinoic acid. A. 

EtOH metabolism results in reduced RA synthesis via acetaldehyde-mediated inhibition 
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of RALDH (blue). Fomepizole inhibits ADH and thereby reduces acetaldehyde 

production from EtOH (red). B-C. Skeletons (birefringence, upper panels) and 

morphology (DIC, lower panels) are shown at 48 hpf for embryos subjected to treatments 

with 5 µM Retinol (R) or Retinoic Acid (RA) with or without EtOH (E), or with EtOH 

(E) and Fomepizole (F) at 20 µM or 100 µM. D. The fraction of perturbed embryos is 

plotted for the indicated treatments; n ≥ 100 per condition. ADH, alcohol dehydrogenase; 

ALDH2, Aldehyde dehydrogenase; ASW, artificial sea water; F, fomepizole; R, retinol; 

RA, retinoic acid; RDH, retinol dehydrogenase; RALDH, retinaldehyde dehydrogenase. 

See also Fig. 2.10.  
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Figure 2.5. Inhibition of Hh signaling partially rescues the EtOH phenotype. 

A. Skeletal birefringence and morphology (DIC, inset) are shown at 48 hpf for embryos 

treated with cyclopamine (cyc, 0.2 µM) or with SAG (0.3 µM) with or without EtOH (E). 

B. The fraction of normal and perturbed embryo is plotted for the indicated conditions as 

the average ± s.e.m.; n ≥ 150 per condition; * p < 0.05; n.s., not significant (t test). Mild 

perturbations are illustrated by panels A5 and A6. See also Fig. 2.11. 



 

57 

 
Figure 2.6. EtOH treatment results in disrupted temporal synchrony.  
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A. Broad categories for the top 20 GO terms enriched or depleted in EtOH-treated 

embryos compared to time-matched controls are shown; their relative percentages are 

indicated. B. 2-D principal component analysis (PCA) compares control and EtOH-

treated replicates. C. The effects of EtOH on the expression of 49 GRN genes at three 

time points is shown by their distribution into late/reduced, early/elevated, and unaffected 

bins; percentages are indicated. D. An overview of the sea urchin specification GRN 

model is separated vertically into major tissues, and horizontally by time, with genes 

positioned according to their onset of expression (adapted from Hogan 2020). Colored 

nodes indicate late or reduced genes (red), early or elevated genes (green), and unaffected 

genes (blue). Plausible circuit connections are indicated as thick, transparent edges. E. 

The expression levels of genes encoding known patterning cues in control and EtOH-

treated embryos at 15, 18, 21 hpf are shown as the average ± s.e.m. with values scaled to 

the maximum expression level for each gene. See also Fig. 2.12-2.13.  
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Figure 2.7. EtOH is most effective between 5-22 hpf. A. A schematic of the 

developmental time course for sea urchin embryos (top), and the temporal treatment 

regimen (bottom). B. Skeletal birefringence and DIC morphology (inset) are shown at 48 

hpf for controls (C) and embryos treated with EtOH (E) during the indicated intervals. C. 

Skeletal patterning defects were scored for the indicated groups of EtOH-treated 

embryos, comparing defects with variable times of EtOH addition (C1) or removal (C2); 

n ≥ 30 per condition. See also Fig. 2.1. Panel A was adapted from Hogan et al. 2020. 
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Figure 2.8. EtOH does not perturb ectodermal DV specification or neural 

patterning. A-B Ciliary band (CB, A) and synB- (red) and ser- (green) positive neurons 

(B) were immunolabeled in controls (1) and EtOH-treated (2) embryos at pluteus stage 

(48 hpf) and are shown at 100x magnification to capture their complete morphology. 

Corresponding phase-contrast images are inset. See also Fig. 2.2. 
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Figure 2.9. EtOH exposure delays the normal spatial expression of Hh, Wnt, and 

Jun. Embryos were collected at indicated time points then subjected to fluorescence in 

situ hybridization for Lv-Hh (A-B), Lv-Wnt5 (C-D), and Lv-Jun (E-F), (red) along with 

immunolabeling for the PMCs (green). Embryos are shown with anterior oriented 

upward, except A5, B4, B5, C5, E5, and F5, shown with ventral upward, and F2, in a 

vegetal view. See also Fig. 2.3. 
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Figure 2.10. While acetaldehyde (Ace.) treatment results in skeletal patterning 

defects, neither retinol (R) or retinoic acid (RA) is sufficient to rescue EtOH. A.-C. 

Representative morphology (DIC, 1), skeletal birefringence (2) and PMC 
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immunolabeling are shown at 48 hpf (A, B) or at the indicated time points (C) for control 

(C, A), EtOH- (E, B, 369 mM), and acetaldehyde- (Ace, C, 891 µM) treated embryos. D. 

Skeletal birefringence (upper panels) and corresponding morphology (DIC, lower panels) 

is shown at 48 hpf for embryos treated with EtOH (E) and either retinol (R) at 1 µM (D2) 

or 10 µM (D3), or retinoic acid (RA) at 1 µM (D4) or 5 µM (D5) E. Skeletal patterning 

defects were scored for embryos treated with EtOH or acetaldehyde, including element 

losses (see Fig. 1A for abbreviations), spurious elements (spur), midline defects (mid) 

and rotational defects (AP, DV, and LR; see Fig. 1A–B), and are plotted as the 

percentage of embryos exhibiting the indicated effect; n > 60. F. Acetaldehyde assays 

confirm the effectiveness of the ADH inhibitor fomepizole (Fom, 100 µM) in sea urchin 

embryos. The density of embryos for each sample was 1000 embryos/ml. See also Fig. 

2.4. 
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Figure 2.11. The rescue of the EtOH phenotype by Hh pathway inhibition is most 

effective at low doses. A. The fraction of skeletal patterning defects is shown for the 

combinations of EtOH and cyclopamine or SAG at the indicated doses as the average ± 

s.e.m; n = 150 per condition. See also Figure 2.5. 
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Figure 2.12. GO term analysis show metabolism and signaling are the most affected 

in EtOH samples. A. Volcano plots show significant DE genes (red) between EtOH and 

control transcriptomes at each sequenced time point. B. The top 20 enriched (B1) or 

depleted (B2) GO terms, binned into broad categories, are shown for the indicated time-

matched or heterochronic comparisons of EtOH to controls. See also Figure 2.6.   

  



 

66 

 

Figure 2.13. EtOH-treated embryos exhibit temporally disrupted gene expression. 

GRN genes whose expression is either early or elevated (A), late or reduced (B), or 
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unaffected (C) by EtOH treatment are shown as the average ± s.e.m. with expression 

scaled to the maximum expression level for each gene. The early/elevated group is 

divided into ectodermal (A1) and endomesodermal (A2) genes. The germ layer in which 

each gene is expressed is indicated. See also Figure 2.6.   
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CHAPTER THREE: Discussion and Future Directions 

3.1 Summary of findings 

This thesis aims to provide a molecular fingerprint for the effects of EtOH during sea 

urchin development that explain its mechanism of action regarding its perturbation of 

normal skeletal patterning. The sea urchin embryo offers a model for embryonic 

patterning that is comparatively simple, and significant work has been done to understand 

the molecular regulation of larval skeletal patterning in this model. In particular, several 

transcription factors and signaling ligands have been identified that are required for PMC 

positioning and biomineralization (Adomako-Ankomah and Ettensohn, 2013; Armstrong 

and McClay, 1994; Duloquin et al., 2007; McIntyre et al., 2013; Piacentino et al., 2016a, 

2016b, 2015; Walton et al., 2009).  

Our results are consistent with a complex, multi-pathway mechanism for ethanol-

mediated larval skeletal perturbation. Skeletal patterning defects were observed that 

could be considered analogous to the facial perturbations that arise in FASD, particularly 

since many of the skeletal elements support and surround the larval mouth (Piacentino et 

al., 2016a, 2016b, 2015). Interestingly, the absence of distinct neural patterning defects or 

losses in EtOH-treated sea urchin embryos suggests that the neural developmental 

vulnerability to EtOH is a vertebrate novelty. In contrast, the impact of EtOH on skeletal 

patterning is more deeply conserved among deuterostomes. 

We tested whether the effects of EtOH on the RA signaling pathway is conserved 

between vertebrates and sea urchins. In vertebrates, metabolites of EtOH suppress the 

production of RA, and exogenous RA is sufficient to rescue EtOH-mediated teratogenesis 
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(Marrs et al., 2010). Although both EtOH and its metabolite acetaldehyde each suffice to 

produce similar skeletal patterning defects in sea urchin embryos, inhibition of 

acetaldehyde production, via pharmacological ADH inhibition, was functionally 

irrelevant for skeletal patterning in this model. Similarly, treatment with retinol or RA 

was insufficient to rescue EtOH-mediated skeletal patterning defects in sea urchin 

embryos. Together, these results indicate that the inhibition of RA by increased levels of 

acetaldehyde is not responsible for skeletal patterning defects induced by EtOH in sea 

urchin larvae.  

We also tested the conservation of the role of Shh signaling downstream from EtOH 

by attempting to rescue the EtOH phenotype by pharmacological activation or inhibition 

of the Hh pathway. Our results show that the inhibition of this pathway provided a 

modest but statistically significant rescue, while the activation did not. Because the 

rescue was quite mild, we conclude that Hh is not a major component of the response to 

EtOH in sea urchins. 

One of the most striking defects in EtOH-treated embryos is a three-hour 

morphological delay in development. This delay was also seen in the spatial expression 

pattern of some genes that encode skeletal patterning or differentiation cues, such as 

Wnt5 and Hh, as well as for some PMC subset genes, such as Jun. From temporal 

transcriptome sequencing, we found that the set of known specification genes exhibits 

both early and late expression within each embryonic tissue. These results suggest that 

the EtOH-induced phenotype arises from temporal discontinuities both within and 

between the instructive ectoderm and endoderm tissues and the responsive PMCs, 
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reflecting an overall loss of temporal synchronization across the embryo. General 

desynchronization might also explain why our attempts to rescue the EtOH phenotype 

have met with only limited success in the case of Hh, and none in the case of RA, since 

our model suggests a more complex cause for the EtOH-mediated defects than a simple 

loss or gain of a signal or set of signals. 

3.2 Discussion and future directions 

The apparent discrepancy between our findings that acetaldehyde is sufficient to 

induce skeletal patterning defects, yet the inhibition of RA synthesis is not responsible for 

EtOH-perturbations in sea urchin embryos, led us to hypothesize that there is an 

alternative explanation for these results.  In metabolizing ethanol to acetate, two moles of 

reduced NADH are generated per mole of ethanol oxidized (You and Arteel, 2019). Thus, 

ethanol exposure leads to an increase in the NADH: NAD+ ratio within the cell, favoring 

the inhibition of mitochondrial β-oxidation (Ontko, 1973). Thus, EtOH and acetaldehyde 

might each inhibit ß-oxidation, which could in turn be responsible for mediating 

patterning defects. If true, this could account for the phenotypes induced by acetaldehyde 

that do not depend on RA. Since the role of mitochondrial ß-oxidation has not previously 

been explored in sea urchin embryos, this is a potential area for further study. 

As described above, the RNA-seq analysis revealed temporal discrepancies 

throughout the specification GRN for sea urchin embryos, reflecting an overall loss of 

synchronization across the embryo. Testing this model for EtOH-mediated teratogenesis 

presents a challenge both for sufficiency tests, since imposing similar temporal 

disruptions would be experimentally challenging given the large number of genes 
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involved, and for requirement tests, since an approach for mediating a rescue of broad 

and variable temporal disruption is unclear. Future studies that focus on understanding 

how patterning cues are integrated into the GRN and whether these circuits can be 

manipulated could provide avenues for testing the mechanism. Single cell RNA-seq 

experiments that compare control and EtOH-treated embryos over time would also 

provide valuable insights into the complexity of the ectodermal and endodermal sources 

of patterning cues and could similarly provide avenues for nuanced experimental 

manipulation of the system. Finally, multi-omics studies that compare control and EtOH-

treated embryonic proteomes, phospho-proteomes, and metabolomes over the range of 

time points would systematically define the post-translational and metabolic targets of 

EtOH. Validation and testing of candidate genes and pathways thereby identified would 

significantly contribute to determining the complex mechanism that underlies EtOH-

induced teratogenesis in sea urchin embryos. 

3.3 Conclusions 

In this thesis, we used cellular, molecular, and systems-level approaches to 

understand the molecular mechanism of action for EtOH-mediated patterning defects in 

sea urchin embryos. Sea urchin development is an intricate, signal-dependent process 

whose large number of regulatory inputs seem to fall out of synchrony during EtOH 

exposure, leading to developmental patterning defects. Given the biomedical importance 

of fetal alcohol syndrome disorders in humans, it will be of significant interest to 

determine whether similar EtOH-mediated temporal disruptions are conserved in other 

vertebrates and in mammals.  
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Figure 3.1. A model for EtOH-mediated developmental perturbations in sea urchin 

embryos. In this model, the major effect of EtOH exposure is a temporally disrupted 

gene regulatory network (GRN) whose asynchrony leads to perturbations in skeletal 

patterning. Hh signaling makes a minor contribution to the EtOH phenotype and may be 

partially upstream from the impacts of EtOH on the GRN, while RA signaling 

surprisingly does not contribute. 
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APPENDIX 

A.1 Measuring Voltage and Ion Concentration in Live Embryos 

This work has been published in Elsevier as:  

Rodriguez-Sastre, N., Thomas, C. F., & Bradham, C. A. (2019). Measuring voltage and ion 

concentrations in live embryos. In Methods in Cell Biology (Vol. 151, pp. 459–472). Academic 

Press Inc. https://doi.org/10.1016/bs.mcb.2019.01.007 

A.1.1 Abstract 

Homeostasis of charged particles in biological systems is fundamental for life. 

Indeed, the efficient synthesis of ATP is predicated on an electrochemical gradient. Ion 

pumps and channels act as conduits that regulate membrane potential by controlling ion 

flux. This phenomenon is critical for the generation of action potentials in excitable cells 

such as neurons and muscle fibers, and for acidification of lysosomes in all cells. 

However, the production of action potentials or pH differentials is merely one facet of 

bioelectricity. Increasing evidence has shown that ion channels and pumps also play 

critical roles in other cellular processes: cell cycle regulation, wound healing, 

regeneration, and symmetry breaking during development. In recent years, the functional 

roles of ion channels have been explored in echinoderm development. The application of 

fluorescence-based ion and voltage sensitive dyes allows for measurements of ion 

concentrations with both spatial and temporal resolution. In this chapter, we describe the 

use of such dyes for interrogating and visualizing ion and voltage gradients in sea urchin 

embryos.   
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A.1.2 Introduction 

The membrane potential of a cell describes the difference in electrical potential 

between the inside and outside of the cell. Resting cells maintain a dynamic ionic 

equilibrium by balancing the electrochemical forces that drive ions into or out of the cell 

(Sundelacruz et al., 2009). Ions are unable to move freely across the membrane due to the 

hydrophobic nature of the lipid bilayer. Thus, the passage of ions is controlled by 

transmembrane proteins known as ion channels and pumps (Rasband et al. 2010).  

Cells generally have a resting potential of -70 mV, meaning that the cytosol is 

negatively charged compared to the external solution. This electrical potential, which is 

negative inside the cell compared to the outside, is created by actively pumping ions 

across the membrane (Reid and Zhao, 2014). When the cell undergoes a change in charge 

distributions, making it less negative (more positive) compared to the external solution, 

the cell is depolarized (Figure 1). The cell is hyperpolarized when the membrane 

potential becomes more negative internally. Neuronal action potentials involve a rapid 

depolarization followed by a restorative hyperpolarization. All cells, excitable or 

otherwise, exhibit a membrane potential. In some cases, membrane potential dynamics on 

a smaller, slower scale occur in cells that are not classically considered to be excitable, 

and, interestingly, functional studies show that bioelectrical changes are required for 

wound healing, regeneration, and left-right axis specification during embryonic 

development. 

A.1.2.1 Ion flux during development 

Studies of ion and voltage gradients have revealed a regulatory role for membrane 
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potential in cell cycle control. For example, hyperpolarization arrests the cell cycle in 

vascular endothelial cells (Wang et al., 2003), while ENaC Na+ channel overexpression 

induces proliferation in the mouse colonic epithelium (Canady et al., 1990; Orr et al., 

1972; Wilson and Chiu, 1993). 

Researchers have used cornea and skin as wound-healing models to demonstrate 

that these tissues exhibit an endogenous transepithelial electrical field. When wounded, 

the wound edges in skin short-circuit the field, and produce an outward current, measured 

at 4 µAmps/cm2 (Zhao et al., 2006). The wounded cornea similarly generates an electric 

field that, in turn, directs nerve growth and the rate of epithelial wound healing closure 

(Reid and Zhao, 2014; Song et al., 2004). The change in ion currents after wounding 

suggests that electrical changes are an active response to injury (Vieira et al., 2011). In 

wounded cornea endothelial monolayers, membrane potential depolarization occurs at the 

leading edge of wounds and gradually extends inward toward the neighboring cells 

(Chifflet et al., 2005). Similar gradients of membrane potential are observed in wounded 

skin monolayers. Artificially reversing the endogenous current in wound edges causes 

them to separate rather than merge (Zhao et al., 2006).  

Studies with ion channel inhibitors have revealed the importance of their 

functional requirements during regeneration. For example, H+/K+-ATPase activity is 

required for limb regeneration in frogs, which depends on depolarization of the blastema, 

and for anterior gene expression and head formation during anterior regeneration in 

Planaria, in which depolarization suffices to drive anterior regeneration (Beane et al., 

2011; Luxardi et al., 2014). The H+/K+-ATPase is a pump that exports protons in 
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exchange for imported potassium ions. Interestingly, H+ flux driven by the V-ATPase 

pump is similarly required for tail regeneration in Xenopus tadpoles (Adams et al., 2007). 

The V-ATPase also pumps protons out of the cell or into vesicles, but at the expense of 

ATP rather than in exchange for Na+. The specific role and mechanism for differential 

potential in regeneration remains unclear; however, it seems likely that potential changes 

in the blastema may promote local proliferation as a prerequisite for the regenerative 

response. 

Bioelectrical signals are also essential in establishing the left-right body axis 

during embryonic development (Yost, 2001). In chick and frog models, LR asymmetry 

determination depends on the early differential ion flux created by H+/K+-ATPase 

activity (Levin et al., 2002). The asymmetric expression of H+/K+-ATPase on the right 

but not the left side of the primitive streak and developing node maintains a left-right 

gradient of cell membrane potential in chick embryos that is required for the directed 

transport of left-specifying Nodal proteins (Levin et al., 2002; Soukup et al., 2015). 

A.1.2.2 Events immediately following fertilization are regulated by Na+ and Ca2+ 

Numerous events involving ion channel activity occur following fertilization. 

Prior to fertilization, the sea urchin egg is in an inactive state during which protein 

synthesis is decreased and DNA synthesis is suspended (Johnson et al., 1976; Steinhardt 

and Epel, 1974). Upon fertilization, the egg undergoes several critical events that both 

block polyspermy and render the egg metabolically active. First, the fast block to 

polyspermy occurs in which the electric potential of the egg cell membrane is increased 

from -70 mV to about +20 mV (Longo et al., 1986). This change in membrane potential 
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is mediated by Na+ influx into the egg (Shen and Steinhardt, 1978). Next, the slow block 

to polyspermy occurs during which the exocytosis of cortical granules promotes the 

elevation of the fertilization envelope. This slow block is mediated by a dramatic increase 

in cytosolic Ca2+ from the endoplasmic reticulum, which initiates the fusion of the 

cortical granules to the egg cell membrane (Mazia, 1937). In addition to mediating the 

slow block to polyspermy, Ca2+ flux initiates the first phase of egg activation by 

activating translation (Grainger and Winkler, 1987; Steinhardt and Epel, 1974). The 

second phase of activation requires an increase in intracellular pH and is mediated by a 

second influx of Na+ (Johnson et al., 1976). Endogenous Na+/H+ antiporters on the egg 

cell membrane exchange H+ for Na+ (Michael and Walt, 1999; Nishioka and McGwin, 

1980). This efflux of H+ results in the alkalization of the egg (Michael and Walt, 1999; 

Shen and Steinhardt, 1978). Thus, the concerted movements of calcium, sodium, and 

hydrogen ions tightly control the earliest stages of development in the sea urchin embryo. 

A.1.2.3 Dorsal-ventral (DV) and Left-Right (LR) specification are regulated by 

H+/K+ ATPase activity and Ca2+ 

Calcium ions are potent regulators of both the DV and LR axes in sea urchin embryos 

(Akasaka et al., 1997; Hibino et al., 2006). Inducing a global increase of cytosolic Ca2+ 

abolishes the ectodermal DV axis (Akasaka et al., 1997; Hibino et al., 2006), while 

treatment with Ni2+ ventralizes the ectoderm (Hardin et al., 1992), an effect likely due to 

inhibition of calcium channels. Globally increasing Ca2+ perturbs the LR axis and 

dysregulates both LR specific gene expression and placement of the adult rudiment 

(Hibino et al, 2006). Similarly, inhibiting H+/K+ ATPase disrupts both the normal 
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expression patterns of LR asymmetric genes and placement of the adult rudiment (Hibino 

et al, 2006). Furthermore, immunohistochemistry revealed an asymmetric distribution of 

H+/K+ ATPase antigens in the cleavage-stage embryo, consistent with this channel 

playing a role in LR symmetry breaking (Hibino et al, 2006). 

A.1.2.4 Biomineralization is dependent on ion flux 

Sea urchin larvae possess a calcite endoskeleton made up of both calcium 

carbonate and numerous embedded proteins (Killian and Wilt, 2008). The calcium 

carbonate is first accumulated within PMC vesicles as amorphous calcium carbonate 

(ACC) (Beniash et al., 1997). The vesicles are then trafficked to the PMC membrane and 

the accumulated ACC is deposited onto the growing skeleton. The formula for the 

formation of ACC is:  

Ca2+ + CO2 + H2O ➔ CaCO3 + 2H+ 

Because the generation of ACC and H+ occur concomitantly, intracellular pH 

(pHi) regulation and calcification are inherently linked. PMCs possess pHi regulatory 

mechanisms that allow for skeletogenesis even in acidified extracellular media (Stumpp 

et al., 2012). This regulatory machinery is dependent on the presence of both Na+ and 

HCO3- (Stumpp et al., 2012). ACC precipitation also requires H+/K+ ATPase activity 

(Schatzberg et al., 2015). Inhibition of H+/K+ ATPase initially perturbs H+ 

concentration, but later results in compensatory changes to both Cl- and Na+ levels 

within PMCs while H+ levels normalize; H+/K+ ATPase activity is required for ACC 

precipitation and biomineralization, with an impact on Na+- or Cl--mediated carbonate 

transport implicated as the most probable cause (Schatzberg et al., 2015). Altogether, 
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these studies highlight the importance of ionic flux during sea urchin embryonic 

development. 

A.1.3 Voltage sensitive dyes 

Neurons communicate electrically and therefore scientist have relied on 

measuring their membrane potential to understand how this is happening. Traditionally, 

microelectrodes have been used; however, this comes with a disadvantage of being 

mechanically invasive, lacking in reproducibility, and resulting in high mortality (Mazari 

et al., 2014; Peterka et al., 2011). This drove scientists to find other noninvasive methods 

to measure voltage in developing embryos. For example, in 1976, Neher and Sakman 

developed the patch clamp techniques used to study ion-channel activities in cells; patch 

clamps can have the resolution of a single channel (Conforti, 2012). However, path 

clamps perform poorly on ciliated cells since the cilia disrupt the seal between the patch 

clamp and the cell membrane. 

Another technique for measuring voltage is the usage of fluorescent dyes. 

Voltage-sensitive dyes, in particular small molecule fluorophores, provide rapid and 

accurate measurements of membrane potential dynamics. The dyes can be divided into 

two classes, fast and slow response dyes. Fast dyes (i.e., electrochromic dyes) provide a 

rapid response rate but low sensitivity, which makes them ideal for monitoring rapid 

voltage changes such as action potentials. Slow dyes are often based on voltage-

dependent accumulation or redistribution and can display much larger changes in 

fluorescence and are thus more sensitive (Miller, 2016), appropriate for measuring lower 

amplitude, longer duration voltage changes that occur in non-neuronal cell types. For the 
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purpose of this chapter, we will focus on the slow response dyes, since they provide a 

better measurement of the differences in membrane potential in developing embryos. 

A.1.4 Methods 

A.1.4.1 DiBAC4/DiSBAC4:   

Bis-(1,3-dibutylbarbituric acid)trimethine oxonol or DiBAC4(3) (DiBAC) was identified 

as a slow-response probe that presents a moderate sensitivity towards membrane 

potential. Bis-(1,3-diethylthiobarbituric acid)trimethine oxonol or DiSBAC2(3) 

(DiSBAC) is a related oxonal dye with similar voltage-response properties. Both oxonal 

dyes are small, negatively charge fluorophores that preferentially enters depolarized cells; 

their fluorescence also increases in response to depolarization (Epps et al., 1994; Wolff et 

al., 2003). DiBAC4(3) produces green fluorescence (excitation maxima at 490 nm and 

emission maxima of 516 nm), while DiSBAC4(3) produces red fluorescence (excitation 

maxima at 535 nm and emission maxima of 560 nm).  

Preparation and application of DiBAC4/DiSBAC4:  

1. 0.5-1 mg/ml stock solutions of DiBAC4(3) (DiBAC) and DiSBAC4(3) (DiSBAC) are 

convenient, and DMSO is a common solvent. 

a. For sea urchin embryos, 0.5 µg/ml is a useful working concentration.  

2. Prior to each experiment, prepare an adequate volume of 2x DiBAC or DiSBAC in sea 

water, and store in the dark. 

3. Load embryos with DiBAC or DiSBAC by combining one volume of embryos with 

one volume of DiBAC or DiSBAC. 
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i. If embryos are drug-treated, include the drug in the 2x working dye 

solution.  

a. Incubate 1 hour at room temperature in the dark. Embryos can be held in a 

drawer or covered with foil, for example. 

4. Wash embryos in sea water, then mount and image the embryos using confocal 

microscopy.  

a. In our hands, DiBAC and DiSBAC quench rapidly; we typically collect only a 

single high-resolution slice per embryo, after determining the optimal focal plane 

using fast scanning. 

b. For quantitative comparisons, it is important to maintain the same image 

capture settings for each embryo.  

c. Mount live embryos on a slide in physiological buffer with some air bubbles, 

apply coverslip, and seal (i.e., use VALAP) to prevent the sample from drying 

out. 

d. VALAP is 1:1:1 vaseline, lanolin, and paraffin. Melt to combine, then aliquot 

into screw cap jars. Melt on heat block to use and apply a swab or toothpick to 

seal cover slip.  

e. Mounting fewer embryos is preferred so that oxygen demands are not 

exceeded. 

A.1.4.2 Fluorescent Cl- ion reporters 

MEQ-AM: MEQ [6-Methoxy-N-ethylquinolinium iodide] is a chloride ion-sensitive 

fluorescent dye that provides a reliable method to measure changes in chloride ion 
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concentration (Wolff et al., 2003). MEQ-AM is modified with an Acetoxymethyl (AM) 

moiety to improve its membrane permeability; the AM group is removed by esterase in 

the cytosol, which promotes its cytoplasmic retention. Unlike other ion-sensitive dyes, Cl- 

quenches MEQ fluorescence; thus, MEQ fluorescence is inversely proportional to Cl- 

concentration. 

Preparation and application of MEQ-AM 

1. Make stock DMSO aliquots. 

i. Make single use aliquots of MEQ-AM in DMSO at ~250 mM store at 

-20°C. 

ii. Dilute MEQ AM prepared in DMSO to 5 mM with sea water (10X 

working stock). Load embryos by combining 1 volume of 5 mM MEQ 

AM with 9 volumes of embryos.  

iii. Incubate for 1-2 hours at physiological temperature in the dark. 

2. Mount and image using a confocal microscope, using the FITC channel (excitation 

maxima at 390 nm and emission maxima of 440nm)  

i. Image using the same approach as described above for DiBAC (Step 

4). 

A.1.4.3 Fluorescent Na+ ion reporters 

CoroNa Green, AM: CoroNa acetoxymethyl ester is a member of a class of cation-

sensitive fluorescent indicators based on benzoannelated crown systems (Martin et al., 

2005). It is a derivative of CoroNa, with the significant addition of an acetoxymethyl 

ester group, which facilitates its uptake and retention in cells. Upon entering the cell, 
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intracellular esterases catalyze the cleavage the acetate moiety rendering the probe 

sensitive to sodium ions, as well as membrane-impermeant. CoroNa AM is maximally 

excited at 492 nm and emits at 516 nm. As a consequence of its relatively large Kd (~80 

mM), CoroNa AM is particularly well suited to measuring large changes in sodium ion 

concentrations. Measurements can be taken using any instrument that possesses the 

optical filter sets designed for detection of fluorescein (FITC) or AlexaFluor 488. In situ 

calibration can be carried out by exposing CoroNa AM loaded cells to 2-10 μM 

gramicidin, a sodium ion ionophore, in solutions of known sodium ion concentrations 

(Amorino and Fox, 1995; Harootunian et al., 1989; Negulescu and Machen, 1990).  

Preparation of concentrated CoroNa AM stock solutions: 

● Dry stocks of CoroNa AM should be stored at -20°C. 

● Before opening each stock, bring to room temperature in the dark to prevent 

hygroscopy. 

● Prepare 5 mM (1000x) stocks with anhydrous DMSO. 

● Store single-use aliquots (e.g., 2 μl) of the 5 mM stock at -20°C in the dark 

Loading embryos with CoroNa AM: 

● The working dilution range suggested by the manufacturers is 0.5 – 10 μM. 

o This serves only as a suggestion and may require optimization for the 

model of interest. 

● Treat embryos with an appropriate dose of CoroNa AM, then incubate for 60 

minutes at a physiologically appropriate temperature in the dark. 

● Wash the loaded embryos with the appropriate physiological buffer. 
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o If embryos are being treated with a pharmacological inhibitor or other 

reagent, maintain the concentration of that reagent throughout the 

staining, washing, and imaging steps. 

Imaging CoroNa-loaded embryos: 

1. Image using the same approach as described above for DiBAC (Step 4). 

A.1.4.4 Fluorescent pH reporters 

SNARF:  Fluorescence-based methods can also be used to measure changes in pH. 5-

(and-6)-carboxy SNARF-1 acetoxymethyl ester, acetate (SNARF-1 AM) is a pH-

sensitive fluorescent reporter. SNARF-1 AM is a dual-emission probe, with excitation at 

between 488 nm and 530 nm and emission at 580 nm and 640 nm. This reporter is 

ratiometric; therefore, the relative pH is measured as the ratio of the emissions. This 

ratiometric property eliminates multiple fluorescence measurement artifacts: 

photobleaching, cell thickness, instrument stability, leakage, and non-uniform loading of 

the dye. In situ calibration can be carried out by exposing SNARF-1 AM loaded cells to 

10-50 μM nigericin, a H+/K+ ionophore, in the presence of 100 – 150 mM K+ and 

solutions of known pH (Negulescu and Machen, 1990; Owen, 1992). 

Preparation of concentrated SNARF-1 stock solutions: 

● Dry stocks of SNARF-1 AM acetate should be stored at -20°C.  

● Before opening each stock, bring to room temperature in the dark to prevent 

hygroscopy.  

● Prepare ~5 mM (1000x) stocks with anhydrous DMSO. 

● Store single-use aliquots (e.g., 2 μl) of the 5 mM stock at -20°C in the dark. 
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Loading embryos with SNARF-1: 

● The working dilution range cited by the manufacturers is 1 – 20 μM. 

o This serves only as a suggestion and may require optimization for the 

model of interest. 

● Treat embryos with an appropriate dose of SNARF-1 AM, then incubate for 

30 minutes at a physiologically appropriate temperature in the dark. 

● Wash the loaded embryos with the appropriate physiological buffer. 

o If embryos are being treated with a pharmacological inhibitor or other 

reagent, maintain the concentration of that reagent throughout the 

staining, washing, and imaging steps. 

Imaging SNARF-1 AM loaded embryos: 

2. Image using the same approach as described above for DiBAC (Step 4). 

● Excite the dye at either 488 nm or 514 nm and use settings appropriate for the 

detection of ~580 nm and ~640 nm. 

A.1.5 Data Analysis 

For qualitative analysis of raw data for DiBAC4/DiSBAC4, CoroNA Green, MEQ, 

and SNARF ratio images, use image editing software e.g., Fiji, Canvas, or Photoshop to 

pseudocolor the images. Differences in the signal can be better visualized with 

pseudocoloring; a look-up table (LUT) can be applied using an image editor. Our in-

house rainbow LUT (Canvas) is shown in Figure 4. First, convert the images to 

grayscale. Prior to pseudocoloring, brightness and contrast may be adjusted; such 

adjustments should be applied uniformly across each image and to all the images in a 
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given dataset. In our hands, these adjustments are performed primarily to darken the 

background. In addition, Gaussian blur filters may be applied to smooth images that are 

overly pixelated. Again, such filters must be applied uniformly across each image and 

across the dataset.  

For quantitative analysis, image editing software (Fiji, Canvas, Photoshop, 

MATLAB) can be used to manually draw regions of interest (ROIs) within the image. 

We typically draw rectangular ROIs smaller than individual cells and produce numerous 

such ROIs around the circumference of the embryonic ectoderm, within the endoderm, 

and within the mesodermal populations (depending on the age of the embryo), within the 

blastocoel, and outside the embryo in the background. For each ROI, a spreadsheet is 

generated with the fluorescence intensity within each ROI as well as the area of the ROI. 

Fluorescence per pixel can thus be calculated (fluorescence per unit area). We typically 

subtract the fluorescence in the background (averaged from several background ROIs) to 

produce the net fluorescence for each ROI, then make comparisons between different 

regions of the embryo. 
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Fig A.1. A chart depicting membrane potential measured over time. A typical action 

potential of high amplitude and short duration (blue) is compared with a typical 

bioelectrical signature (red), which is lower amplitude and longer duration than an action 

potential. The bioelectrical potential here is shown as a hyperpolarization for clarity; it is 

as likely to instead be a depolarization event. 
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Fig. A.2. Structures of the indicated voltage- and ion-sensing dyes described in this 

Chapter. 
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Fig. A.3. Examples of control embryos at mesenchyme blastula stage, imaged for 

voltage potential (A, DiBAC), protons (B, SNARF), sodium ions (C, CoroNa), or 

chloride ions (D, MEQ). Each image is pseudocolored using the inset look-up table. For 

DiBAC, red corresponds to depolarization, while blue corresponds to hyperpolarization. 

For SNARF, red is alkaline, and blue is acid. For CoroNa, red reflects the highest sodium 

ion levels, while for MEQ, red reflects the lowest chloride ion levels. 

 

Adapted from Schatzberg, D., Lawton, M., Hadyniak, S. E., Ross, E. J., Carney, T., 

Beane, W.S., et al. (2015). H+/K+ ATPase activity is required for biomineralization in 

sea urchin embryos. Developmental Biology, 

406, 259–270. 
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