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Summary

A fundamental challenge in developmental biology is to understand how forces produced by 

individual cells are patterned in space and time and then integrated to produce stereotyped changes 

in tissue- or embryo-level morphology. Ascidians offer a unique opportunity to address this 

challenge by studying how small groups of cells collectively execute complex, but highly 

stereotyped morphogenetic movements. Here we highlight recent progress and open questions in 

the study of ascidian morphogenesis, emphasizing the dynamic interplay of cell fate 

determination, cellular force generation and tissue-level mechanics.

Introduction

Embryos are shaped and remodeled by the collective actions of individual cells that change 

shape, divide, move and die. A fundamental challenge in developmental biology is to 

understand how the forces that drive these individual behaviors are produced locally, how 

they are patterned in space and time, and how they are integrated across multicellular tissues 

to produce stereotyped morphogenetic outcomes.

Ascidians are emerging as a powerful model system to study the dynamical interplay of 

patterning, force generation and morphogenesis. Ascidians develop rapidly from fertilized 

eggs into simple tadpole larvae with ~2000 cells, possessing the basic chordate body plan 

[1]. An invariant lineage [2] and highly stereotyped cleavage pattern [3] provide a unique 

opportunity to study the relationship between embryo geometry, cell division, and cell fate 

determination. The morphogenetic movements that position and shape individual larval 

tissues, are highly stereotyped, involve very few (~10-40) cells, and unfold rapidly in 

transparent (e.g. Phallusia mammillata), or semi-transparent (e.g. Ciona robusta) embryos, 

allowing direct observation in living embryos of cellular and subcellular dynamics in 

relation to tissue morphogenesis [4-8].

Here, we highlight recent progress and emerging insights in three areas: dynamic coupling 

of cell fate determination, cleavage plane position and cell geometry in pre-gastrula 

embryos, dynamics of notochord formation and the dynamics of neural tube closure after 
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gastrulation. In all three cases, we emphasize how stereotyped architecture and morphology 

emerge as a collective outcome of individual cell behaviors that are patterned by cell fate 

and orchestrated by temporal dynamics of differentiation and cell cycle control.

Dynamic coupling of cell fate, geometry, and cleavage planes in pre-

gastrula embryo.

In ascidian embryos, the major cell types are specified before the 112-cell stage through an 

invariant sequence of asymmetric cell divisions governed by internal segregation of cell fate 

determinants and/or polarizing inductive signals from neighboring cells [1,9]. This invariant 

pattern of cell fate specifications is accompanied by an equally invariant sequence of 

cleavage plane positions and orientations [3], providing a unique opportunity to study 

dynamic coupling of cell position and geometry to polarity and fate.

Until recently, studies of asymmetric cleavage in ascidians focused on three highly unequal 

cell divisions that occur at the posterior pole between the 8- and 64-cell stage. These unequal 

cleavages are directed by a subcellular structure called the centrosome-attracting body 

(CAB), which is inherited by the posterior daughter of each cleavage [(Figure 1A) 10]. The 

CAB is a subcortical domain containing putative germ plasm and rough cortical 

endoplasmic reticulum (cortical ER) that scaffolds a collection of so-called postplasmic/

posterior end mark (PEM) mRNAs [11]. The CAB forms within a region of posterior vegetal 

cytoplasm (PVC) [12], that segregates to the posterior vegetal pole after fertilization, along 

with the PEM mRNAs. Among other things, PEM mRNAs encode the muscle determinant 

MACHO-1 [13], the germline-enriched factor VASA [14], and factors such as posterior end 

mark (PEM) [15], that mediate the CAB’s ability to capture the posterior spindle pole before 

each cleavage [16]. Thus the CAB coordinates localization of maternal factors with the 

positioning of cleavage planes to ensure their proper asymmetric inheritance [10,16-18].

Recent work has begun to reveal a more comprehensive view of how cleavage planes are 

positioned in early ascidian embryos. Studies in other embryos, and in cultured cells, 

suggest that length-dependent pulling forces on astral microtubules (LDF) provide a 

“generic” mechanism for mitotic spindles to “read’ cell geometry, positioning themselves at 

the cell’s center and orienting themselves with the cell’s long axis (Figure 1A) [19]. Recent 

computational studies suggest that the spindle positions and orientations, observed up to the 

16-cell stage in ascidian embryos, can be explained by LDF plus pulling forces exerted by 

the CAB, and local inhibition of microtubule growth in vegetal yolk-rich regions (Figure 

1A) [*20]. Recent work suggests that local control of microtubule depolymerization by the 

kinesin Kif2, which colocalizes with PEM on CAB-enriched cortical ER, creates the net 

imbalance of forces on astral microtubules that pulls one centrosome towards the CAB 

[*21].

Between the 16- and 64-cell stages, mitotic spindles are further constrained to lie in the 

apical plane, likely through capture by junctional complexes, as in other epithelia [22,23]. 

But again, spindle position and orientation in the apical plane can be explained by LDF 

[*24], except for divisions controlled by the CAB [25], and a few other asymmetric cell 

divisions, where additional mechanisms align spindle position with cell polarity, either 
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synergizing with, or overriding, LDF (Figure 1B) [26,27*]. Importantly, the same rules also 

correctly predict spindle position and orientation when the shapes of embryonic cells have 

been altered by ablating the CAB or inhibiting zygotic transcription, cell adhesion or apico-

basal polarity [**20,*24].

These results highlight the important influence of cell geometry on spindle position and 

orientation, but of course spindle position and orientation also influence cell and embryo 

geometry. Computer simulations show that up to the 16-cell stage, cell geometries can be 

explained by a “generic” balance of interfacial forces (identical for all cell-cell interfaces) 

and resistance to cell compression [**20]. Beyond this stage, cells begin to exert additional 

fate-specific control over cell shape, with direct consequences for spindle position/

orientation [*24,28]. One intriguing idea is that inductive signaling could be controlled by 

tuning the size of cell-cell contacts, thus the strength of signaling through those contacts, 

relative to sharp response thresholds [29-31]. By extending and combining methods for 

accurate 3D cell shape reconstruction [29,32,33], force inference [34-36] and mapping gene 

expression dynamics [37], it should soon be possible to gain deeper insights into how cell 

shape, fate, polarity and spindle position/orientation are coupled to ensure robust 

developmental trajectories.

Polarized motility and contractility drive multiple steps of notochord 

formation.

The ascidian notochord provides a unique opportunity to understand how an entire 

morphogenetic program unfolds within a single tissue. Notochord cells are specified before 

the 112-cell stage [38]; they divide twice during gastrulation to form a monolayer plate of 40 

notochord cells (Figure 2A) [39]. Then a complex temporal program of notochord-specific 

gene expression [40,41] orchestrates a stereotyped sequence of morphogenetic events that 

transform this plate without any further cell division: first into a cylindrical rod made of 

coin-shaped cells, stacked end-to-end, then into an elongated tube with a fluid-filled lumen 

(Figure 2A) [42,43]. The majority of these events are highly conserved across species, 

although some species-specific differences have been noted, for example in the role of 

Wnt-5 in notochord specification [44-46], and in lumen formation during tubulogenesis 

[42,47].

Beginning shortly after gastrulation, the notochord plate undergoes simultaneous 

invagination, mediolateral convergence and axial extension to form a cylindrical rod of coin-

shaped cells (Figure 2B) [4,5]. Analysis of local protrusive activity within the notochord 

plate suggested that these morphogenetic movements are driven by a single underlying cell 

behavior - active crawling of individual notochord cells on their adjacent neighbors – which 

is apico-basally polarized (or otherwise constrained) to drive invagination and planar-

polarized to drive mediolateral intercalation and extension (Figure 2B) [5]. More recent 

work in other embryos, suggests that planar-polarized junction contraction and remodeling 

could also be important [48,49], although this has yet to be tested in ascidians.

Screens for notochord-enriched genes, and loss-of-function studies have identified a large 

number of factors that are required for polarized cell movements [41,50,51]. Planar 
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polarized cell motility requires members of the canonical planar cell polarity PCP pathway, 

including Prickle, Dishevelled and Wnt-5, acting cell-autonomously within the notochord 

[52-54], and FGF signaling from the neighboring neural plate [55]. Tissue isolation, ablation 

and recombination experiments suggest that additional cues from neighboring tissues act 

redundantly to align planar polarity in the notochord with respect to the embryonic anterior-

posterior AP axis [5]. Members of the classical PAR-3/PAR-6/aPKC polarity complex are 

apically localized in notochord cells during intercalation, and their loss or mis-localization 

leads to severe intercalation defects [56,57]. Basal deposition of laminin [53,56,58] and 

possibly also fibronectin [59], is essential to maintain a coherent interface between the basal 

notochord and surrounding tissue, and to constrain polarized motility into productive 

convergence and extension [53,56,58]. How apico-basal and planar polarity systems, and 

mechanical and/or biochemical inputs from neighboring tissues, bias and constrain motile 

and contractile force generation within the notochord to produce a single global axis of 

invagination and tissue extension, is now ripe for further exploration. In addition, more 

recent work has begun to reveal how stereotyped differences in notochord cell size and 

intercalation behavior, depending on lineage, initial position, PCP signaling, and regional 

differences in gene expression, feed into the core morphogenetic program to produce a 

notochord with a distinctive tapered shape [60-62].

In the second major step, known as tubulogenesis, the notochord transforms into an 

elongated tube with a central fluid-filled lumen. Detailed analysis in Ciona robusta [47] 

revealed the underlying sequence of events. Individual notochord cells first elongate along 

the AP axis, transforming from coin-shaped disks into elongated cylinders (Figure 2Ci-ii). 

As they elongate, notochord cells form apical domains centered on contacts with 

neighboring cells, and form apical lumens that expand through changes in osmotic pressure, 

driven by secretory activity (Fig 2Ciii-iv). Finally, these lumens fuse into a single central 

core, and polarized basal crawling of notochord cells drives the rearrangement of notochord 

cells into an outer layer of endothelial-like cells (Figure 2Cv).

Recent studies highlights how a dynamic interplay of cell polarity and actomyosin 

contractility controls multiple steps of this process (Figure 2C-G). First, as notochord cells 

begin to elongate, actomyosin becomes enriched on and near anterior contacts with 

neighboring cells, where it overlaps with PCP components Prickle and Strabismus [63,*64]. 

Actomyosin contractility is a well-known effector for PCP in other contexts [65], but in 

notochord cells, reciprocal interactions between actomyosin and PCP proteins are required 

to establish and maintain PCP asymmetries [63,64]. Actomyosin is also enriched in a basal 

equatorial ring of circumferentially aligned filaments, that contracts against an 

incompressible cytoplasm to drive axial cell elongation (Figure 2E) [66]. This ring is 

maintained by a continuous bidirectional flow of cortical actomyosin towards the equator, 

balanced by local disassembly, which concentrates and aligns filaments at the cell equator 

[67], as proposed originally for contractile ring assembly during cyokinesis [68], and 

documented recently in C. elegans embryos [69]. However, unlike the cytokinetic contractile 

ring, the basal contractile ring does not divide the cell into two, and it disappears before 

lumen fusion [66]. Interestingly, a precursor to the equatorial ring first forms near the 

anterior boundary of each cell, where actomyosin overlaps with PCP proteins, then relocates 

towards the cell equator (Figure 2D,E) [64,**70]. A combination of experiments and 
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mathematical modeling suggests that an increase in contractile force leads to the 

spontaneous emergence of self-amplified cortical flow away from cell-cell contacts. The 

tendency of this flow to center itself between cell-cell contacts drives relocation of the 

contractile ring from its initial anterior position, biased by planar-polarized actin assembly, 

to the equator [**70]. Thus, a generic ability of actomyosin networks to produce long-range 

self-amplifying cortical flow, can be co-opted to pattern forces that drive cell and tissue 

elongation.

Finally, a second actomyosin-based “contractile ring”, forms at the edge of the apical 

domain during lumen expansion, and constrains isotropic osmotic expansion forces to favor 

longitudinal (A-P) over circumferential lumen expansion (Figure 2F) [*71]. Contractile 

forces within the ring are controlled by both actin assembly and myosin activation, and a 

correct balance of contractile and osmotic forces is essential: too little contraction attenuates 

longitudinal expansion and fusion with neighboring lumens to form the central tube; too 

much can drive hyper-contraction and internalization of the apical domain (Figure 2F). How 

forces generated by equatorial and peri-apical contractile rings are balanced against cellular 

and luminal pressures to coordinate cell elongation and luminal growth, remains an 

interesting question for future study [67,*71].

Dynamic control of cell motility, force generation, and tissue remodeling 

during neurulation.

Like many vertebrates, ascidians transform a neural plate into an elongated tube in three 

steps: invagination, followed by medial convergence and axial extension, then meeting and 

fusion of the neural folds along the dorsal midline [72]. However, ascidians use just 80 cells, 

each with a unique identity, to make a very simple neural tube, in which a single AP row of 

cells form the floor, sides and roof respectively [73,74].

During gastrulation, local FGF/MEK/ERK, Delta/Notch and Nodal signals partition the 

neural primordium into progenitor domains that will give rise to the floor, sides and roof, 

respectively, of the axial nerve tube (Figure 3A) [75-77]}. Recent live imaging studies in 

Ciona robusta show that while all cells contribute to axial elongation of the neural 

primordium through AP oriented cell divisions, cells within each of the progenitor domains 

engage in unique behaviors to cohere while rearranging into a single AP row of cells [*78]. 

Floor plate progenitors undergo simple mediolateral intercalation, which appears to be 

driven by biased shortening of mediolateral junctions, as observed in the vertebrate neural 

plate [49]. Lateral progenitors engage in a modified intercalation behavior called “stacking” 

in which their descendants remain attached to one another and intercalate as groups into a 

single AP file (Figure 3A) [74,*78]. Finally, roof progenitors meet at the midline, establish 

new contacts (see below), and then undergo mediolateral intercalation (Figure 3A). 

Systematic perturbation of signaling during gastrulation suggests that early specification of 

floor plate and lateral fates during gastrulation by FGF and Nodal signals, respectively, is 

sufficient to ensure the autonomous expression of mediolateral intercalation and stacking 

behaviors in their descendants during neurulation. [*78]. How FGF and Nodal signaling 
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induce these distinct cell behaviors, and how cell rearrangement is constrained to occur 

within, and not across, progenitor domains, remains unclear.

In the final step of tail neural tube closure, the neural folds, consisting of adjacent rows of 

neural (roof) and epidermal precursors, meet at the midline, fuse, and undergo junctional 

rearrangements. Heterotypic Neural/Epidermal (Ne/Epi) junctions are converted to 

homotypic Neural/Neural (Ne/Ne) and Epidermal/Epidermal (Epi/Epi) junctions thus 

separating the closed neural tube from the overlying epidermis. This process proceeds in 

zipper-like fashion from posterior to anterior (Figure 3B) [74,**79]. Recent work in Ciona 
robusta, combining live imaging, laser ablations and computer simulations, reveals that 

spatiotemporal control of junctional tension by Myosin II plays a key role in driving 

zippering and neural tube closure (Figure 3B) [**79]. Active myosin is enriched on all 

Ne/Epi junctions ahead of the zipper, and reduced on newly formed Ne/Ne and Epi/Epi 

junctions behind the zipper. In addition, a wave of myosin activation just ahead of zipper 

drives rapid shortening of individual junctions to pull neural folds together and drive the 

zipper forward (Figure 3c). Computer simulations confirm that spatiotemporal regulation of 

junctional tension by myosin activity is sufficient to explain the dynamics of zipper 

progression, and also reveals the underlying design principles: First, higher levels of myosin 

activity ahead of the zipper and continuous dissipation of tissue resistance (through 

junctional rearrangements and cell shape relaxation) behind the zipper creates a tissue-level 

mechanical asymmetry that converts a sequence of local inherently symmetric junction 

contractions into unidirectional zipper progression. Second, localizing rapid “all-or-none” 

contractions just ahead of the zipper promotes highly efficient junctional exchange and local 

dissipation of tissue resistance behind the zipper, relative to a “purse string” mechanism in 

which uniformly strong contraction of the entire boundary leads to continuous shortening of 

all junctions and continuous buildup of tissue resistance (Figure 3C) [**68].

Two key questions emerge from this work: First, how is myosin activity localized to the 

Ne/Epi boundary? Second, what patterns the posterior-to-anterior (P->A) wave of strong 

contraction that propagates along this boundary? Regarding the first question, it is likely that 

local activation of Myosin II along the entire Ne/Epi boundary is controlled by differential 

expression of signaling molecules or junctional transmembrane proteins [80-85]. Regarding 

the second question, recent work has shown that a P->A gradient in S-phase length patterns 

a wave of epidermal cell divisions that initiates just after zippering, and which is tightly 

coordinated with zipper progression [*86]. In principle, a P-A gradient of cell cycle timing 

could also pattern the wave of strong myosin activation that drives the zipper forward. 

Alternatively, the wave could be propagated by extracellular signals along the Ne/Epi 

boundary [87], or by a mechanochemical relay involving tension-dependent activation 

and/or stabilization of Myosin II [88-91], or by an activating signal, produced by the zipper, 

whose range extends with the zipper as it moves. Distinguishing these possibilities in 

ascidian embryos should provide valuable clues about spatiotemporal control of contractility 

and tissue morphogenesis in many other contexts.
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Concluding remarks

Studies in ascidians are beginning to reveal some of the myriad ways in which cell fate and 

polarity are coupled to local force generation and transmission to achieve highly stereotyped 

morphogenetic outcomes. We refer the interested reader to additional exemplary work on 

spatiotemporal control of myosin activity during gastrulation [7], induced polarity, 

asymmetric division and transcriptional control of cell migration in the cardiac lineage 

[31,92-95], dynamic coordination of cell division and tissue morphogenesis during 

neurulation [*86,96], and dynamic control of cleavage plane orientation in the epidermis 

during tail elongation [97]. These, and the works covered here, highlight the wealth of 

insight to be gained through detailed analysis of cases in which a few cells collectively 

execute complex stereotyped morphogenetic transformations.
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Figure 1. Mechanisms for spindle positioning in early ascidian embryos.
(A) Up to the 16-cell stage, spindle position/orientation is governed by a mechanical balance 

of length-dependent forces (red arrows) on astral microtubules (LDAF), biased by local 

inhibition of microtubule growth in yolk-rich (yellow) regions, and additional forces 

produced by cortical polarity domains (blue cortical patch and force arrows) acting on astral 

microtubules. (B) From the 16-64 cell stage, spindles are constrained to lie in the apical 

plane. For the majority of blastomeres, spindle orientations (gray lines) are predicted by a 

mechanical balance of length-dependent astral forces, acting in the apical plane, The few 

exceptions (purple lines) are asymmetrically dividing cells (see text for details).
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Figure 2. Cytomechanical basis for notochord elongation and tubulogenesis.
(A) The notochord transforms from a set of ten precursor cells into a monolayer plate, then a 

cylindrical rod, then an elongated tube. (B) Transformation of the flat notochord plate into a 

cylindrical rod of coin-shaped cells is driven by basolateral crawling (yellow protrusions), 

which is polarized in the apico-basal plane to drive bending/invagination (curved black 

arrows) and planar polarized to drive convergent extension (straight black arrows). Modified 

from [5]). (C) Stages of notochord elongation and tubulogenesis. Schematics show a sagittal 

section along the notochord midline. Anterior is to the left. Cyan regions indicate lumen; 

apical, basal and lateral domains are shown in magenta, green and grey respectively. (D) 
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Before elongation, polarized accumulation of Myosin II (blue) and PCP proteins (green) on 

anterior lateral cell contacts is governed by their reciprocal interactions. A basal actomyosin 

ring (red filaments and blue Myosin II) forms at the anterior edge of each cell. (E) Anterior 

enrichment of Myosin II and PCP proteins persists, and a self-centering cortical flow 

positions the basal actomyosin ring at the cell equator, where it contracts to drive cell 

elongation. (F) A peri-apical actomyosin contractile ring at cell contacts counteracts osmotic 

forces to control lumen expansion. (G) Bidirectional polarized basal crawling of notochord 

cells drives fusion of individual lumens into a central core.

Hashimoto and Munro Page 15

Curr Opin Genet Dev. Author manuscript; available in PMC 2019 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Dynamic control of cell behavior and tissue remodeling during neurulation.
(A) Presumptive floor plate, lateral and roof neural cells established by FGF and Nodal 

signals during gastrulation undergo distinct modes of rearrangement to form elongated rows 

during neurulation. (B) Neural tube closes by posterior-anterior “zippering”, in which pairs 

of neural (Ne) and epidermal (Epi) cells meet at the midline, followed by junctional 

exchange in which Ne/Epi junctions (red dots) rearrange to form Ne/Ne and Epi/Epi 

junctions (green dots). (C) Cytomechanical basis for zippering: Myosin is activated along all 

Ne/Epi junctions (thin red lines) ahead of the zipper. Strong myosin activation (thick red 

lines) just ahead of zipper drives zipper advance, stretching cells (orange) behind the zipper. 

Junction exchange and cell shape relaxation dissipates resistance behind the zipper.
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