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Abstract

Microtubules (MTs) are key cellular components, long known to participate in morphogenetic events that shape

the developing embryo. However, the links between the cellular functions of MTs, their effects on cell shape and

polarity, and their role in large-scale morphogenesis remain poorly understood. Here, these relationships were

examined with respect to two strategies for generating the vertebrate neural tube: bending and closure of the

mammalian neural plate; and cavitation of the teleost neural rod. The latter process has been compared with

‘secondary’ neurulation that generates the caudal spinal cord in mammals. MTs align along the apico-basal axis of

the mammalian neuroepithelium early in neural tube closure, participating functionally in interkinetic nuclear

migration, which indirectly impacts on cell shape. Whether MTs play other functional roles in mammalian

neurulation remains unclear. In the zebrafish, MTs are important for defining the neural rod midline prior to its

cavitation, both by localizing apical proteins at the tissue midline and by orienting cell division through a mirror-

symmetric MT apparatus that helps to further define the medial localization of apical polarity proteins. Par proteins

have been implicated in centrosome positioning in neuroepithelia as well as in the control of polarized

morphogenetic movements in the neural rod. Understanding of MT functions during early nervous system

development has so far been limited, partly by techniques that fail to distinguish ‘cause’ from ‘effect’. Future

developments will likely rely on novel ways to selectively impair MT function in order to investigate the roles they play.
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Introduction

The microtubule (MT) cytoskeleton plays a key role in many

aspects of cellular function, including mitosis, centrosome

dynamics and cargo transport within cells (Hancock, 2014;

Venghateri et al. 2015; Yount et al. 2015). However, it has

long been known that MTs also participate in more large-

scale morphogenetic events that shape the developing

embryo. A model for understanding this relationship is the

well-studied process of neurulation, by which the early CNS

takes on a hollow, tubular form during vertebrate embryo-

genesis. The role of MTs in the specification of cell polarity

appears vital to this morphogenetic function, for example in

enabling lumen formation during neural tube cavitation.

Here, the experimental evidence underpinning the main cel-

lular functions of MTs in relation to two different strategies

for generating a luminal CNS primordiumwas reviewed: clo-

sure of the mammalian neural tube; and cavitation of the

teleost neural rod. In both cases, MTs play a key role in the

generation of a fully-formed neural tube, with research in

the mammalian and teleost systems highlighting different

facets of this crucial MT function.

Strategies of neurulation

Neural tube closure, or primary neurulation, is a fundamen-

tal event of early neural development that generates the

anlage of the CNS in most vertebrate classes. The early ner-

vous system arises in the dorsal midline of the embryo as

the neural plate, a thickened pseudostratified epithelium

that is a specialization of the ectodermal germ layer and

overlies the notochord in the midline and paraxial meso-

derm bilaterally. At the junction between the neural plate

and the contiguous non-neural (‘surface’) ectoderm, neural

folds form bilaterally and proceed to elevate dorsally, creat-

ing the neural groove that runs along the rostro-caudal axis

of the embryo. Following apposition of the tips of the neu-

ral folds, epithelial fusion produces a closed neural tube,

which comes to underlie the future epidermis on the dorsal
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surface of the embryo (Fig. 1a–d). This process is initiated

de novo at distinct ‘closure points’, the number and loca-

tion of which vary in different vertebrates. Closure pro-

gresses from these points in a ‘zipper-like’ manner, in both

rostro-caudal and caudo-rostral directions, depending on

the species and level of the neuraxis (Karfunkel, 1974; Copp

et al. 2003; Greene & Copp, 2014). Failure of neural tube

closure results in open neural tube defects (NTDs), such as

myelomeningocele and anencephaly, congenital malforma-

tions that in humans cause severe disability or are lethal

(Copp et al. 2013). However, despite a long-standing

research interest in neural tube closure from developmental

biologists and clinicians alike, a full mechanistic understand-

ing of the process remains to be achieved.

A variant strategy for neural tube formation is seen in tel-

eosts, such as the zebrafish. The cells of the teleost neural

plate initially form a columnar epithelium, as in other verte-

brates, then the cells converge and coalesce into a solid

mass termed the neural keel, which subsequently develops

into the neural rod, separate from the overlying epidermis.

The final neural tube is generated by cavitation of the neu-

ral rod to produce a central lumen, termed the neurocoel

(Papan & Campos-Ortega, 1994; Fig. 1e–h).

A parallel is often drawn between teleost neural tube

development and secondary neurulation, the process that

generates the caudal-most portion of the neural tube in

birds and mammals. In the latter, a neural lumen forms by

so-called ‘canalization’ within a solid neural tube precursor,

termed the ‘medullary cord’, that is located in the embry-

onic tail bud. This process is of clinical relevance, as its fail-

ure is thought to produce a range of skin-covered

‘dysraphic’ conditions in human infants, which can cause

significant morbidity resulting from terminal spinal cord

tethering and dysfunction (Copp & Greene, 2013).

Both teleost neurulation and higher vertebrate secondary

neurulation culminate in formation of a neural tube, with-

out prior neural plate bending or closure. However, signifi-

cant differences have been suggested between these two

processes: for example, the secondary neural tube of chick

and mouse embryos arises from a population of mesenchy-

mal cells in the tail bud, whereas the substrate of zebrafish

neural tube formation is epithelial (Lowery & Sive, 2004).

Having said this, experimental studies now show that

the caudal extremity of all post-gastrulation vertebrate

embryos, including fish, amphibia, birds and mammals, con-

tains a population of bi-potential neuro-mesodermal pro-

genitors, that generate both the neuroepithelium and

mesoderm of the caudal trunk region (Tzouanacou et al.

2009; Wilson et al. 2009; Kimelman & Martin, 2012; Kondoh

& Takemoto, 2012; Beck, 2015). Cells destined for a neural

fate condense in the dorsal part of the tail-bud and

undergo a mesenchyme-to-epithelium transformation

(MET), to form the trunk neural tube. In avian and mam-

malian secondary neurulation, this post-MET phase involves

establishment of epithelial cell polarity followed by lumen

formation (Schoenwolf & Powers, 1987). It remains to be
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Fig. 1 Two strategies of neurulation. (a–d) In

most vertebrates, the flat neural plate (a)

bends causing the neural folds to elevate and

approach each other in the dorsal midline (b,

c), where they fuse to form the closed neural

tube (d). (e–h) In teleosts, such as the

zebrafish, the cells of the neural plate

coalesce to form the neural keel (e, f). This

structure re-organizes into the neural rod (g)

before cavitating to form the neural tube (h).

Images are schematic transverse sections.

Blue: notochord.
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determined whether the molecular events recently identi-

fied for zebrafish neurulation, as reviewed below, will

prove applicable also to secondary neurulation, but this cer-

tainly represents an attractive challenge for future research.

Hence, although mechanistically different methods of

forming a neural tube exist among vertebrates, there are

striking parallels between the phylogenetic groups. Com-

monalities exist both in the final neural tube structure that

is achieved, in the origin of the trunk neural tube from a

population of multipotential neuromesodermal progeni-

tors, and in the cellular polarization that precedes neural

tube morphogenesis. It is these cellular events, and their

underlying molecular mechanisms, that form the subject of

the remainder of this article.

MTs

Microtubules are dynamic, polarized intracellular filaments

that are part of the cytoskeleton. They are formed by the

heterodimerization and polymerization of the globular pro-

teins a- and b-tubulin, the ‘seed’ for which is generated by

nucleation, a process that normally requires c-tubulin and

occurs at a MT-organizing centre such as the centrosome

(Kollman et al. 2011). During polymerization, the ‘minus’

end of the MT is anchored to the MT-organizing centre,

whilst the ‘plus’ end grows with the addition of a-/b-tubulin

dimers. MTs therefore have structural polarity, a feature

integral to their cellular functions (Wade, 2009). By virtue

of these processes, alongside their capacity to disassemble

by depolymerization, populations of MTs can undergo

rapid spatial re-organization (Valiron et al. 2001).

MTs in neuroepithelial cell shape change

Microtubules have long been proposed to play a role in

mediating cell shape change during neural tube closure.

Half a century ago, Perry & Waddington (1966) found that

the blastopore cells of gastrulating amphibia, which

develop a high columnar wedge-like shape, contain cyto-

plasmic MTs aligned parallel to their long axis, suggesting

that MTs might be responsible for cellular apico-basal elon-

gation (Fig. 2a, b). They tentatively suggested that these

principles might translate to the cells of the neural plate,

which undergo similar morphological changes early in neu-

rulation (Waddington & Perry, 1966). Various studies subse-

quently provided electron-microscopic evidence for this

view, describing the growth and so-called ‘paraxial’ align-

ment of MTs in the elongating neuroepithelial cells of chick

and amphibian embryos (Messier, 1969; Burnside, 1971).

Disruption of MT integrity using depolymerizing agents

such as vinblastine and colchicine abolished cell elongation

in the closing primary and cavitating secondary neural tube

(Schoenwolf & Powers, 1987), and caused neural tube clo-

sure to fail (Karfunkel, 1971, 1972). This role of MT function

in cellular elongation has been confirmed in zebrafish neu-

roepithelia (Picone et al. 2010). The early studies also pro-

vided evidence that circumferential bands of contractile

microfilaments, now known to be composed of actomyosin,

serve to constrict the apical portion of the cell, producing a

wedge-like shape that could drive epithelial bending. This

led to a model in which both MT-mediated apico-basal

elongation and microfilament-mediated apical constriction

are required for the initiation and maintenance of neural

fold elevation.

Role of Shroom3, the neogenin/repulsive guidance

molecule (RGM)a system and the MID proteins

Our understanding of cytoskeletal regulation during neu-

ral tube morphogenesis has come a long way since those

early studies. Work in Xenopus showed that paraxial MT

alignment correlates temporally with a broad apical accu-

mulation of the MT regulator c-tubulin (Lee et al. 2007).

This c-tubulin redistribution was found to depend on the

actin-binding protein Shroom3, the knockdown of which

caused paraxial MT arrays to be lost, and both apico-basal

elongation and apical constriction to fail. Shroom3 is also

involved in the apical recruitment within the neuroep-

ithelium of actin, myosin II (Hildebrand, 2005) and Rho-

kinase (Nishimura & Takeichi, 2008; Das et al. 2014). This

is suggested to produce an apical molecular scaffold that

drives tissue bending by inducing the wedge-like shape

of cells in the amphibian neural plate. Hence, Shroom3

may be a key regulator of cell shape change during

epithelial morphogenesis, linking MT-dependent apico-

basal elongation with microfilament-dependent apical

constriction.

Whilst it appears that Shroom3 can alter the distribution

of cellular machinery and thereby drive polarized morpho-

logical changes, the initial establishment of cell polarity

may not be Shroom3-dependent. During Xenopus gastrula-

tion, superficial cells are polarized whilst deeper blas-

tomeres are not. Misexpression of Shroom3 mRNA was

found to induce apical actin accumulation and apical

constriction in superficial cells only (Haigo et al. 2003). Fur-

thermore, whilst Shroom3 knockdown causes defective

apico-basal elongation and apical constriction in superficial

cells of the neural plate, it does not impair the localization

of apical markers ZO-1 and Par3 (Lee et al. 2007). These

findings suggest that a cell must become polarized, inde-

pendently of Shroom3, before cell shape changes can be

driven.

One candidate for this early establishment of apico-basal

polarity in the Xenopus neural plate is the axon guidance

receptor neogenin and one of its ligands, RGMa. Expression

analysis and knockdown studies have revealed that this

ligand–receptor interaction is necessary for apico-basal

elongation of cells in the deep layer, regulating their polar-

ity by organizing the MT network (Kee et al. 2008). Further-

more, knockdown of neogenin prevents radial intercalation
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of the deep cells with the superficial layer, resulting in a

failure of apical constriction in the superficial cells and ulti-

mately a failure of neural fold elevation. This suggests that

superficial cell polarity is induced by radial intercalation,

and hence Shroom3-mediated apical constriction is depen-

dent on the integrity of the deep cell MT network. RGMa-

neogenin could therefore represent the apico-basal polarity

regulator required for endogenous Shroom3 efficacy: a sys-

tem by which cells must become epithelialized before they

can play a role in tissue bending. This idea is consistent with

findings that both Shroom3 and RGMa are required for

neural tube closure in mice: cranial and spinal NTDs result

from Shroom3 loss of function, while RGMa null embryos

develop exencephaly (Hildebrand & Soriano, 1999; Nieder-

kofler et al. 2004).

MID1 and MID2 are additional MT-associated proteins

implicated in embryonic cell shape change. MID1 gene

mutations cause X-linked Opitz G/BBB syndrome, which is

characterized by congenital midline defects including cleft

lip, hypospadias and agenesis of the corpus callosum (Qua-

deri et al. 1997). Depleting the orthologues of human MID1

and MID2 in Xenopus embryos destabilized paraxial MT

arrays with a concomitant failure of cell elongation and api-

cal constriction, ultimately resulting in defective closure

(Suzuki et al. 2010). A further finding of this study was a

reduction in apical actin accumulation in the neural plate

of MID1/2-depleted embryos, raising the question of

whether MTs might play a role in apical constriction, which

failed in the absence of functional MID1/2.

MTs in apical constriction

Apical constriction was first proposed as a mechanism of cell

shape change well over a century ago (Rhumbler, 1902),

and a recent focus has been on understanding its regula-

tion and the role played by an apically localized actomyosin

Apico-basal elongaƟon

a
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b b’ b’’

b’
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Fig. 2 Role of MTs in apico-basal elongation

and INM, in the vertebrate neural plate. (a)

Paraxial alignment of MTs causes epiblast

cells to undergo apico-basal elongation,

producing the high columnar shape that

characterizes cells of the early bending neural

plate in birds, amphibia and mammals.

Images are schematic transverse sections. (b)

Immunohistochemistry (green) for a-tubulin in

transverse sections of the closing mouse

spinal neural plate at the 21 somite stage.

Apico-basally aligned MTs are visible in both

the dorsal (b’) and ventral (b’’) regions. Blue:

DAPI-stained nuclei. Scale bars: 80 lm (b); 20

lm (b’, b’’). (c) During INM, nuclei (blue)

move basally during the G1-phase and

remain at the basal neuroepithelial surface

during the S-phase. During the S-to-G2

transition, dynein is activated and moves the

nucleus toward the minus end of MTs at the

centrosome (red), which is rooted in an apical

cilium (pink). During the G2-phase, the cilium

disassembles, allowing the newly-untethered

centrosome to relocate to the nucleus, where

it initiates mitosis. (c) Reproduced with

permission from fig. 6 of Spear & Erickson,

2012, Developmental Biology 370: 33–41.

© 2016 Anatomical Society

Microtubules in neural tube morphogenesis, M. D. Cearns et al.66



network. While many authors cite active actomyosin con-

traction as the driving force of apical constriction (Sawyer

et al. 2010; Suzuki et al. 2012), leading to morphogenetic

events such as neural tube closure, recent studies reveal that

actomyosin contraction is not required for mouse spinal

neurulation; rather, precisely regulated assembly–disassem-

bly of apical actomyosin, downstream of Rho kinase/cofilin

function, has proven essential for neural tube closure

(Escuin et al. 2015). Evidence for a role of MTs in apical con-

striction comes from studies of Xenopus gastrulation, where

intact MTs are required for efficient apical constriction of

bottle cells, a requirement that appears independent of

actin and phosphorylated myosin light chain localization,

which were unaffected by pharmacological MT depolymer-

ization (Lee & Harland, 2007). By contrast, in the morpho-

genetic furrow of the developing Drosophila eye, apical

accumulation of these proteins is MT-dependent, as is apical

constriction (Corrigall et al. 2007). RhoGEF2, which induces

Rho1-mediated myosin-II contractility, is distributed within

Drosophila S2 cells by growing MTs. By interaction with the

plus end-tracking protein EB1, it is transported to the cell

cortex where it plays a role in mediating cell shape change

(Rogers et al. 2004).

Interkinetic nuclear migration (INM)

A further feature of neurulation that regulates cell shape,

and has been long thought to depend on functional MTs, is

INM. In the neuroepithelium, nuclei migrate apically in the

G2-phase of the cell cycle and basally in the G1-phase such

that cytokinesis occurs at the apical surface and S-phase

occurs basally (Sauer, 1935; Langman et al. 1966). MT dis-

ruption inhibits INM, producing a neural plate in which

nuclei are distributed throughout the full thickness of the

neuroepithelium (Messier, 1978). In the chick embryo, apical

migration of G2 nuclei was found to be MT-dependent,

with blockade by the MT inhibitor colcemid (Fig. 2c; Spear

& Erickson, 2012). In mouse brain slices, G2 nuclear move-

ment was found to require Tpx2, a MT-nucleating/bundling

protein that dissociates from the nucleus and localizes in

the apical portion of the neuroepithelial cell during apical

nuclear movement. In contrast, migration of nuclei basally

during G1 appears to be a largely passive process (Kosodo

et al. 2011). However, studies of INM in the zebrafish retina

have come to somewhat different conclusions: INM was

found to depend largely on actomyosin-generated forces,

with only a minor role for MTs (Norden et al. 2009).

It is important to note that conventional MT-depolymer-

izing agents, as used in many of the studies discussed

above, adversely affect mitotic spindle dynamics (Jordan

et al. 1992). Given the importance of a tightly-controlled

cell cycle in neural tube closure (Copp & Greene, 2010), the

ability to draw conclusions about MT function in neurula-

tion, independently of cell cycle effects, may be questioned.

In future, alternative approaches to experimental disrup-

tion of paraxial MT arrays may prove beneficial: for exam-

ple, depleting molecular determinants of paraxial MT

alignment such as MID1/2 could provide a means of uncou-

pling the roles of the cell cycle in neural tube closure from

other MT functions.

MTs in epithelial cell polarization

The events of neurulation in all vertebrates occur in highly

specific planes within the neuroepithelium and require the

co-ordination of many individual cells. It follows that the

spatial organization of subcellular machineries responsible

for cell shape change must be tightly controlled, and MTs

might be well-positioned to enable this through intracellu-

lar transport. This idea is not new: following careful elec-

tron-microscopic study of urodele neurulation over 40 years

ago, Burnside (1971) proposed that the transport of cyto-

plasmic constituents along paraxially aligned MTs might

explain apico-basal cell elongation.

Lumen formation in cell cultures

A more recent example is in the generation of polarized

surface domains in relation to epithelial lumen formation.

In cells of the neural plate, as in all non-stratified columnar

epithelia undergoing morphogenesis, distinct apical and

basal surface domains form, characterized by different pat-

terns of protein expression. This occurs in tandem with

paraxial MT alignment in polarizing epithelial cells, and

in vitro evidence indicates that plus end- and minus end-

directed transport processes underlie the sorting of newly-

synthesized proteins, hence determining lumen position

(M€usch, 2004). EMK1, which regulates MT stability by phos-

phorylation of MT-associated proteins (Drewes et al. 1998;

M€usch, 2004), is essential not only for paraxial MT align-

ment in polarizing Madin-Darby canine kidney (MDCK)

cells, but also for apico-basal elongation of these cells and

apical lumen positioning, as measured by localization of

the luminal marker gp135 (Cohen et al. 2004). More

recently it was found that kinesin-2 is required for genera-

tion of a central lumen in vitro (Boehlke et al. 2013; Li et al.

2014). These findings highlight the requirement for MT

organization in apical protein targeting, cell elongation

and lumen positioning.

Cell polarization in neural tube closure

Despite this research focus on lumen formation in cultured

cell lines, understanding of the corresponding process in

neural tube morphogenesis remains limited. Kinesin heavy

chain, kif5c, is expressed at the mRNA level in the chick neu-

roepithelium throughout neural tube closure (Dathe et al.

2004), consistent with a possible role for the plus end-direc-

ted transport of basal surface proteins. Moreover, in the

study of MID1/2 proteins, neuroepithelial MT organization
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was required for correct protein localization in the neural

plate (Suzuki et al. 2010). Knockdown of MID1/2 function

impaired the apical localization of several cell–cell adhesion

molecules, as well as the localization of laminin to the basal

lamina. This could suggest a role for both plus end- and

minus end-directed mechanisms in polarized protein distri-

bution during neural tube closure, although whether MT-

mediated protein localization is functionally required for

neural tube closure remains unclear.

In addition to considering the mechanisms by which MTs

may promote cellular polarization in neural tube morpho-

genesis, it is also important to ask whether cell polarization

is an all-or-none event, or alternatively a progressive, or

step-wise process. The latter concept is supported by the

finding of two distinct phases of neuroepithelial polariza-

tion in zebrafish, frog and chick embryos (Yang et al. 2009).

Early apico-basal polarity was indicated by expression of the

markers ZO-1 and N-cadherin, whereas a later phase of

polarization was marked by the appearance of the Lin7c/

Nok protein complex. In zebrafish, loss of either N-cadherin

or Lin7c disrupted neural tube formation, while precocious

Lin7c overexpression induced multiaxial mirror symmetry. It

was argued that complete epithelialization may be incom-

patible with the extent of morphological change required

during neural tube morphogenesis. Vertebrate neuroep-

ithelia may need to balance their level of polarization in

order to retain sufficient plasticity to develop. Interestingly,

however, the entire process of neural tube closure, includ-

ing neural fold bending and midline fusion, was accom-

plished in amphibian and chick embryos during the ‘early’

(ZO-1/N-cadherin) phase, whereas Lin7c/Nok expression

coincided with the opening of the neural tube lumen fol-

lowing closure (Yang et al. 2009). It will be interesting to

determine how these progressive steps of neuroepithelial

polarization relate to MT function during neurulation.

Oriented cell division and midline positioning in

zebrafish neurulation

Because teleost neuroepithelial cells undergo a clear pro-

gressive epithelialization during neurulation (Hong et al.

2010), the zebrafish has proven a good model for studying

mechanisms of cell polarization, and how they contribute

to the generation and positioning of a central lumen

in vivo. Recent evidence suggests multiple roles for MTs in

these processes, which can be broadly attributed to their

involvement in cell cycle mechanics and to their intracellular

transport functions.

A cellular mechanism long considered to influence embry-

onic tissue morphogenesis in invertebrates and vertebrates

alike is oriented cell division, by which cells undergo cytoki-

nesis along a specific plane, depositing daughter cells in

locations that affect the shape of the developing tissue

(S�egalen & Bella€ıche, 2009). In the neural plate of the zebra-

fish, cells divide preferentially along the long axis of the

embryo; however, by neural keel stages, divisions are

orthogonal to both rostro-caudal and dorso-ventral axes

(Kimmel et al. 1994; Concha & Adams, 1998). Time-lapse

imaging has confirmed that a 90 ° rotation of the mitotic

spindle is responsible for this change (Geldmacher-Voss

et al. 2003). In fact, this rotation of the MT spindle appara-

tus enables a mitotic division that deposits the two daugh-

ter cells to opposite sides of the midline; this midline-

crossing division (C-division) is specific to neural keel/rod

stages, at which it is widely regarded to exert powerful

effects on the cellular organization of this developing struc-

ture (Tawk et al. 2007).

Partitioning-defective-3 (Par3, also referred to as Pard3),

the vertebrate orthologue of a Caenorhabditis elegans

polarity protein (Izumi et al. 1998), is localized symmetri-

cally to the cleavage furrow of cells undergoing the C-divi-

sion (Tawk et al. 2007). As a result, the daughter cells

appear to inherit mirror-image polarity (i.e. medially posi-

tioned Par3) as they separate to opposite sides of the tissue

midline. Remarkably, when ectopic C-divisions occur lateral

to the midline, in embryos with delayed neural plate con-

vergence, mirror-symmetric and apico-basally polarized

daughter cells form, and subsequently bilateral lumens are

generated in a cell division-dependent manner in these

ectopic locations. This suggests roles for spindle rotation

and the C-division in orchestrating morphogenetic move-

ments in the neural keel/rod, as well as in establishing

apico-basal polarity of the daughter cells with respect to

the midline position of the future neurocoel (Clarke, 2009).

It is therefore at odds with this view that inhibition of cell

division, both in embryos with impaired neural convergence

and in other mutants with spindle orientation defects, res-

cues the neural rod midline, allowing cell polarization and

subsequent lumen formation (Ciruna et al. 2006; Tawk

et al. 2007; Quesada-Hern�andez et al. 2010; �Zigman et al.

2011). Considering that under these conditions the C-divi-

sion is inhibited, it can only be interpreted that other mech-

anisms are at play in lumen positioning. Indeed, recent

evidence from zebrafish neurulation sheds light on a novel,

MT-dependent mechanism of cell polarization at the neural

rod midline (Fig. 3) that occurs prior to and independently

of the C-division. Analysis of the MT plus end-tracking pro-

tein EB3 reveals that in C-division-inhibited neuroepithelial

cells, a mirror-symmetric MT apparatus assembles and poly-

merizes from the point at which the cell intersects the mid-

line, where the centrosome has become localized (Buckley

et al. 2013; Compagnon & Heisenberg, 2013). Furthermore,

pharmacological MT depolymerization reveals that apical

localization of Par3 and another lumen-organizing protein,

Rab11a, is dependent on this MT system. Medial Par3

positioning during the C-division itself, therefore, can be

considered a product of this initial midline-defining event,

serving to maintain its effects throughout the cell move-

ments that follow. These findings suggest that a minus end-

directed protein trafficking mechanism is at least partially
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responsible for apico-basal polarization; demonstration of a

functional requirement for dynein and associated molecules

would thus prove useful in supporting this view. These

observations have been recently corroborated by a study of

Drosophila tracheal development in which Rab11 apical

enrichment was found to depend on MT dynein motor

transport (Le Droguen et al. 2015). Based on the above

findings from zebrafish, alongside analysis of neurocoel

morphology with and without inhibition of cell division,

Buckley et al. (2013) proposed a revised interpretation of

the C-division: rather than generating the apical domain in

its daughter cells, it is seen as orchestrating a series of cell

movements that clears the neural rod midline of cells inter-

digitating across it. Because apical domain generation and

therefore Par3 localization is at the point of intersection

with the midline, cells are rendered able to orientate the

cleavage plane of C-division about this point, which ensures

that their daughters do not bridge the midline. This may

support more efficient cavitation of the neural rod there-

after.

Par3 and the molecular regulation of polarizing

processes

How are the MT-dependent processes of zebrafish neural

tube development regulated at the molecular level? Sev-

eral studies suggest a key role for Par3 (Fig. 4) and the

proteins with which it forms a complex, namely Par6 and

atypical protein kinase C (aPKC). The highly conserved

Par complex has well-documented functions in various

contexts of cell polarity, including the C. elegans first

zygotic division, cell fate determination, mammalian

epithelial polarization and neuronal development (for

reviews, see Goldstein & Macara, 2007; St Johnston &

Ahringer, 2010). One process in which it has been impli-

cated in various model systems is orientation of the mito-

tic spindle. In Drosophila neuroblasts, the Par complex

triggers a signalling pathway that ultimately results in

dynein-mediated pulling forces on astral MTs that anchor

the spindle to the cell cortex, allowing it to rotate rela-

tive to cortical molecular cues (for review, see Morin &

Bella€ıche, 2011; Peyre & Morin, 2012; Lu & Johnston,

2013). The basic principles of this pathway are evolution-

arily conserved in C. elegans and mammals (Goldstein &

Macara, 2007). Silencing of Par3 and aPKC in MDCK cells

impairs spindle orientation and produces a multi-lumen

phenotype (Hao et al. 2010). There is also evidence that

spindle orientation in the developing zebrafish neural

tube depends on the Par complex, as it is impaired in

Par6 mutant embryos and this results in the generation

of multiple lumens (Munson et al. 2008). On the other

hand, both knockdown and overexpression of Par3 cause

MT-mediated 
intracellular transport

C-division

d

a

b

c
Fig. 3 Medial Par3 localization by a mirror-

symmetric MT apparatus at the midline, and

during subsequent C-division. (a) In the

zebrafish neural keel, cells interdigitate across

the midline (black dotted line). (b) The

centrosome localizes to the midline and

organizes a mirror-symmetric apparatus of

MTs. (c) This enables the midline localization

of Par3 and other polarity proteins by

intracellular transport. (d) During the C-

division, each cell divides in a plane that

deposits its daughter cells to opposite sides of

the now well-established midline. This

produces good midline clearance for later

cavitation of the neural rod and leaves Par3

localized to the apical surface. Blue: MTs;

green: centrosomes; red: Par3. Figure based

on data in Buckley et al. (2013).
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relatively weak perturbations of spindle orientation in

the neural rod (Geldmacher-Voss et al. 2003; von Trotha

et al. 2006).

To further complicate this issue, C-divisions in the neural

rod, as well as spindle orientation during zebrafish gastrula-

tion, depend on the Frizzled-7 receptor, a component of

the non-canonical Wnt/planar cell polarity (PCP) signalling

pathway, although a complete mechanism for this require-

ment has not been elucidated (Quesada-Hern�andez et al.

2010; S�egalen et al. 2010). A further regulator of spindle

orientation in the zebrafish neural keel appears to be Scrib-

ble, a polarity protein that has roles as a tumour suppressor,

an apico-basal polarity determinant and a component of

PCP signalling (�Zigman et al. 2011). Although Scribble has

been implicated in orientating Drosophila neuroblast

mitoses (Albertson & Doe, 2003), its mechanism of action is

unclear. Interestingly, however, its role in orientating the

axis of cell division in the zebrafish is independent of its role

in PCP signalling (�Zigman et al. 2011). Whilst it is clear,

therefore, that correct spindle orientation is essential for

successful C-divisions, neural rod midline formation and

neurocoel positioning, various lines of evidence implicate

different molecular mechanisms, and we have yet to reach

a unified model. The current understanding of spindle ori-

entation regulators is derived predominantly from studies

of invertebrate models and cultured cell lines. However,

during zebrafish neurulation the mitotic spindle undergoes

a 90 ° rotation (Geldmacher-Voss et al. 2003); this is a spe-

cial case of spindle orientation that warrants in vivo study

of the underlying regulatory mechanisms. It will be interest-

ing to see if the various molecules discussed above form

partially redundant pathways regulating spindle orienta-

tion in the zebrafish neural rod, reflecting the evolutionary

requirement for precise spindle orientation during such

processes of embryonic development.

Aside from spindle orientation, Par3 seems to be involved

in other aspects of zebrafish neural tube development

(Fig. 4). During C-division, midline crossing of daughter cells

is significantly reduced not only by Par3 knockdown, but

also by expression of a mutant version that fails to localize

to the cleavage furrow during cytokinesis (Tawk et al.

2007). This suggests that the morphogenetic movements

responsible for neurocoel positioning are dependent on the

medial localization of Par3, which is effected prior to the C-

division by mirror-symmetrically assembled centrosomal

MTs (Buckley et al. 2013). The regulation of this MT net-

work, however, requires further elucidation. In zebrafish,

morpholino-mediated Par3 knockdown and MT depolymer-

ization using nocodazole disrupt normal midline position-

ing of the centrosome, which is thought to be upstream of

mirror-symmetric MT assembly (Hong et al. 2010; Buckley

et al. 2013). This suggests, somewhat counter-intuitively,

that Par3 and cytoplasmic MTs in vertebrates may control

apical positioning of the centrosome, which in turn estab-

b

a

c

Medial centrosome 
posiƟoning

MitoƟc spindle 
orientaƟon

EffecƟve midline clearance 
during C-division

Par3

Fig. 4 Roles of Par proteins in the developing

zebrafish neural tube as revealed by

morpholino-mediated knockdown. (a) Par3

has been implicated in midline positioning of

the centrosome in the neural keel, required

for formation of the mirror-symmetric MT

apparatus. (b) Par proteins are important for

orientation/rotation of the mitotic spindle in

various models including the neural keel, in

which this process is required for successful

C-divisions. (c) Normal clearance of the

midline by dividing cells in the neural keel,

which is important for neurocoel positioning,

is Par3-dependent as indicated by morpholino

knockdown. Green: centrosomes; red: Par3.

Figure based on data in Tawk et al. (2007);

Munson et al. (2008); Hao et al. (2010);

Hong et al. (2010); Buckley et al. (2013).
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lishes a MT system to localize Par3 to the midline. The link

between Par3 function and centrosome apical positioning

has also been reported in C. elegans: after cell division, the

centrosome relocalizes c-tubulin and another MT-nucleat-

ing protein, CeGrip-1, to the apical membrane, reassigning

it as the new MT-organizing centre (Feldman & Priess,

2012). Deeper analysis of the mechanism by which Par3 con-

trols centrosome positioning in zebrafish, with considera-

tion of its intracellular localization and molecular

interactions throughout this process, is required to provide

clarity on this issue.

A further question is how cells of the neural rod ‘sense’

the midline, around which they base mirror-symmetric MT

assembly. Buckley et al. (2013) demonstrated that nascent

cadherin-based adhesions form between interdigitating

cells from opposite sides of the neural rod, and suggest that

this underlies midline formation by counteracting a default

state in which cells position their apical domain at their

most anti-basal extremity. There is evidence that Scribble

establishes nascent cadherin-based adhesions responsible

for co-ordinating spindle orientation between adjacent

neuroepithelial cells, providing a link between subcellular

control mechanisms and more global tissue morphogenesis

(�Zigman et al. 2011). Could a similar mechanism allow cells

to establish a midline? Scribble might control spindle

orientation by tethering astral MTs to the site of cell–cell

adhesion, a process that could be explained by various

Scribble-mediated mechanisms (�Zigman et al. 2011). In this

way, Scribble could underlie the MT-dependent midline

localization of the centrosome required for subsequent mir-

ror-symmetric MT assembly. It will be important, therefore,

to establish what regulates cadherin-based cell–cell adhe-

sion in the zebrafish neural rod; why, for example, do adhe-

sions form at the interdigitation of cells on contralateral

sides (i.e. at the midline), and not at points where adjacent

cells on one side of the neural rod interact? Understanding

what determines midline assembly of the mirror-symmetric

MT network, and how this is co-ordinated at the molecular

level with 90 ° spindle rotation and cell polarization, are

important goals for research in zebrafish nervous system

development.

Conclusions and future prospects

Evidence from various model systems, both in vivo and

in vitro, suggests that MTs play vital roles in regulating cell

shape, cell polarity, subcellular organization, mitotic divi-

sion and cell movements during development and three-

dimensional morphogenesis of the neural tube. Even before

neurulation begins, MTs participate in regulating the cell

movements that comprise convergent extension (Kwan &

Kirschner, 2005). Then, during the onset of neurulation,

MTs are required for the apico-basal elongation of neu-

roepithelial cells, as the neural plate forms. MT regulation

may also be required for bending of the neural plate and

elevation of the neural folds in amphibia, birds and mam-

mals, although this needs further research. In teleost fish,

midline formation and subsequent lumen development in

the neural tube depend on cell polarization and oriented

cell division, with an essential role for MT regulation. It is

clear, therefore, that MT function is vital for cell polariza-

tion in several aspects of vertebrate neurulation, irrespec-

tive of the precise morphology of the neural tube-forming

process. Moreover, it seems likely that MTs will prove to be

of importance in epithelial morphogenesis more generally,

for example during kidney, vascular and glandular develop-

ment, as well as in pathological processes such as tumour

angiogenesis.

A continuing challenge in MT research is to distinguish

‘cause’ from ‘effect’ in the relationship between MT dynam-

ics and tissue morphogenesis. Cytoplasmic MTs have been

known to align paraxially in the vertebrate neural plate for

over 40 years – but is this synchronized intracellular MT

re-organization a cause of neural plate morphogenesis or a

response to co-existing influences? The paraxial alignment

of MTs could be a response to tension generated by other

subcellular or supracellular machineries, within or outside

the neural plate. Subcellular forces generated by apical con-

striction during Drosophilamesoderm invagination are inte-

grated across the tissue by supracellular actomyosin

networks coupled through adherens junctions (Martin et al.

2010). Moreover, in the zebrafish neural rod, a defective

cytoskeletal organization/cell shape phenotype in mutant

cells is rescued when they are surrounded by wild-type cells

in mosaic embryos, suggesting that polarity is determined

not just by cell-autonomous processes, but also by tissue-

level feedback mechanisms (�Zigman et al. 2011). The

influence of such mechanisms is made possible by the close

association between the MT cytoskeleton and cell–cell adhe-

sion systems, though the complex interplay here also contri-

butes to the challenge of distinguishing ‘cause’ from ‘effect’.

A factor that has constrained progress in this field is

the limited range of tools available to experimentally

alter MT function. Drugs that destabilize MTs, including

paclitaxel and nocodazole, are widely employed, but

these agents can have multiple cellular effects, such as

arresting cells in mitosis, which can cause more general-

ized consequences for embryonic systems. The increasing

availability of selective means of interfering with MT

function, for example through use of mutant forms of

MT-binding proteins like CLIP-170 that specifically destabi-

lize MTs (Nakano et al. 2010), may offer more specific

routes to manipulation of the cell polarization functions

of MTs in the future. Such tools will be most effective

when used to experimentally manipulate MT sub-popula-

tions in vivo, alongside high-resolution imaging methods

to record and quantify MT dynamics. Such advances pro-

mise to enable a better understanding of the contribu-

tions of these cytoskeletal elements to the processes of

vertebrate neural tube morphogenesis.
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