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Abstract The notochord is an embryonic midline struc-

ture common to all members of the phylum Chordata,

providing both mechanical and signaling cues to the de-

veloping embryo. In vertebrates, the notochord arises from

the dorsal organizer and it is critical for proper vertebrate

development. This evolutionary conserved structure locat-

ed at the developing midline defines the primitive axis of

embryos and represents the structural element essential for

locomotion. Besides its primary structural function, the

notochord is also a source of developmental signals that

patterns surrounding tissues. Among the signals secreted

by the notochord, Hedgehog proteins play key roles during

embryogenesis. The Hedgehog signaling pathway is a

central regulator of embryonic development, controlling

the patterning and proliferation of a wide variety of organs.

In this review, we summarize the current knowledge on

notochord structure and functions, with a particular em-

phasis on the key developmental events that take place in

vertebrates. Moreover, we discuss some genetic studies

highlighting the phenotypic consequences of impaired no-

tochord development, which enabled to understand the

molecular basis of different human congenital defects and

diseases.
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Introduction

The notochord is the most prominent feature of chordates,

which originated more than 550 million years ago. Indeed,

the phylum Chordata is named after this structure. Many

examples in literature describe the evolutionary origin of

this distinct chordate character in the history of metazoan

evolution, first studied by Alexander Kowalevsky more

than 150 years ago [1, 2] (for a review, see [3–5]). A recent

study on the polychaete worm Platynereis dumerilii pro-

posed an earlier evolutionary origin in the most recent

common ancestor of chordates and annelids [6]. This work

challenged the previous view that considered the notochord

as an evolutionary innovation of chordates.

In vertebrates, the notochord arises from the dorsal or-

ganizer. The organizer appears during gastrulation and has

an essential role in the induction of the embryonic axis. In

particular, the organizer mediates the dorsal patterning to

the mesoderm, regulates the movements of the ectoderm

and mesoderm, and finally provides signals necessary for

the induction of the neuroectoderm along the antero-pos-

terior axis [7, 8]. In teleosts, the dorsal organizer (named

embryonic shield) gives rise to three different germ layers:

the floor plate, the notochord and the hypochord [9, 10]. In

particular, the notochord precursor, called ‘‘chordameso-

derm’’, begins as a rod of stacked cells that converge at the

embryonic midline and express specific markers, such as

echidna hedgehog (ehh), sonic hedgehog (shh), collagen II

(col2a1), and no tail (ntl) [11]. During the segmentation

stage, the expression of these early marker genes is turned

off and chordamesoderm cells differentiate into two dis-

tinct cell subpopulations, through a Notch-dependent

mechanism [12]—an outer sheath layer and an inner vac-

uolated cell layer. The outer cells secrete a thick

extracellular peri-notochordal basement membrane
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composed of several extracellular matrix proteins, whereas

inner cells form large fluid-filled intracellular vacuoles that

occupy most of the cell volume (Fig. 1). The notochordal

sheath and vacuoles have been described in all analyzed

vertebrate species, corroborating the essential role of these

components during embryonic development [13, 14]. In-

deed, the pressure exerted by notochord vacuoles on the

peri-notochordal basement membrane endows this struc-

ture with a characteristic stiffness and mechanical strength.

In this way, a hydrostatic skeleton is generated during

development, driving the elongation of the antero-posterior

axis before spine morphogenesis [15, 16]. The biogenesis

of vacuolated cells was recently clarified in zebrafish, and

it has been suggested that these vacuoles are lysosome-

related organelles originating through an H?-ATPase-de-

pendent acidification and Rab32 function [16]. Beyond its

structural role, the notochord plays critical functions for

developing embryos. In fact, it is also a source of secreted

growth factors, such as Sonic hedgehog (Shh), which in-

struct surrounding tissues to acquire specific differentiated

fates.

In this review, we will highlight both the mechanical

and signaling role of the notochord, emphasizing the

studies performed in zebrafish, one of the major animal

models used for the examination of this structure. We will

provide an overview of evidences explaining the influence

of the notochord on the patterning and maintenance of

different neighboring tissues. In the past, elegant

mechanistic and genetic studies highlighted that the noto-

chord is a key structural and molecular component of the

developing embryo. In more recent studies, some of the

molecular mechanisms underlying notochord morpho-

genesis and function were thoroughly dissected. The full

knowledge of notochord structure and function in verte-

brates during both early development and late-life stages

may enable to better understand different human congenital

vertebral defects.

The peri-notochordal basement membrane

Basement membranes (BM) are complex structures com-

posed of different extracellular proteins situated in close

contact with cells at various locations in the body. Ul-

trastructural analysis revealed significant differences in the

organization of BMs among different organs [17]. More-

over, there is a large hetereogeneity in the molecular

composition of BMs [18, 19], as well as in the mutual

interactions and the supramolecular organization of dif-

ferent BM components. The composition of BM together

with the repertoire of matrix receptors defines the speci-

ficity of cellular responses [20]. The morphology of the

peri-notochordal BM is similar among different species,

such as teleosts, amphibians and chicken [21]. The peri-

notochordal BM is normally composed of three different

laminar layers. The single inner layer, in close proximity to

the plasma membrane, mainly contains laminins. The in-

termediate layer is composed of dense collagen fibers

oriented in one parallel direction around notochord cells,

and distal to this there is an outer layer of fibers oriented in

an orthogonal direction [22–24]. This tension-resisting

sheath contains vacuolated cells under pressure, resembling

the hydrostatic skeleton of different organisms (e.g. worms,

herbaceous plants). Biomechanical studies in Xenopus

laevis revealed that the role of the notochord sheath in

constraining the shape and size of the notochord during

development is influenced by the orientation of the sheath

fibers [15]. This suggests that the complex fiber architec-

ture of the notochord is related to its peculiar mechanical

function.

Work in zebrafish showed that the formation of a no-

tochord sheath is closely linked to the differentiation of

notochord cells, and their reciprocal interactions are fun-

damental for the proper development and function of the

notochord itself [12, 22, 25–27]. The fine interplay between

cell–cell and cell–matrix interactions during notochord

morphogenesis has been elegantly described in X. laevis,

uncovering the function of the transmembrane receptor

dystroglycan in laminin assembly, cell polarization and

vacuole differentiation [28]. The cytoskeletal integrity and

the correct stiffness of these cells are essential character-

istics that provide resistance to the increasing pressure

generated by inflating vacuoles, leading to body axis

elongation [28]. In mice, several mutations that specifically

Fig. 1 Structure of the zebrafish notochord and its surrounding

sheaths. This cartoon illustrates notochord structure of inner vacuo-

lated cells surrounded by an epithelial-like sheath of cells. Around

these cells, a peri-notochordal BM is present. This extracellular

sheath is composed of three parts: the inner (i) basal lamina,

surrounded by a medial (m) layer of collagen fibrils that run parallel to

the notochord, and an outer (o) granular layer of loosely organized

matrix that is mostly oriented in a perpendicular manner to the

notochord. The peri-notochordal sheath counteracts the pressure

generated from vacuoles (v), providing the rigidity and the correct

stiffness of this structure
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affect the development of the notochord have been iden-

tified (for a review, see [29]). Mutational studies in

zebrafish embryos led to a more comprehensive under-

standing of notochord development and function. Here we

report and discuss previous works describing notochord-

related phenotypes due to the loss of different notochord

components.

Mutants with early specification defects of the axial

mesoderm

The relationships between the dorsal organizer activity and

the formation of a mature notochord have been extensively

characterized, providing valuable information on the ge-

netic basis of axis formation and notochord development.

During early gastrulation, different cellular rearrangements

and inductive gene expression patterns promote the tran-

sition from the dorsal organizer to chordamesoderm.

Analysis of different zebrafish mutant lines revealed two

essential loci as key factors for this transition: bozozok

(boz) and floating head (flh).

The zebrafish flh gene encodes a homeodomain tran-

scription factor, homologous to Not genes of Xenopus and

chick [30–32], which is expressed in the dorsal organizer

and notochord during early development [31]. flh mutant

embryos entirely lack notochord, which is substituted with

muscle tissue in the midline [31, 33]. Thus, flh acts to

promote notochord development and repress muscle de-

velopment in axial mesodermal cells by antagonizing

spadetail (spt), a T-box transcription factor normally re-

quired for proper morphogenesis and fate specification of

trunk somitic muscle cells [34, 35]. Indeed, loss of spt

function rescues many aspects of the flh mutant phenotype.

spt/flh double mutant embryos develop an anterior noto-

chord, a nearly complete floor plate and do not form

ectopic midline muscle, indicating that flh normally an-

tagonizes spt function in the developing midline

mesoderm. The data obtained from studies in zebrafish and

Xenopus embryos suggest that flh/Not genes are necessary

and sufficient to maintain notochordal fate along the entire

antero–posterior body axis [31, 36, 37]. Conversely, in

mouse embryos, the role of Not appears to be different.

Loss of Not function does not affect notochord develop-

ment in the anterior body axis, but results in abnormal

notochord formation in the posterior trunk. This suggests

that the role of individual components of the genetic

hierarchy governing notochord development vary between

different vertebrate species [38].

The zebrafish boz gene encodes for a homeodomain

protein named Dharma, previously described for its ability

to induce axis formation in the zebrafish embryo [39]. boz

mutants display a reduction or a complete loss of the dorsal

organizer, with consequent loss of the organizer-derived

dorsal midline structures including notochord, prechordal

mesendoderm, hypocord and floor plate [40]. Interestingly,

the phenotype of boz mutants strongly resembles the one

observed after mechanical removal of the embryonic

shield, indicating that perturbing in different ways the

shield signaling center may cause the same consequences

[1]. Moreover, expression of several genes in the embry-

onic shield is decreased or absent in boz mutants, whereas

analysis of endodermal marker, such as axial, showed that

only the dorsal mesodermal tissue is affected [40]. At the

onset of gastrulation, expression of the notochord-specific

flh gene is almost absent in boz embryos [40]. For these

reasons, since the embryonic shield does not form in boz

mutants and expression of dorsal-specific genes is affected

before the shield stage, activity of the Dharma protein is

required at the blastula stages for the formation of a

complete organizer.

A systematic mutation analysis of early zebrafish de-

velopment revealed another gene, named momo (mom),

which is required for early notochord formation [41]. In

mom mutants, the notochord fails to form in the trunk re-

gion but appears normal in the tail region. Notably, only

one mutated allele of mom has been isolated and its phe-

notype is not fully penetrant, suggesting that the isolated

allele is not a null mutation. mom embryos with a strong

phenotype display some similarities with the flh mutants,

suggesting that flh and mom have a common role in early

specification of the axial mesoderm [41].

Fibronectin is an abundant component of the extracel-

lular matrix throughout the body and it is also found in the

peri-notochordal basement membrane of mouse, zebrafish

and frog [28, 42, 43]. Despite grossly normal cell fate

specification, as well as differentiation and migration of

diverse embryonic lineages, fibronectin mutant fish, mouse

and frog embryos display severe defects in the overall

embryonic morphogenesis and in particular in the forma-

tion of somites from somite precursors, differentiation of

heart from cardiac precursors, and morphogenesis of the

notochordal plate into the notochord [44–49].

Mutants with early notochord defects

In no tail (ntl) and doc (doc) mutants chordamesoderm

cells are present in the trunk but then fail to differentiate

into a mature notochord. In particular, although ntl mutants

develop a BM, the tail does not form and the notochord is

completely absent in the most posterior region of the trunk,

leading to the fusion of the somites [50]. ntl is orthologous

to Brachyury, a well-known gene previously characterized

in mouse and Xenopus models [50–53]. ntl encodes for a

putative transcription factor that is transiently expressed in

both notochord and tail and it is essential for development

of both domains [50, 53–58]. Loss of Brachyury/ntl
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function appears to disrupt morphogenesis of mesoderm

during gastrulation in both mouse and zebrafish [59, 60]

suggesting that ntl plays an early role in cell fate choice at

the dorsal midline to antagonize floor plate development

and promoting the notochord formation. Moreover, ex-

periments conducted in ntl/flh double mutants revealed that

these two proteins cooperate during chordamesoderm dif-

ferentiation with a predominant effect of ntl on flh.

In addition to ntl, in doc mutants the chordamesoderm

fail to differentiate in most parts of the embryo, despite the

formation of a peri-notochordal BM. In doc mutants no-

tochord cells fail to form normal vacuoles and mutant

embryos show a reduction of the main axis. The analysis of

ntl expression in doc mutants and the similarities of the two

mutant phenotypes suggest that doc is required for the

maintenance of ntl expression after gastrulation, which in

turn is necessary for the differentiation of the chordame-

soderm into notochord [41].

Mutants with late notochord defects

Several studies mostly exploited in zebrafish revealed that

the BM is not only an essential structural component of the

notochord, but it is also required for its right morpho-

genesis [23]. Although the precise molecular composition

of this structure is still partially unknown, during the final

stages of notochord development, several proteins have

been characterized as essential constituents of the peri-

notochordal BM.

Laminins are a family of heterotrimeric extracellular

glycoproteins and are the major components of basal

lamina of many different tissues. Laminins are composed

of a central a-chain, with a varying number of globular

regions, and two chains (b- and c-) with helical and

globular regions. The trimeric proteins interconnect cell

membranes and extracellular matrix molecules and also

bind to each other to form sheets in the basal lamina [61].

The first genetic alterations causing abrogation of noto-

chord sheath formation were identified in the laminin b1
and laminin c1 genes in the zebrafish [22]. Lamc1 null

mouse embryos die too early (E5.5) to study the role of

laminin c1 in notochord sheath formation in this model

[62]. In grumpy (gup) and sleepy (sly) zebrafish mutants, in

which the zygotic supply of the laminin b1 or c1 chain is

disrupted, laminin 1 protein (or other laminin isoforms

containing the b1 or c1 chain) is absent in the whole em-

bryo, causing at least two types of defects. First, electron

microscopy analysis showed a disorganization and loss of

the three layers of peri-notochordal BM. This phenotype

indicates that laminin 1 is an essential component of this

structure and it might serve as a scaffold for the normal

organization of other BM components [22]. Moreover,

notochord cells fail to form proper vacuoles resulting in a

significant shortening of the main embryonic axis, in

agreement with the fact that the BM has to sustain the

hydrostatic pressure generated from vacuolated cells. Fi-

nally, in grumpy (gup) and sleepy (sly) mutants, where

laminin b1 or c1 chains are disrupted, notochord cells do

not differentiate, as revealed by the persistent notochordal

expression of early expressed genes, such as collagen type

II (col2a1), Sonic hedgehog (shh) and Echidna hedgehog

(ehh). This phenotype suggests that signals coming from

BM proteins are required for notochord differentiation and

survival, albeit the molecular mechanisms underlying this

process are still unknown. Transplantation experiments

provided the link between laminin deposition and noto-

chord differentiation: when gup or sly mutant shields were

transplanted to wild-type hosts, a resulting secondary axis

was formed with phenotypically normal notochord.

Therefore, laminin b1 and laminin c1 can non-au-

tonomously rescue notochord differentiation. Moreover,

wild-type shield cells transplanted into mutant hosts also

form normal notochords. Hence, functional laminin chains

can be supplied to the notochord from either autonomous

or non-autonomous cell sources [22].

The zebrafish locus bashful (bal) encodes for laminin a1
[63]. Mutants lacking this laminin chain display a weaker

phenotype compared to gup and sly mutants, since only the

anterior region of the notochord fails to form. Interestingly,

while laminin 1 immunoreactivity is totally ablated in gup

and sly mutants, bal mutant embryos display laminin 1

deposition in the posterior notochord. This data suggests

that other laminin isoforms have a redundant role in pos-

terior notochord development. Indeed, knockdown of

laminin a4 and a5 chains by injection of antisense mor-

pholino oligonucleotides (MOs) in bal null embryos results

in a more severe notochord phenotype, comparable to the

one observed in gup and sly mutants [63]. In particular, in

laminin a4-MO injected bal mutant embryos vacuoles fail

to inflate properly, ehh expression is abnormally persistent

and laminin 1 immunoreactivity is severely reduced. In-

jection of laminin a5-MO in bal mutants leads to the same

abnormal and persistent expression of ehh along the no-

tochord, concurrently with failure of cellular inflation and

loss of laminin immunoreactivity. Taken together, these

results pointed to a redundant role for laminin 411 (also

called laminin 8) and laminin 511 (also called laminin 10)

in chordamesoderm differentiation and BM assembly [63].

Together with laminins, other extracellular matrix

proteins localized in the peri-notochordal BM have an

essential role during notochord development. Collagens,

the most abundant extracellular matrix proteins, are

composed of three polypeptide a-chains coiled around

each other to form the triple helical configuration.

Depending upon the collagen type, the molecule can be

composed of either three identical a-chains
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(homotrimers), or two or three different a-chains (het-

erotrimers). Collagens assemble into different types of

extracellular matrix structures such as fibrils (e.g., col-

lagen types I–III), networks (e.g., collagen type IV) and

microfilaments (e.g., collagen type VI) [64]. Charac-

terization of one recessive lethal mutant, named Gulliver

(gul), revealed a new role for the alpha 1 chain of type

VIII collagen (col8a1) in notochord morphogenesis [65].

gul mutant embryos display notochord distortion ac-

companied by a disorganization of collagen fibers only in

the medial layer of the notochord sheath. Interestingly,

notochord cells form inflated vacuoles and survive, de-

spite the accumulation of protein aggregates in the rough

endoplasmic reticulum. It is reasonable to speculate that

the undulated shape of the notochord in gul mutants may

be due to the defective peri-notochordal BM architecture

that is not able to sustain the hydrostatic pressure gen-

erated from vacuolated cells. In addition to col8a1, MO-

mediated knockdown of the alpha 1 chain of type XV

collagen (col15a1) revealed a new role for this extra-

cellular matrix protein as an essential component of the

peri-notochordal BM. In col15a1-depleted embryos no-

tochord differentiation is impaired, as suggested by the

reduction of the mean size of vacuoles and persistent

expression of the two chordamesodermal markers col2a1

and ehh. Moreover, all the three layers of the peri-no-

tochordal BM appear affected and highly disorganized in

col15a1-depleted embryos, with a lower number of less

dense collagen fibers in the medial and outer layers and a

disruption of the inner layer [25]. A key role for type

XXVII collagen (col27a1a and col27a1b paralogs) in

notochord morphogenesis has been also identified [66].

Both col27a1a and col27a1b show a dynamic expression

in the notochord, closely similar to that displayed by

col2a1. Single knockdown of col27a1a or double

knockdown of both paralogs leads to a notochord cur-

vature at early developmental stages, together with

abnormal cellular clumping along the notochord sheath

and protein accumulation beside notochord cell mem-

branes. These results suggest that loss of col27a1a and

col27a1b leads to a weak peri-notochordal sheath that is

unable to withstand the pressure generated by vacuolated

cells within the notochord [66].

A similar (but not identical) phenotype has been ob-

served after the concurrent knockdown of loxl1 and loxl5b,

two lysyl oxidase-coding genes expressed in the develop-

ing notochord [67]. Lysyl oxidases are copper-dependent

enzymes that catalyze the crosslinking of elastin and col-

lagens, thus stabilizing the extracellular matrix and

maintaining notochord sheath integrity. MO-mediated

knockdown of loxl1 or loxl5b does not result in notochord

distortion, whereas loxl1/lox5b double morphants reca-

pitulate the kinked notochord observed also with

chemically induced copper deficiency [67]. This finding

indicates that these two enzymes have overlapping func-

tions during notochord development. Interestingly,

inhibition of lysyl oxidases activity by pharmacological

treatments or genetic ablation of loxl1 and loxl5b does not

affect the peri-notochordal BM deposition and organiza-

tion, consistent with the concept that lysyl oxidase

inhibition alters the final stages of notochord sheath de-

position and organization [67]. In addition, the impaired

lysyl oxidase activity appears to prevent the differentiation

of vacuolated cells, as suggested from the persistent ex-

pression of col2a1. One explanation for this sustained

col2a1 expression might come from a general loss of no-

tochord strength and stiffness. Hence, it is likely that the

BM is required to sense or to transduce a notochord dif-

ferentiation signal, although a precise mechanistic

explanation is still missing. All reported data provide an

interesting model for studying the relationships between

BM organization, nutritional deficiencies and copper

metabolism disorders, in agreement with the essential role

of copper for notochord structural organization [68]. For

example, copper deficiency results in severe developmental

abnormalities. This is most clearly illustrated by Menkes

disease (OMIM #309400), a rare X-linked disorder of

copper metabolism [69]. Interestingly, as Menkes disease

models and to study the effects of developmental copper

deprivation, zebrafish calamity (cal) and catastrophe (cto)

mutants represent a valuable tool for high-throughput

chemical screenings [68, 70].

A forward genetic screen for mutants displaying noto-

chord sensitivity to lysyl oxidase inhibition pointed out a

role for the extracellular matrix protein fibrillin-2 in no-

tochord morphogenesis [71]. Fibrillin-2 mutants (puff

daddy) and morphant embryos display notochord distortion

with a marked reduction of the peri-notochordal BM outer

layer size, while the other two layers appear normally or-

ganized. Moreover, as observed also in col2a1-depleted

embryos [67], fibrillin-2 mutants are sensitized to lysyl

oxidases inhibition obtained by loxl5b MO-mediated

knockdown or by pharmacological treatment. This sensi-

tivity may be caused in part by an impaired ability to bind

and recruit lysyl oxidases at their correct site of action

during notochord formation, as already described in

knockout mice for other microfibril-associated proteins

such as elastin and fibulin-5 [72].

More recently, a similar phenotype has been described

for Emilin3, a glycoprotein of the extracellular matrix lo-

calized in the peri-notochordal BM at early stages of

zebrafish development [27]. The concurrent knockdown of

both Emilin3 paralogs (emilin3a and emilin3b) leads to a

marked distortion of the notochord associated with a sig-

nificant shortening of the main embryonic axis. Moreover,

fibers of the medial layer of the peri-notochordal BM are
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disorganized and frequently disrupted in Emilin3 morphant

embryos, whereas the outer and inner layers appear normal.

Interestingly, quantification of total and vacuolated noto-

chord cells in control and Emilin3 depleted embryos did

not reveal any significant difference, suggesting that

Emilin3 deficiency is not grossly perturbing the mor-

phology and differentiation of notochord cells [27].

Although the phenotype is not as severe as in laminin

mutants, also in Emilin3 double morphants the early

chordamesodermal marker col2a1 is persistently ex-

pressed, supporting the concept that defects in the

notochord sheath can influence the gene expression pattern

of notochord cells. However, in contrast to other models of

notochord disruption, shh and ehh are overexpressed only

in the expression field of emilin3a and emilin3b paralogs, at

the level of the chordoneural hinge [27]. Conversely,

laminin mutants and collagen XV morphants display a

similar upregulation of col2a1 and ehh in the notochord

[22, 25]. This implies that notochord cells might respond to

extracellular signals in a region-specific manner.

In addition to the genetic mutants and morphant

models showing defects in later notochord formation,

three other mutants have been characterized for their

defects during the formation of a mature notochord.

Sneezy (sny), happy (hap) and dopey (dop) loci encode

the a, b and b0 subunits of the zebrafish coatomer

complex [73]. This complex consists of seven subunits

that in association with the small GTPase Arf1 form the

vesicular coat of COPI vesicles. Coatomer complex is

essential for the maintenance of the Golgi apparatus and

the control of retrograde vesicular transport machinery.

Hence, in the absence of COPI function, the normal

transport of proteins from endoplasmic reticulum and

Golgi is disrupted (for a review, see [74]). During

chordamesoderm differentiation there is an elevated se-

cretory activity and a higher demand for coatomer

function in the notochord. For this reason, the mRNA

expression is specifically upregulated during the transi-

tion from the chordamesoderm to the notochord [73].

Loss of COPI function in sny, hap and dop mutants

produce almost identical morphological defects, including

a shortening of the main axis due to the loss of noto-

chord cell differentiation. This defect is confirmed by the

persistent expression of the chordamesoderm markers shh

and col2a1 and the generation of vacuoles that fail to

fully inflate and undergo to apoptosis [73]. Moreover,

electron microscopy showed that, while the innermost

layer of the peri-notochordal BM is correctly deposited

and display normal levels of laminin 1 immunoreactivity,

the medial layer is mostly disrupted [73]. Shield trans-

plantation experiments showed that the medial layer of

the peri-notochordal BM derives only from the chor-

damesoderm and, in contrast to the inner layer, cannot be

supplied by exogenous sources [73]. These findings

indicate that the notochord has a strict requirement for

coatomer function in order to undergo its correct devel-

opment and organization.

A number of other mutations were isolated in zebrafish,

leading to a variety of other late notochord defects. For

example, in crash test dummy (ctd), zickzack (ziz), quasi-

modo (qam), kinks (kik) and wavy tail (wat) mutants, the

common phenotype is an undulated notochord along the

body axis [41, 75].

Taken together, these studies in zebrafish mutant and

morphant models highlighted the importance of the correct

deposition and organization of the peri-notochordal BM

during notochord development. First, the peri-notochordal

BM is important for the elongation of the embryonic axis,

conferring the proper rigidity to the developing embryo.

Alterations of this structure may prevent the mechanical

support needed to withstand the hydrostatic pressure

originated from vacuoles. Although the various studies

discussed here support the concept that the peri-noto-

chordal BM is necessary for notochord differentiation, it

remains unclear what is the relationship between the in-

ability to form an extracellular sheath and the failure to

differentiate. It is reasonable to speculate that loss of the

BM may lead to loss of BM-associated signals, including

gene expression, apoptosis, proliferation and regulation of

growth factors. The analysis of other notochord mutants

will be useful to obtain additional insights into the

mechanism of signaling related to the BM and the noto-

chord. The ability to knockdown candidate genes of

interest using MOs had an important role in the application

of the zebrafish as a model system. However, MOs can

induce p53-dependent apoptosis [76–78], and several off-

target phenotypes were described in a recent systematic

phenotypic analysis of a large number of morphant em-

bryos [79]. These shortcomings strongly raise the concept

of reconsidering the use of antisense-based technology for

characterization of gene function. The application of pro-

grammable site-specific nucleases or the recently

developed CRISPR/Cas9 technology for in vivo targeted

gene disruption may provide a much better option to

characterize gene function during development.

Notochord signaling

In addition to its structural function, the notochord is also

an important source of signals that are essential for pat-

terning the adjacent tissues [23, 80]. In the sections below,

we will discuss the experimental evidence indicating that

the notochord is a source of key signaling molecules for the

surrounding ectodermal, mesodermal and endodermal

derived tissues (Fig. 2).
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Notochord signals for ectoderm development

The ectoderm is divided into three major domains: the

outer ectoderm (mainly the epidermis), the neural tube

(brain and spinal cord), and the neural crest (peripheral

neurons, pigment, facial cartilage). During vertebrate em-

bryonic development, signals from the dorsal organizer or

its derivative, the notochord, are responsible for ectodermal

commitment to a neuronal lineage.

Patterning the neural tube

Patterning of the neural tube is perhaps the best charac-

terized role for the notochord during embryonic

development. The vertebrate nervous system arises from

the neural plate, a sheet of neuroepithelial cells that over-

lies the axial mesoderm. As development proceeds, the

neural plate folds to form the neural tube, which in turn

will form the spinal cord and the brain. At this stage, a

dorsoventral polarity is established: cells in the dorsal half

generate different neurons that relay sensory signals,

whereas cells in the ventral half generate distinct classes of

motor neurons and ventral interneurons that participate in

the coordination of motor output (for a review, see [81]).

Pioneering observations and embryological manipulations

in chick and amphibians indicated that the notochord has a

key role in establishing the dorsoventral polarity of the

spinal cord [82, 83]. The notochord-secreted protein Shh

was found to be the signal required and sufficient for pat-

terning the ventral neural tube. The importance of Shh is

confirmed by the loss of ventral neurons in embryos in

which Shh signaling was either biochemically or ge-

netically blocked [84–88]. Shh is initially secreted by the

notochord and is able to induce the differentiation of the

floor plate, a specialized group of neuroepithelial cells in

the ventral portion of spinal cord [83, 89–91]. Then, floor

plate cells express themselves shh, conferring the capa-

bility to specify both floor plate and motor neuron cellular

fates, thus establishing a continuing source of a ventraliz-

ing signal within the neural tube. Evidences indicate that

the minimal amount of Shh sufficient to induce the dif-

ferentiation of each neuronal class in vitro correlates with

the distance of Shh from its source of synthesis in vivo

[88]. Thus, neurons generated in progressively more

Fig. 2 Schematic diagram of transverse sections of a vertebrate

embryo depicting notochord signaling to adjacent tissues. The

notochord (no) secretes Shh, represented by arrows in the figure.

This signal is responsible for patterning the ventral neural tube (nt). In

particular, the notochord is able to induce the differentiation of the

floor plate (fp), and they both represent a continuing source of

ventralizing signals within the neural tube. The notochord is also

important for somite differentiation, where Shh concentration

gradients differentially pattern dorsal–ventral somitic fates. Very

low levels of Shh signal to maintain the dermomyotome (dm); slightly

higher levels induce both loss of dermomyotomal markers and

activation of myogenic differentiation (myotome, my); finally, higher

levels of Shh cause the loss of myotomal markers and the induction of

sclerotome (sc). Notochord signaling is also critical for the develop-

ment of the hypochord (h) and of the dorsal aorta (da)
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ventral regions of the neural tube require higher Shh con-

centrations for their induction [88]. Moreover, the

generation of an engineered mouse that produces fluores-

cently labelled Shh from the endogenous locus provided

new insights into the possible mechanism of in vivo Shh

signal distribution during neural tube patterning [92]. This

study supports a model wherein a graded signaling re-

sponse to notochord-derived Shh activates a long-range

patterning process in the ventral neural tube. Indeed, when

patterning begins, Shh ligand is first detected at the apical

region of ventral midline cells and then is progressively

extended to the dorsal region. Moreover, the temporal

gradient of Shh ligand accumulation is similar to the

in vitro profile of Shh concentrations that is needed to

progressively specify more-ventral cell types [92].

Although the analysis of floor plate differentiation in

avian and mammalian embryos provided a coherent picture

of the inductive process, genetic studies in zebrafish re-

vealed that a differentiated notochord is not strictly

required for the generation of a floor plate in this verte-

brate. Indeed, zebrafish mutants lacking the notochord (flh,

momo, bozozok, and ntl) and shh mutants can develop al

least the medial floor plate [93, 94]. In addition to shh,

zebrafish embryos express two other Hh-related genes,

echidna hedgehog (ehh) and tiggywinkle hedgehog (twhh),

in notochord and floor plate respectively. Therefore, it is

reasonable that multiple Hh genes might cooperate in the

induction of a floor plate in zebrafish. Conversely, it is

likely that only shh is responsible for the floor plate dif-

ferentiation in avian and mammalian embryos. In fact, in

chick and mouse embryos the specification of the floor

plate and other ventral neuronal progenitors depends on

distinct timing and duration of Shh signaling [95]. In a

restricted developmental time frame, spanning from gas-

trulation to early somitogenesis stages, a transient burst of

Shh signaling from the notochord is both necessary and

sufficient for the specification of floor plate [82, 84, 87].

However, neural progenitors progressively lose their ability

to acquire a floor plate identity in response to high levels of

Shh. The downregulation of Shh signaling is a prerequisite

for the onset of a floor plate identity [95]. Furthermore, it is

likely that this mechanism contributes to the restriction of

the floor plate to the neural tube midline. The possibility

that neuroepithelial cells can generate a floor plate in re-

sponse to other signaling pathways active within neural

tissue cannot be excluded [95]. Notably, concomitant to

Shh, signals of the bone morphogenetic protein (BMPs)

family coming from the epidermal ectoderm control dorsal

neural tube cell fate and modify its response to Shh sig-

naling, by inhibiting the specification of a ventral cell fate

[96–98]. In this context, the presence of notochord-derived

BMP antagonists (e.g. Noggin, a notochord-secreted sig-

naling molecule that binds and inactivates BMP, therefore

playing a role in generating morphogenic gradients) allows

to generate a permissive environment for Shh-mediated

induction of the floor plate [99]. Notably, together with

BMP ligands, other factors may also influence neural cell

responsivity to Shh signaling. Interestingly, studies in chick

embryos demonstrated that vitronectin, an extracellular

matrix protein expressed in the notochord, is able to po-

tentiate the motor neuron inducing activity of Shh through

direct binding to Shh ligands [100, 101].

Patterning other ectoderm derivatives

Different literature data suggest that the notochord, to-

gether with the ventral diencephalon and the mesenchyme,

is involved in the development of the anterior pituitary.

During the formation of cephalic tissues, the rostral tip of

the notochord is adjacent to the cephalic ectoderm, where

the anterior pituitary starts to develop. Indeed, transplan-

tation experiments revealed that the anterior notochord is

able induce the outpouching of the head ectoderm [102].

This leads to a partial formation of the Rathke’s pouch and

the upward invagination of the oral ectoderm, giving rise to

the anterior pituitary. Therefore, a close contact between

the diencephalon and ectoderm is a prerequisite for the

induction of the anterior pituitary [102].

Notochord signals for mesoderm development

The murine notochord, which is present from embryonic

day (E) 7.5 until E12.5, forms all cell types of the nucleus

pulposus in intervertebral discs (IVDs) [103, 104]. More-

over, temporal removal of Shh ligands from both the

notochord and floor plate demonstrated that this signaling

pathway is required for the formation of the peri-noto-

chordal sheath and subsequently of the vertebral column

[104]. More recently, it has been found that the expression

of Shh in the notochord is sufficient to pattern the inter-

vertebral discs and vertebral column. Indeed, removal of

Shh from the notochord leads to failed Shh expression in

the floor plate and results in the loss of vertebral structures

and nuclei pulposi. In contrast, removal of Shh from the

floor plate results in phenotypically normal vertebral col-

umn and intervertebral discs. These data indicate that the

expression of Shh from the notochord is sufficient for

patterning the entire vertebral column [105].

Patterning the somites

During vertebrate embryogenesis, the paraxial mesoderm

that lies adjacent to the neural tube becomes segmented

into paired epithelial somites. Then, each somite differen-

tiates into the ventral sclerotome, from which the skeletal

elements of the ribs and vertebral column derive, and the
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dorsal dermomyotome. The dermomyotome further dif-

ferentiates into the dorsal-lateral dermotome, giving rise to

dermis and myotome. The myotome is localized between

the sclerotome and the dermotome and represents the

precursor of axial musculature. Multiple extracellular sig-

nals expressed in the surrounding tissues determine the

dorsal and ventral somitic cell fates, establishing the

number of precursors that will give rise to either cartilage,

muscle or dermal cells (for a review, see [106]).

It has been shown that the initiation and maintenance of

the sclerotome depends on both Shh and Noggin, a Bmp4

antagonist, which are both expressed in the notochord

when the sclerotome formation begins. Shh produced by

the notochord and the floor plate is also important for the

proliferation and survival of sclerotomal cells [87, 107–

111]. Indeed, in mice with ablation of Hh signaling, scle-

rotome formation is compromised and no vertebral column

is formed [84, 112]. Conversely, gain-of-function studies

have demonstrated that ectopic expression of Shh induces

the expression of the sclerotomal marker Pax1 and inhibits

the expression of the dermomyotomal marker Pax3 [108,

113]. Moreover, it has been demonstrated that the activity

of notochord-derived Noggin is required for sclerotome

differentiation, since Noggin-deficient embryos display

defective sclerotome formation [114]. Indeed, Noggin in-

hibits the repressive activity of BMP signals, thus allowing

the Shh-mediated induction of Pax1 in the somitic mes-

enchyme and the sclerotomal cell growth and

differentiation into cartilage [114]. Therefore, it can be

assumed that both signals, Shh and Noggin, cooperate

during sclerotome formation [115]. In spite of this, studies

in the Danforth’s short-tail (Sd) mutant mouse, carrying a

semi-dominant mutation that affect vertebral column de-

velopment, challenged the concept that notochord might be

required for sclerotome formation. In the Sd mouse model,

although the notochord degenerates completely by E9.5,

the floor plate is sufficient to maintain the differentiation of

somites into sclerotomes and vertebrae [116]. More re-

cently, it has been found that notochord-derived Shh

regulates the expression of the chick early B cell factor 1

(cEbf1), a medial sclerotome marker expressed in somite

areas close to the notochord that plays a crucial role for

sclerotome development and formation of the vertebral

body and pedicles [117].

In vitro and in vivo studies demonstrated that notochord-

derived Shh promotes the myotome cell fate [118–121].

Mouse embryos lacking Shh or its cell membrane ligand

Smoothened display markedly decreased expression of

Myf5, a key myogenic regulatory factor [84, 112]. In ze-

brafish, Shh is required for the differentiation of Pax3/

Pax7-expressing dermomyotomal cells into MyoD-positive

differentiated myocytes. In the absence of Shh signaling,

Pax3/Pax7-expressing cells increase in number, but fail to

activate the myogenic program [122, 123]. Even in this

context, the Shh concentration gradients work in a mor-

phogen-like fashion to differentially pattern the dorsal–

ventral somitic fates [124]. Indeed, different Shh levels

elicit distinct responses in somitic cells. Very low Shh

levels, combined with Wnt signaling activity, elicit the

maintenance of dermomyotomal gene expression (Pax3).

Slightly higher Shh levels induce both loss of dermomy-

otomal marker gene expression (Pax3) and activation of

myogenic differentiation (Myf5 and MyoD). Finally, high

Shh levels cause the loss of myotomal markers and the

activation of sclerotomal gene expression [124].

It is known that dermomyotome progenitors colonizing

the myotome first acquire a myocyte identity and subse-

quently proliferate as Pax7-expressing progenitors, before

undergoing terminal differentiation. Recently, it was

shown in both avian and mouse embryos that the loss of

Shh responsiveness in dermomyotome-derived muscle

progenitors is a key mechanism by which the myotome

transits from differentiation into expansion [125]. Initially,

Shh emanating from the notochord/floor plate through the

sclerotome is able to reach the dermomyotome. In the

dermomytome Shh both maintains the proliferation of

dermomyotome cells and promotes the terminal myogenic

differentiation of progenitors colonizing the myotome.

Subsequently, when the myotome enters in the growth

phase, myogenic progenitors become refractory to differ-

entiation stimuli coming from Shh [125].

Studies in zebrafish revealed that the correct specifica-

tion of different cell types within the myotome is also

dependent on the timing at which they receive the signal

from the notochord and on their competence to respond

[126]. Initially, the exposure of myotomal precursors to Hh

is restricted to adaxial cells, a single cell layer lying close

to the embryonic shield. Then, notochord-derived Hh

proteins induce adaxial cells to become slow-twitch muscle

fibers [127]. The early exposure to Hh ligands seems to be

essential for the specification of muscle pioneer precursors,

the slow muscle fiber myoblasts that respond to the highest

levels of signaling and express engrailed genes [128]. A

minor component of muscle pioneers become fated to form

the superficial slow fibers and move away from the noto-

chord, displacing precursors of the fast twitch fibers. By

this time, these cells—called medial fast fibers—are irre-

versibly committed to the fast lineage; nevertheless they

retain the ability to respond to Hh, as evidenced by their

activation of engrailed expression, though at lower levels

than muscle pioneers [127].

Many zebrafish mutants affecting notochord develop-

ment, such as flh, mom, ntl and doc, display a loss of

muscle pioneers and of the horizontal myoseptum, the

structure that separates somites into a dorsal and a ventral

part. Indeed, cell transplantation experiments carried out in

The notochord: structure and functions 2997

123



ntl and doc mutants showed that somite defects can be

rescued by exogenous wild-type notochord cells [31, 41,

50, 129]. Moreover, flh mutant embryos display the

transdifferentiation of notochord to muscle [33], and an

ectopic induction of both myf5 and myoD in midline cells,

especially in caudal somites. Indeed, abolishment of no-

tochord-derived signals in flh mutants leads to extensive

slow myogenesis, indicating that the combined action of

floor plate-derived Twhh and notochord-derived Shh are

sufficient to support non-pioneer slow myogenesis [33].

However, Twhh and Shh are unable to maintain and

reinitiate MRF expression in adaxial cells during late

stages of development. In fact, complete loss of ventral

midline signals results in the absence of caudal slow

muscle fibers and the formation of fast muscle fibers.

Taken together, these data suggest that Shh released from

the notochord is required for the maintenance of MRF

expression. The additional exposure to midline signals

reinitiates MRF expression and delays slow muscle fibers

formation in flh and ntl mutants [130].

Patterning other mesodermal tissues

Notochord signaling is also important for the development

of heart and vasculature. Previous studies in zebrafish

showed that the anterior end of the notochord normally

suppresses cardiogenic fate, by delimiting the expression of

Nkx2.5, the earliest marker of presumptive myocardial cell

fate [131]. Furthermore, the notochord is involved in the

specification of the cardiac left–right asymmetry. Actually,

when the notochord is surgically ablated or when it is ab-

sent in mutant embryos (such as ntl and flh zebrafish

mutants and no turning mice mutants), asymmetric markers

of lateral plate mesoderm are either randomized or bilat-

erally expressed [132–134]. Recently, it has been

demonstrated that Hh signaling is required for the earliest

steps of specification, differentiation and proliferation of

endocardial progenitors in the zebrafish embryo. The Hh

signaling is cell-autonomously activated within endocar-

dial progenitors, and the notochord is likely a source of this

Hh signal [135].

Concerning the vasculature specification, the notochord

seems to have distinct roles in different species and de-

velopmental stages. The endothelial precursor cells or

angioblasts originate from the mesoderm and then disperse

throughout all embryonic tissues [136, 137]. The axial

vessels of the trunk form in close proximity to the noto-

chord and the endoderm. The dorsal aorta is normally just

ventral to the notochord, whereas the axial vein is just

below the dorsal aorta and above the endoderm. Studies in

zebrafish indicate that the differentiated notochord is

strongly required for the development of the dorsal aorta

[138]. In fact, a fully developed notochord is needed for the

expression of the vascular endothelial growth factor re-

ceptor (VEGFR2) in this axial artery and for the normal

vessel assembly [138]. Conversely, the notochord seems

less important for the development of the axial vein [139].

Indeed, in both flh and ntl mutants the dorsal aorta fails to

form, while formation of the axial vein is less affected

[138, 139]. The less severe vascular phenotype observed in

ntl mutants may be caused by residual notochord signaling

or alternatively by floor plate signals, which share many

inductive properties with the notochord and could com-

pensate for notochord loss [138, 139]. Experimental

analysis showed that during somatogenesis notochord-

derived Hh signals regulate the expression of vegfa, coding

for vascular endothelial growth factor A (VEGF-A) in the

somitic mesoderm. In turn, VEGF-A acts on endothelial

cells to drive arterial differentiation [140]. During early

avian development, blood vessels develop in the embryonic

disc, except in a midline region surrounding the notochord.

Indeed, notochord-derived BMP antagonists, including

noggin and chordin, are responsible for the generation and

maintenance of this midline avascular region by preventing

endothelial cells differentiation, migration, and network

formation [141]. The combination of these inhibitory cues

ensures that blood vessels are excluded from the midline

until the paired dorsal aorta fuse.

A narrow strip of tissue located between the paraxial and

lateral plate mesoderm, called the intermediate mesoderm,

gives raise to the vertebrate kidney. During embryogenesis,

three sets of structures (pronephros, mesonephros and

metanephros) emerge from the nephric cord within the

intermediate mesoderm in an antero-posterior direction. It

has been demonstrated that the notochord and floor plate-

derived Shh ligands are dispensable for nephrogenesis but

required for the correct positioning of the bilateral kidney

primordia [142]. Actually, ablation of the notochord and

floor plate in mice displays no effect on nephrogenesis but

leads to kidney fusion [142]. A recent study on the tem-

poral analysis of Shh function—using a tamoxifen-

inducible gene recombination system—indicated that

midline-derived Shh is essential to regulate the number of

mesonephric tubules [143].

Notochord signals for endoderm development

The endoderm germ layer gives rise to the epithelium of

the pharynx and of the respiratory and gastrointestinal

tracts, including thyroid, thymus, lung, esophagus, stom-

ach, intestine, liver and pancreas. Thus, determining how

the endoderm is patterned is crucial for understanding the

development of many internal organs.

The pancreas forms from the fusion of distinct dorsal

and ventral buds. Embryonic manipulation in chick pro-

vided strong evidence that early signals released from the
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notochord to the endoderm permit dorsal pancreatic mor-

phogenesis [144]. Moreover, these signals initiate and

maintain the expression of different genes required for

pancreatic development. In contrast ventral pancreas,

which does not directly contact the notochord, develops

normally in the absence of a notochord. In vitro recombi-

nation experiments suggest that notochord provides a

permissive, rather that instructive, signal to the endoderm

for the specification of a pancreatic fate. Indeed, pancreatic

gene expression can be initiated and maintained only in

prepancreatic chick endoderm cultured with notochord

cells, whereas non-pancreatic endoderm does not express

pancreatic genes when recombined with the same noto-

chord [144]. Moreover, grafting experiments demonstrated

that activin-bB and fibroblast growth factor 2 (FGF2) ex-

pressed by the notochord repress endodermal Shh, thereby

permitting pancreatic development [145]. Indeed, noto-

chord removal before the onset of the notochord/endoderm

molecular interactions leads to ectopic Shh expression in

the pancreatic anlage, abnormal pancreatic morphogenesis,

and prevents gene expression required for endocrine and

exocrine compartments differentiation. Conversely, the

inhibition of Shh in isolated prepancreatic endoderm is

sufficient to induce specific pancreatic gene expression

[145].

Embryological manipulations in amphibians demon-

strated that the notochord plays a critical role in the

development of the hypochord, a transient, endoderm-

derived structure that lies immediately ventral to the no-

tochord in the amphibian and fish embryo. During early

neural stages, signals arising from the notochord instruct

cells in the underlying endoderm to reach a hypochord fate,

whereas further notochord signals are dispensable for the

maintenance of this structure [146]. For example, in flh and

ntl zebrafish mutants, the hypochord does not develop or it

is severely disrupted [33]. However, in zebrafish gup, bal,

dop and sny mutants, which are defective in late notochord

development, the hypochord appears normal as assayed by

the expression of the co2a1 marker [129]. Removal of the

notochord during early neurulation leads to a complete

failure of hypochord development and to the loss of vegf

expression. Grafting experiments demonstrate that higher

levels of notochord-derived signaling can expand the

number of vegf-expressing cells, increasing the size of the

differentiated hypochord [146].

Recently, using spatio-temporal manipulation of Noggin

conditional alleles during foregut development, it has been

demonstrated that during early notochord development the

action of Noggin results in BMP signaling attenuation,

which in turn is required for the correct separation of the

notochord cells from the dorsal foregut endoderm [147].

Importantly, this event appears to be a prerequisite for

foregut compartmentalization. Indeed, mice lacking the

BMP antagonist Noggin have esophageal atresia with tra-

cheoesophageal fistula, as well as defects in lung branching

[148]. This phenotype appears to correlate with abnormal

morphogenesis of the notochord. In particular, defective

separation of the notochord from the definitive endoderm

leads to hypocellularization of the foregut just before the

critical period of compartmentalization [147].

Role of extracellular matrix proteins in notochord

patterning activity

In order to activate different embryonic differentiation

programs, the Hh signals arising from the developing no-

tochord must pass through the extracellular matrix

surrounding notochord cells. Laminins are found in the

peri-notochordal BM around forming somites, and later on

around myotomes including vertical myosepta [22]. The

source of notochord-derived Shh has an essential role in

controlling laminin a1 gene expression. As laminin 111

(also called laminin-1) is necessary and sufficient to initiate

BM formation, these studies revealed that Shh plays a key

role in this process [149]. In other systems (e.g. in vitro

embryonic stem cells) it is known that Smad4, a BMP

mediator, controls BM deposition through a dual control of

metalloproteinase and laminin a1 synthesis [150]. In ze-

brafish sly mutants, which carry a mutation in the gene

encoding for laminin c1 thus preventing the formation of

laminin 111, Hh signaling is not affected, as revealed by

normal expression levels for ptc, a gene that is transcrip-

tionally regulated by this signaling pathway [151]. Indeed,

these mutants display ectopic BMP activity in the myotome

[152]. These findings suggest that a complex feedback

mechanism between Shh, BMP and laminin 111 is re-

sponsible for the control of BM deposition and

myogenesis.

Another example of mutual interaction between peri-

notochordal BM deposition and notochord-related signal-

ing activity has been revealed by zebrafish collagen XV

depleted embryos [25]. Morpholino-mediated knockdown

of col15a1 revealed that this peri-notochordal sheath pro-

tein is required for notochord differentiation, axon

guidance and differentiation of functional muscle fibers.

The authors proposed that the loss of BM integrity due to

ablation of collagen XV may lead to an increased diffusion

of Hh ligands from the notochord, resulting in an ectopic

differentiation of medial fast fibers. The distinctive ex-

pansion of medial fast fibers in this model correlates with

the onset of collagen XV expression after the Shh-mediated

induction of adaxial and muscle pioneer cells [25].

Studies in puff daddy (pfd), a zebrafish mutant yielded

by a forward genetic screen for mutants exhibiting noto-

chord sensitivity to lysyl oxidase inhibition, demonstrated

that fibrillin-2 has an essential role in zebrafish notochord
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and vascular morphogenesis [71]. Although the notochord

distortion observed in pfd mutants results from structural

defects, the vascular phenotypes appear to rely at least in

part upon altered cell signaling pathways. As genetic in-

teraction between fibrillin-2 and bone morphogenetic

protein-7 (BMP-7) has been demonstrated in fibrillin-2

knockout mice [153], Bmp-7-related signals or other

morphogens may be required for endothelial cell branching

and venous plexus morphogenesis in zebrafish. Moreover,

treating zebrafish pfd mutant embryos with losartan, a

specific inhibitor of the transforming growth factor (TGFb)
signaling pathway, does not rescue their vascular pheno-

type [154], thus indicating that TGFb signaling is not

involved in the caudal vein abnormalities observed in fib-

rillin-2 depleted embryos [71].

Recent in vitro and in vivo studies indicate that the peri-

notochordal sheath protein Emilin3 modulates the avail-

ability of Hh ligands by interacting with the permissive

factor Scube2 in the notochord sheath [27]. Scube2 acts

non-cell autonomously in the release of lipidated Shh from

producing cells [155, 156]. Intriguingly, Emilin3 was

shown to interact with the EGF repeats of Scube2, sup-

porting the hypothesis that this extracellular matrix protein

may be important for targeting Scube2 to the correct sites,

thus tuning its activity in the extracellular milieu. Emilin3

deficiency disturbs notochord sheath formation and may

cause an abnormal localization and/or activity of Scube2,

leading to increased Hh signals. In agreement with this,

expression of ptc1 and other Hh-responsive genes was

shown to be consistently upregulated in Emilin3 depleted

zebrafish embryos [27].

Role of the notochord in intervertebral disc
formation and in spine morphogenesis

During late embryonic development, the peri-notochordal

BM exhibits a metameric pattern of more and less con-

densed zones that give rise to the outer and inner annulus

and the vertebrae [157]. While the notochord completely

regresses in the correspondence of the vertebral bodies or

centra, small areas of notochord tissue persist in the center

of the intervertebral discs and notochord cells condense to

form the nucleus pulposus [158, 159]. Thus, in chordate

embryos, the nucleus pulposus is the only tissue that is

completely derived from the notochord [103]. In zebrafish,

vertebrae and IVDs become distinct from each other by

15 days post fertilization. The IVDs contain vacuolated

cells of the nucleus pulposus surrounded by smaller cells of

the anulus fibrosus [160].

Several gene products regulate intervertebral disc de-

velopment. Mutant mice lacking collagen type II, which is

synthesized by the notochord and deposited into the peri-

notochordal sheath, lack intervertebral discs and are unable

to remove the notochord. This defect is associated with an

enlargement of vertebral bodies and the deposition of ab-

normal collagen fibrils [159]. Two highly related

transcription factors, Sox5 and Sox6, which are expressed

in sclerotome-derived cells and in the notochord [161] are

required for peri-notochordal sheath formation, cell sur-

vival, and late development of the nucleus pulposus.

Indeed, the peri-notochordal BM fails to form in Sox5/Sox6

double mutant mice, leading to the subsequent impairment

of axial skeleton formation [162]. These findings suggest

that a mechanically and structurally intact peri-notochordal

sheath is required for inducing notochord reorganization,

formation of the intervertebral disc and dismantling of the

notochord. Two other paired box transcription factors ex-

pressed in the sclerotome, Pax1 and Pax9, regulate

vertebral body development. In the corresponding mutant

mice, the notochord forms normally but it is not removed

from the vertebral bodies, thereby compromising the for-

mation of the nucleus pulposus [163, 164].

The vertebrate notochord plays a critical role in spine

morphogenesis and bone ossification during late develop-

mental stages. The link between notochord cells and spine

morphogenesis has been deeply analyzed in the Atlantic

salmon [165], but in the last years the zebrafish model has

become a useful tool to understand the mechanisms un-

derlying the formation of bone matrix of the vertebrae. In

teleosts, the notochord directs centrum bone synthesis

in vivo, where individual rings of bone centra are deposited

within the notochord sheath, leading to the subsequent

formation of mature segmented vertebrae [165, 166]. An

in vivo study focused on the development of the zebrafish

vertebral column revealed that laser ablation of notochord

cells at defined periodic locations prevents the develop-

ment of the correspondent centrum [167]. These findings

suggest that the notochord might have an inherent period-

icity that imparts segmental patterning to the vertebral

column. Moreover, it has been demonstrated that the fully

inflated vacuoles of notochord cells mechanically an-

tagonize the pushing force of invading osteoblasts during

vertebral bone formation. Zebrafish mutants lacking fully

vacuolated cells or with fragmented vacuoles developed

kinks in the spine during ossification [16]. These findings

identify a novel role for notochord vacuoles in spine

morphogenesis. Different works support the model of no-

tochord-dependent vertebral column formation [16, 66,

167, 168]. Thus, it is reasonable to suppose that the patterns

of vertebral alterations and scoliosis can be a common

consequence of malformations or injury to embryonic no-

tochord tissues. Further studies will help elucidating the

mechanisms underlying vertebral column ossification.

As the intervertebral disc matures, the composition of

the nucleus pulposus changes: the large vacuolated cells
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with notochordal origin decrease in number, whereas

smaller chondrocyte-like cells, of a different embryonic

origin, increase. Indeed, there is a controversy regarding

the embryonic origin of the cells populating the mature

nuclei pulposi. Some authors’ stated that notochord cells

die during spine morphogenesis and then are replaced by a

new population of cells migrating from adjacent tissues

[169]. Other authors, however, argued that the smaller

adult nucleus pulposus cells, despite their distinct mor-

phology, derive from the original population of larger

notochord cells [105]. Some recent reports unveiled the

possibility that a notochord-derived population of adult

nucleus pulposus cells coexists with another cell popula-

tion having a different ontogeny (for extensive review on

this topic see [170]).

Role of the notochord in the onset of chordomas

A number of animal models of intervertebral disc degen-

eration were generated [171–176]. However, in these

models the fate of the notochord cells, as well as their

involvement in functional maintenance of the intervertebral

disc in postnatal life, remains poorly defined. For example,

few dormant notochord cells persist in the adult vertebral

body and give rise to chordomas [103]. Chordomas are rare

primary tumors of the axial skeleton, localized mainly in

the sacrococcygeal and sphenooccipital regions [177].

These tumors are both sporadic and hereditary and appear

to occur more frequently after the fourth decade of life.

However, modern technologies have increased the detec-

tion of pediatric chordomas. They are traditionally

considered to be slow growing, locally invasive neoplasms

with a low tendency to metastasize and a high potential for

recurrence. Complete surgical removal of the tumor,

whenever possible, is the standard of care, usually in

combination with radiation therapy. In fact this tumor is

known to be highly chemoresistant towards the few proven

systemic therapies available for patients with unresectable

tumors or distant metastases [178].

The current concept is that chordomas arise from the

remnants of the notochord after embryogenesis. Lineage-

tracing experiments in mouse models allowed to clarify

that during embryogenesis, as the ossification of the spine

proceeds and vertebral bodies form, the embryonic noto-

chord directly gives rise to all cell types present in the

nucleus pulposus of the intervertebral discs. Additionally,

rare isolated embryonic notochord cells were also found to

reside in the vertebrae between the intervertebral discs. The

location in which these cells are found is characteristic of

the ‘‘notochordal remnants’’, which in humans have been

proposed to give rise to chordoma [103]. Other observa-

tions support the notochordal origin of chordomas.

Between notochordal remnants and the histopathology

exhibited by chordomas there is a morphological similarity

at light and electron microscope levels [179, 180], and both

share a similar immunophenotype [177, 181, 182]. Histo-

logically, chordomas are composed of physaliphorous cells

expressing a particular low-molecular-weight cytokeratin

protein embedded in a mucomyxoid background. They are

divided into classical (or conventional), chondroid, and

dedifferentiated types. The chondroid variety may have a

more favorable prognosis than other chordomas [183].

Actually, chordomas do not only have microscopic

features resembling the embryonic notochord, but also

express the transcription factor T (referred to as brachyury

henceforth), the founding member of the T-box family of

transcription factors, which is required for the specification

of mesodermal identity [184] and regulates notochord

formation. Duplication of the brachyury locus was reported

in rare cases with genetic predisposition to familial chor-

doma [185], along with amplification of brachyury in some

sporadic chordomas [186]. Moreover, an extensive geno-

typing study of individuals with sporadic chordoma

revealed recurrent single nucleotide polymorphisms

(SNPs) in the brachyury DNA-binding domain. These

SNPs alter the DNA-binding properties of the transcription

factor, suggesting that misregulation of some of the genes

controlled by brachyury could be a mechanism underlying

the genesis of chordoma [187]. A recent study using inte-

grated functional genomics identified several target genes

of brachyury involved in the regulation of the cell cycle, in

the production of extracellular matrix and cytokines, and in

glycosaminoglycan binding, all of which are pertinent to

the notochord and chordomas [188]. At a functional level,

in vitro suppression of brachyury halts cell proliferation in

two different chordoma cell lines [186, 189]. It was also

shown that overexpression of brachyury leads to enhanced

proliferation, motility, and invasiveness in a brachyury-

depleted cell line [190]. Altogether, these findings impli-

cate brachyury in the pathogenesis of chordoma and

suggest that this transcription factor is a crucial molecular

driver in the initiation and propagation of this cancer. In

agreement with this, several studies have postulated that

brachyury represents a novel discriminating biomarker for

chordomas. In particular, when combined with cytokeratin

staining, the specificity for chordoma detection achieves

100 % [177, 191, 192].

Chordomas were also identified on the basis of their

immunoreactivity for the S-100 protein, the epithelial

MUC1 membrane glycoprotein and cytokeratins. Another

genetic marker of chordomas is chondroitin sulfate pro-

teoglycan 4 (CSPG4 or NG2/MCSP), which has been also

targeted for immunotherapy. However, this antigen is ex-

pressed only by a fraction (62 %) of these tumors [193] and

may lead to false negative diagnoses. Additional studies

underlined the importance of some other notochord-related
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factors (such as Shh, Wnt, galectin-3 and NCAM) in the

pathophysiology of chordoma. For example, the Wnt sig-

naling pathway and the closely related cadherins appear to

play a role in different cellular processes that take place in

chordomas (for review, see [194]). Moreover, Shh has been

found to be overexpressed in some clinical cases of chor-

doma, although Shh should not be considered a specific and

selective marker for this tumor as anti-Shh antibodies also

react in 50 % of the notochordal cases and in 81 % of

chondrosarcoma cases [195]. In addition, the transcription

factor Sox9, which is required for the maintenance of no-

tochord integrity [196], is also expressed in

chondrosarcoma samples [191]. These limitations under-

line the need for the improvement of chordoma diagnosis

with new and more distinctive chordoma markers.

In addition, a gene expression profile of human chor-

doma samples revealed that different genes involved in

extracellular matrix synthesis and control were upregulated

[197]. These findings suggest that the inhibition of matrix-

modifying proteases may prevent the local growth and

distant spread of these tumors, by inhibiting the escape of

cells from the extracellular matrix. Moreover, blocking

proteins important for cell mobilization and cell–matrix

interaction may be a reasonable alternative approach to the

conventional therapeutic treatments.

In spite of these diverse findings, genetic studies did not

reveal mutations that can be therapeutically targeted in

chordomas. Studies of human chordoma samples have

suggested activation of the EGFR-PI3 K-AKT-mTOR

pathway [198, 199], and treatment of the chordoma cell

line U-CH1 with mTORC1 and PI3 K inhibitors induces

apoptosis [193]. Clinical trials have been carried out with a

variety of receptor tyrosine kinase inhibitors, as well as

with the mTOR inhibitor rapamycin [178]. Although par-

tial responses have been observed in some patients, there is

a pressing need for high-throughput preclinical models to

direct targeted therapies in patients with this relatively rare

tumor. Recently, it was reported the first in vivo genetic

model for chordoma, based on stable notochord-specific

expression of H-RasVal12 in zebrafish [200]. This model

generates a reproducible tumor phenotype, ultimately

leading to larval death. These tumors are highly similar to

the human chordoma based on histological, ultrastructural

and immunohistochemical features. The rapid onset of the

tumor phenotype in this zebrafish chordoma model is well

suited for screening for new pharmacological agents that

can suppress tumor proliferation or induce tumor cell

death. Indeed, the mTORC1 inhibitor rapamycin was

shown to delay the onset of tumor formation and improve

survival of tumor-bearing fish. Consequently, the zebrafish

model of chordoma could enable high-throughput screen-

ing of potential therapeutic agents for the treatment of this

refractory cancer [200].

The nucleus pulposus is thought to be required for the

maintenance of the structural integrity of intervertebral

discs and is the first structure to be affected during disc

degeneration [201]. In this clinical context, notochord

cells are proposed to display an important protective role,

since in vitro and in vivo studies have suggested that

notochord cells may represent the most effective cell

population for repopulating the degenerate nucleus pul-

posus. Therefore, notochord cells may be the ideal type

of cells able to repair a degenerated disc. Moreover,

previous in vitro studies have highlighted the stimulatory

effect of the conditioned medium of notochord cells on

native intervertebral discs [202, 203]. A recent study

pointed out the effect of notochord cell-derived condi-

tioned media on mesenchymal stem cell differentiation

toward a potentially nucleus pulposus-like phenotype,

with some characteristics of the developing intervertebral

discs [204]. These findings have important implications

to understand fundamental biological processes acting on

this complex structure not only in disc homeostasis, but

more importantly in intervertebral disc degeneration and

back pain.

Concluding remarks

The notochord is one of the earliest distinguishable hall-

marks of the developing vertebrate embryo, directing

essential patterning and structural activities. A broad

number of studies provided insights into the molecular and

mechanistic processes involved in notochord formation and

homeostasis during embryonic development. Overall, these

findings reinforce the concept that structure and function of

the notochord are strictly linked, highlighting the signals

that the peri-notochordal BM imparts to notochord cells.

Besides providing valuable information on vertebrate bi-

ology and development, the available data indicate that the

study of notochord development is helpful for throwing

light on the origin and pathogenesis of chordoma, a rare

and malignant bone cancer that originates from notochord

remnants. The increasing knowledge on the genetic

markers and molecular targets of chordomas is of high

interest for devising new and effective therapies for this

type of malignant cancer. We also discussed the role of

notochord cells in forming the nucleus pulposus portion of

the intervertebral discs, a feature that makes notochord

cells a promising target for clinical approaches aimed at

intervertebral disc repair and back pain treatment.
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