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Abstract

We have carried out a series of experimental manipulations in the chick embryo to assess whether the noto-

chord, neural tube and spinal nerves influence segmental patterning of the vertebral column. Using Pax1

expression in the somite-derived sclerotomes as a marker for segmentation of the developing intervertebral

disc, our results exclude such an influence. In contrast to certain teleost species, where the notochord has been

shown to generate segmentation of the vertebral bodies (chordacentra), these experiments indicate that seg-

mental patterning of the avian vertebral column arises autonomously in the somite mesoderm. We suggest that

in amniotes, the subdivision of each sclerotome into non-miscible anterior and posterior halves plays a critical

role in establishing vertebral segmentation, and in maintaining left ⁄ right alignment of the developing vertebral

elements at the body midline.
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Introduction

The segmented repeat pattern of the vertebral column

clearly reflects its developmental origins from the embry-

onic somites. Since Robert Remak’s pioneering observations

(Remak, 1855), it has been widely accepted that vertebral

segmentation in birds and mammals involves a process of

somite ‘resegmentation’ (neugliederung) along the long

axis. Remak pointed out that while vertebrae and axial mus-

culature derive segmentally from their respective somite

components, the sclerotome and myotome, there is a half-

segment shift in the alignment between them during devel-

opment. As a result, the axial muscles can make interverte-

bral attachments, promoting motility of the vertebral

column and body trunk. Remak also detected an anatomi-

cal subdivision of the sclerotomes into two halves, anterior

(cranial) and posterior (caudal), and accounted for the shift

by proposing that each vertebral body forms by a recombi-

nation of the adjacent half-sclerotomes of neighbouring

somites on each side of the midline, while the myotomes

retain their original segmental positions. The subdivision of

the sclerotome also imposes segmentation on the outgrow-

ing spinal nerves (Keynes & Stern, 1984; Kuan et al. 2004),

and creates alternating, non-miscible populations of cells in

consecutive sclerotomes along the long axis (Stern &

Keynes, 1987).

Several morphological studies have disputed the exis-

tence of sclerotome resegmentation, based largely on a

lack of visible segmentation in the initial cell population

that forms the axial peri-notochordal sclerotome, where

resegmentation is held to take place (for review, see

Verbout, 1976). The evidence of such exclusively descriptive

studies is not conclusive, however, and the majority of

more recent lineage studies have been generally consistent

with resegmentation. Thus, single somite transplants from

quail to chick embryos have shown that one sclerotome

contributes cells to the adjacent halves of neighbouring

vertebral bodies, and to the annulus fibrosus of the inter-

vertebral disc between them. Correspondingly, a single

vertebral body, its neural arch and attached processes are

derived from two adjacent half-sclerotomes (Bagnall et al.

1988; Bagnall & Sanders, 1989; Ewan & Everett, 1992;

Huang et al. 1996; Aoyama & Asamoto, 2000). Resegmenta-

tion has also been confirmed by Huang et al. (2000), who

took the extra step of ensuring correct orientation of trans-

planted somites by grafting one and a half somites from

quail to chick embryos. Other quail–chick transplant studies

have shown that particular sub-regions of the sclerotome

give rise to individual vertebral components, for example

the pedicle of the neural arch from posterior half-sclero-

tome (Goldstein & Kalcheim, 1992), and the annulus fibro-

sus and rib from the ‘somitocoele’ cells that colonize the
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cavity of the early epithelial somite (Huang et al. 1994;

Christ et al. 2007).

A resegmentation process therefore seems likely to gen-

erate the segmented pattern of the mature vertebral col-

umn, and the question arises whether additional signals

from tissues extrinsic to the sclerotome are also involved in

creating or maintaining the segmental vertebral pattern.

Studies in both chick (Stern & Keynes, 1987) and zebrafish

(Morin-Kensicki et al. 2002) have shown that cells from one

half-sclerotome can contribute to two adjacent vertebrae,

rather than just one as resegmentation predicts. Moreover,

although vertebral segmentation may be sclerotome-

dependent in the medaka (Inohaya et al. 2007; Spooren-

donk et al. 2008), where it is also dependent on wnt4b pro-

duction by the floor plate (Inohaya et al. 2010), recent

studies of vertebral segmentation in two other teleost spe-

cies, the zebrafish (Danio rerio; Fleming et al. 2001, 2004)

and Atlantic salmon (Salmo salar; Grotmol et al. 2003,

2005), have suggested that osteogenic activity in the noto-

chord generates the part of the vertebral body (chordacen-

trum) that immediately surrounds it. This raises the

possibility that segmentation of amniote intervertebral

discs and intervening centra may likewise be influenced by

segmental signalling from the notochord, consistent with

the well-documented persistence of notochord cells that

form the nucleus pulposus of the intervertebral disc

(Balfour, 1881; Peacock, 1951; Walmsley, 1953; Urban et al.

2000; Choi et al. 2008). A further consideration is that,

according to the resegmentation hypothesis, the left and

right halves of the perinotochordal sclerotome develop

independently of each other while simultaneously main-

taining precise segmental alignment at the axial midline.

An additional midline-derived mechanism might therefore

be anticipated, ensuring that left ⁄ right registration of the

mesenchymal sclerotomes is preserved as their cells migrate

to surround the notochord and the neural tube, a lengthy

process that may occupy several days during amniote

development.

Accordingly we have undertaken a series of manipulation

and transplant experiments in the chick embryo to assess

whether the notochord, neural tube and developing spinal

nerve components influence segmental vertebral pattern-

ing. Using perinotochordal expression of Pax1 in the devel-

oping sclerotome as a marker for segmentation of the

developing intervertebral disc, our results exclude such a

mechanism. They indicate that segmental patterning of the

amniote vertebral column, in contrast to the teleost species

noted above, derives autonomously in the somite meso-

derm from persisting midline registration of the bilateral

sclerotomes during vertebral development. We argue that

the subdivision of each sclerotome into non-miscible, and

hence non-motile, anterior and posterior halves is critical in

establishing vertebral segmentation and in maintaining

left ⁄ right registration of the ventral vertebral elements as

they merge at the axial midline.

Materials and methods

Embryo manipulations

Fertilized hens’ eggs (Winter Egg Farm, Hertfordshire, UK) were

incubated at 38 �C to obtain embryos at stage 11–14 (Ham-

burger & Hamilton, 1951). Host eggs were windowed, and 5–

100 lL of a 1 : 10 mixture of India ink (Fount India, Pelikan) and

phosphate-buffered saline (PBS) was injected into the sub-

blastodermal space. The window was then lined with silicone

grease, allowing the embryo to be floated above the surface of

the egg within � 1 mL of calcium ⁄ magnesium-free Tyrode’s

solution (CMF), the latter having being introduced into the win-

dow using a pipette.

For notochordectomy and neural tube removal (neuralecto-

my), a microscalpel (John Weiss, Milton Keynes, UK) was used to

cut the vitelline membrane and deflect it away from the oper-

ated region. Longitudinal cuts were made between the neural

tube ⁄ notochord and somite mesoderm on either side, extending

6–9 somite-lengths and including 4–9 somite-lengths of noto-

chord and neural tube at the level of the pre-somite mesoderm

(PSM). A single transverse cut was then made across both neural

tube and notochord at the level of the anterior end of the lon-

gitudinal cut, allowing the neural tube and notochord to be

cleaved easily from the underlying endoderm as a combined

unit. Removal was completed by a second transverse cut

through the neural tube and notochord at the posterior end of

the longitudinal cut. The cleavage plane lay between the noto-

chord sheath and the underlying endoderm, so notochord

removal left the endoderm intact with no passage of ink across

it. As the notochord was removed together with its sheath,

there were no residual notochord cells (Fig. 2).

For PSM reversal, a longitudinal cut was made between the

neural tube ⁄ notochord and PSM on one side, and between the

PSM and intermediate mesoderm on the same side of the embryo.

Both cuts extended posterior from the second most recently-

formed somite for 8–10 somite-lengths. Transverse cuts were

made at the anterior and posterior ends of these cuts, and the

PSM removed using the microscalpel. This was facilitated by prior

immersion of the embryo in � 1 mL of 0.04% dispase in CMF for

� 1 min, after which the dispase was replaced with CMF.

Stage 11–14 donor embryos were pinned ventral side down on

sylgard (Dow Corning, Belgium) in CMF. Lengths of donor neural

tube, notochord and PSM were dissected, freed of adherent scle-

rotome cells using 0.04% dispase in CMF, and retained in sheep

serum on ice before grafting into host embryos. The donor tissue

was introduced into the host egg using a Gilson pipette and

manoeuvred into position with the microscalpel. Donor PSM was

taken from the right side of the donor embryo for grafting after

anterior–posterior reversal into the left side of the host.

For grafts of somitocoele cells and epithelial somite cells, host

embryos were prepared by making a cut between two adjacent

epithelial somites (I–III) and between these somites and the

neural tube ⁄ notochord. Donor embryos expressing cytoplasmic

green fluorescent protein under the CAG promoter (CAG-GFP;

McGrew et al. 2008; gift of Prof. Helen Sang) were pinned ven-

tral side down in a sylgard dish. A cut was made between

somites I and III and the notochord ⁄ neural tube in an anterior–

posterior direction, removing the medial epithelial component

of these somites. Somite strips were then pinned medial side up

and a glass needle was used to remove the mesenchymal cells

from the central somite cavity (somitocoele). These cells were
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transferred into the prepared region of the host embryo using a

Gilson pipette.

After grafting, 3–5 mL of albumen was removed from the

host egg, which was then sealed using PVC tape. Embryos were

incubated at 38 �C in a humidified incubator to the required

post-operative stage, when they were pinned ventral side

down on sylgard in Carnoy’s solution (60% ethanol, 11.1%

formaldehyde, 10% glacial acetic acid) overnight at 4 �C. For

paraffin embedding, embryos were rinsed and dehydrated in

100% ethanol, immersed in Histosol (National Diagnostics,

Atlanta, USA) until transparent (usually two 5-min washes), fol-

lowed by immersion in three changes of paraffin wax (Fisher

Scientific, Loughborough, UK) at 30-min intervals at 65 �C. Sec-

tions (10 lm) were cut using a rotary microtome (Microm),

mounted in diethylpyrocarbonate (Sigma-Aldrich, Dorset, UK)-

treated water on Superfrost Plus glass slides (VWR, East

Grinstead, UK) and dried overnight.

RNA in situ hybridization

Full-length quail Pax1 cDNA (gift of Dr Christine Ferguson;

Ebensperger et al. 1995) was linearized with Xba1 and digoxige-

nin-labelled antisense RNA probes synthesized using the DIG

RNA labelling kit with T3 RNA polymerase (Roche, Welwyn

Garden City, UK), as described by the manufacturer. Purified

labelled probes were reconstituted in hybridization buffer (50%

formamide, 0.3 M NaCl, 10% dextran sulphate, 20 mM Tris

pH 7.5, 5 mM EDTA, 10 mM sodium phosphate pH 8.0, 1 · Den-

hardt’s, yeast tRNA 1 mg mL)1) and used at a concentration of

� 1 ng mL)1. Hybridization was carried out at 70 �C for � 18 h

using dewaxed 8-lm paraffin sections. After hybridization, slides

were washed in 50% formamide, 1 · standard sodium citrate,

0.1% Tween-20 at 70 �C followed by four washes in MABT

(0.1 M maleic acid, 150 mM NaCl, 0.1% Tween-20, pH 7.5). Slides

were then blocked by incubation with MABT containing 20%

sheep serum for 2 h before incubating with 1 : 2000 dilution of

alkaline phosphatase-conjugated anti-digoxigenin antibody

(Roche) in blocking buffer at room temperature for 18 h. After

washing 5 · in MABT, slides were equilibrated with NTMT

(100 mM NaCl, 50 mM MgCl2, 100 mM Tris pH 9.5, 0.1% Tween-

20) before colour development using nitroblue tetrazolium

chloride and 5-bromo-4-chloro-3-indolyl phosphate toluidinium

salt mix (Roche), according to the manufacturer.

Immunohistochemistry

After in situ hybridization, primary antibodies in PBS, 0.1% Tri-

ton X-100 (PBST), 10% sheep serum were applied and incubated

at 4 �C overnight. After washing in PBST, slides were incubated

with secondary antibodies for 3 h at room temperature, and

then washed in PBST before mounting in Fluoromount-G. The

following primary antibodies were used: GFP (rabbit; Invitrogen,

Paisley, UK); TuJ1 (mouse IgG2a; Covance, Cambridge, UK);

HNK1 (mouse IgM; gift of Dr Clare Baker); calretinin (rabbit; gift

of Dr John Rogers); alexa 488- and alexa 594-coupled goat anti-

mouse and goat anti-rabbit secondary antibodies (Invitrogen);

and FITC-conjugated goat anti-GFP (Abcam, Cambridge, UK). All

sections from each embryo were viewed using a Zeiss Axioskop

microscope, and images taken using a Jenoptik C14 high-resolu-

tion colour camera with OPENLAB software (Improvision, Coventry,

UK).

Results

Development of segmented regions of Pax1

expression in the ventral sclerotome

The spatio-temporal pattern of Pax1 expression during the

early stages of somite development has been well docu-

mented in previous studies (see Discussion) and will not be

described in detail here. Using in situ hybridization of

embryo sections we confirmed that for maturing chick som-

ites, at stages both preceding and during outgrowth of

spinal axons, Pax1 is strongly expressed throughout both

anterior and posterior halves of the ventral sclerotome at

the level of the notochord (Fig. 1A,B). With further matura-

tion, expression becomes selectively more intense in the

anterior half-sclerotome cells surrounding and medial to

the spinal nerve components (Fig. 1C,D). By stage 29 ⁄ 30 the

Pax1-expressing cells are localized into segmented groups

or ‘stripes’ that extend medially from the posterior region

of each segmented cluster of spinal nerve elements. Each

stripe converges on the notochord, aligning with its coun-

terpart on the opposite side and forming peri-notochordal

rings in three dimensions (Fig. 1E, F). Pax1 expression

remains non-segmented and uniform in cells of the devel-

oping vertebral perichondrium ventral to the notochord,

and by stage 36 expression in the ventral sclerotome of

anterior segments has declined to undetectable levels (data

not shown). No expression was detected in notochord cells

at any of the stages examined.

In agreement with earlier studies, the anatomical posi-

tioning of the rings of Pax1 expression indicates that they

represent the developing annulus fibrosus, i.e. the compo-

nent of the intervertebral disc that originates from sclero-

tome rather than notochord. Their lateral alignment with

the developing spinal nerves, and their convergence on the

notochord medially, raise the question whether their meta-

meric repeat pattern originates from segmentally reiterated

signalling from either or both of these structures, and this

was investigated in subsequent experiments.

The notochord is dispensible for segmented Pax1

expression in ventral sclerotome

We first tested whether the notochord is necessary for the

development of segmented Pax1 expression in the ventral

sclerotome. As shown schematically in Fig. 2A, notochord

excision was achieved by grafting a length of neural tube

from a donor embryo (stage 11–14) into a host embryo of

equivalent stage from which both notochord and neural

tube had been excised at the same position as the donor.

The operated region in the host embryo extended from the

posterior PSM to the posterior (epithelial) somites, and was

equivalent to 6–9 somites in length (Fig. 2A). Embryos were

incubated to stage 29, after which Pax1 expression was

assessed by in situ hybridization of longitudinal sections.
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Notochordectomized regions of sclerotome were readily

identified in seven such embryos, and these regions showed

segmented expression of Pax1 laterally throughout their

longitudinal extent, in association with the developing

spinal nerves (Fig. 2B,C; Table 1). Levels of medial and mid-

line Pax1 expression in ventral sclerotome varied in these

segments. In the absence of the notochord approximately a

quarter (10 ⁄ 41 segments) showed only lateral Pax1 expres-

sion (Fig. 2B), and half (23 ⁄ 41) showed interrupted stripes

of Pax1 expression that included cells at the midline

(Fig. 2C). The remainder (8 ⁄ 41) showed segmented stripes

of Pax1 expression across the full width of the sclerotome

(Fig. 2C), a pattern not seen in normal embryos. In cells of

the most ventral sclerotome, Pax1 expression was non-seg-

mented and uniform, as in the ventral vertebral perichon-

drium of normal embryos (data not shown).

Further dorsal, at the level of the neural tube, all oper-

ated regions showed stripes of Pax1 expression that were

indistinguishable from those seen in normal embryos,

again showing expression in association with the develop-

ing spinal nerves (data not shown). In summary, Pax1

expression persists in a segmented pattern despite earlier

removal of the notochord adjacent to the PSM, albeit at

reduced levels in medial regions. While this argues against

an absolute requirement for segmental notochord signal-

ling in the generation of vertebral body ⁄ intervertebral disc

segmentation, as noted above the result could also be

explained if the remaining neural tube or spinal nerves

impart segmental patterning information to the ventral

vertebral column.

The neural tube is dispensible for segmented Pax1

expression in ventral sclerotome

To test whether the neural tube and ⁄ or spinal nerves

impart segmental signalling to the sclerotome, we assessed

the consequences of neural tube excision in stage 11–14

embryos for segmented Pax1 expression in the sclerotome.

To ensure complete removal of the neural tube, including

the floor plate, host embryos were prepared by excising a

length of both neural tube and notochord, and replacing

these with donor notochord from an embryo of the same

developmental stage (Fig. 3A). The operated region was

posterior to the second most recently-formed somite, and

was equivalent to 6–12 somites in length, extending up to

three-quarters of the length of the PSM. Embryos were

incubated to stage 29, after which in situ hybridization for

Pax1 was performed on longitudinal sections.

Neuralectomized regions with intact grafted notochord

were readily identified in 13 operated embryos, allowing

assessment of a total of 80 sclerotomes. To exclude the pos-

sibility of neural crest migration into the operated region

from either end of the remaining host neural tube, we also

assessed the presence of spinal nerves in these segments

using immunohistochemistry for TUJ1 and HNK1. TUJ1

labels class III beta tubulin (Caccamo et al. 1989), which is

specific to neurons, while HNK1 labels a carbohydrate epi-

tope expressed by migratory neural crest cells and by the

crest-derived neuronal and glial lineages of the peripheral

nervous system (Vincent & Thiery, 1984). Four embryos were

additionally assessed for HNK1 staining 52 h post-operation,

A B C

FED

Fig. 1 Pax1 expression in the developing

chick sclerotome. Longitudinal sections,

anterior upwards. (A) Stage 13 embryo at the

level of the notochord, showing uniform Pax1

expression in both anterior (a) and posterior

(p) halves of each sclerotome. (B) Stage 24

embryo, thoracic somites; uniform Pax1

expression persists in both sclerotome halves.

(C, D) Stage 25 embryo, thoracic somites, at

the level of the notochord (C) and neural

tube (D), showing more intense Pax1

expression in the anterior half-sclerotomes

surrounding the spinal nerves. (E) Stage 29

embryo and (F) stage 30 embryo, showing

resolution of Pax1 expression into segmentally

repeated stripes of cells (asterisks) extending

medially from the spinal nerves and

converging on the notochord. a, anterior half-

sclerotome; m, myotome; n, notochord; nt,

neural tube; p, posterior half-sclerotome; s,

sclerotome; spn, spinal nerve. Scale bars:

100 lm.
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and all lacked HNK1 staining in the operated sclerotomes,

except for those located at the operated ⁄ unoperated

boundaries (data not shown).

Figure 3 shows TUJ1 and HNK1 staining in the unoperat-

ed (Fig. 3B–D) and operated (Fig. 3E–G) regions of the same

embryo. TUJ1 and HNK1 staining was prominent in the un-

operated regions containing the spinal nerves. Some noto-

chord cells also stain for HNK1 at this stage of

development, and were visible in both unoperated and

operated regions of this embryo. However, no TUJ1- or

HNK1-staining, or morphologically distinct spinal nerves

were present in the operated region. TUJ1 ⁄ HNK1-stained

spinal nerves were detected in only 5 of the 80 segments

identified as lacking neural tube. As anticipated they were

exclusively located at the boundaries of the unoperated

and operated regions, and these segments were excluded

from further analysis.

Despite the absence of the neural tube and morphologi-

cally distinct spinal nerves, 95% (76 ⁄ 80) of sclerotomes in

the experimental embryos showed typical segmented

stripes of Pax1 expression alongside the notochord when

compared with unoperated sclerotomes (Fig. 3H). Abnor-

mal segmentation of Pax1 expression was occasionally seen

around the end of the grafted notochord (4 ⁄ 80 segments,

2 ⁄ 13 embryos), where it was deformed post-operatively

(data not shown).

Segmented expression of Pax1 can be experimentally

misaligned at the midline by perturbing left ⁄ right

alignment of the somites

The results of notochordectomy and neuralectomy indicate

that neither the notochord nor the neural tube and devel-

oping spinal nerves are likely to provide signals that regu-

late segmental patterning of Pax1 expression in the ventral

sclerotome. We therefore tested whether segmentation is

entirely intrinsic to the sclerotome and not susceptible to

correction by putative external signals. This was achieved by

reversing the anterior part of the PSM along the anterior–

posterior axis on one side of the embryo, so misaligning the

sclerotomes on left and right sides of the embryo, and

assessing whether this affects left ⁄ right alignment of seg-

mented groups of sclerotome cells expressing Pax1 adjacent

to the notochord.

Figure 4A shows the resulting misalignment at the mid-

line in the dorsal (neural arch) region of the sclerotome

(stage 29), where the dorsal root ganglia and developing

vertebral pedicles are out of register when comparing

A

B C

Aa′

a′

a′′

Host neural tube

Donor neural tube

Remove
d fro

m host

Grafte
d in

to host

Host notochord

Aa′′

Graft region

Fig. 2 Notochord excision. (A) Schematic diagram showing

experimental strategy for notochordectomy. The dashed lines (a’ and

a’’) show the levels of the sections shown in (Aa’) and (Aa’’). (Aa’)

Transverse section through the unoperated region of an embryo fixed

immediately after excision of the neural tube and notochord, and

processed for shh in situ hybridization; shh expression (red) is visible in

the notochord. (Aa’’) Transverse section of the same embryo through

the excised region and processed for shh in situ hybridization; removal

of the notochord and its sheath is confirmed, and the midline

endoderm remains intact. (B) Longitudinal section of a stage 29 host

embryo showing the unoperated region with notochord (posterior,

downwards) and the notochordectomized region (anterior, upwards).

Pax1 expression remains segmented in the grafted region anterior to

the notochord (arrows), being conspicuous laterally but diminished

medially in comparison with the stripes of expression seen alongside

the notochord in the unoperated region. (C) Similar section to (B) in

another notochordectomized embryo, showing persistent Pax1

expression both laterally and medially (arrows) in the grafted region

anterior to the notochord. n, notochord. Scale bars: 100 lm.

Table 1 Notochord excision and Pax1 expression in the sclerotome.

Pax1 expression:

lateral only

Pax1 expression:

both lateral and

medial but interrupted

Pax1 expression:

across sclerotome

not interrupted

10 ⁄ 41 segments 23 ⁄ 41 segments 8 ⁄ 41 segments

Seven embryos Seven embryos Seven embryos
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host and donor sides. Left ⁄ right misalignment of Pax1

stripes was assessed in ventral sections at the level of the

notochord, allowing for minor left ⁄ right midline misalign-

ments present in normal embryos; misalignment was

scored when there was no overlap between left and right

Pax1 stripes where they are adjacent to the notochord.

The non-operated segments in eight experimental

embryos showed only one Pax1 stripe out of 50 assessed

that misaligned at the midline, and none showed lateral

misalignment. In contrast, misalignment was present in

the reversed regions of all eight experimental embryos,

and 80% (36 ⁄ 45) of reversed segments showed Pax1

stripes that misaligned at both the midline and laterally

(Fig. 4B). The characteristic left–right curvature of the

Pax1 stripes in grafted segments was also reversed

(Fig. 4B). No stripe misalignment was detected in three

sham-operated embryos in which the grafted PSM was

first removed from the host and then replaced isotopically

(data not shown).

Somitocoele cells acquire new fates when grafted

into ectopic positions

The results above support the possibility that segmental

patterning of vertebral bodies and intervertebral discs origi-

nates entirely in the somite mesoderm and is not influenced

by external signals. The question then arises, at what stage

during somite development is body ⁄ disc segmentation irre-

versibly determined? Quail ⁄ chick lineage analysis has shown

that the sclerotome contribution to the intervertebral disc

(future annulus fibrosus) is from somitocoele cells lying in

the cavity of the newly-formed epithelial somite, raising the

possibility that body ⁄ disc segmentation is determined as

early as the initial stage of overt somite formation from the

PSM (Huang et al. 1994, 1996; Mittapalli et al. 2005). We

therefore assessed whether somitocoele cells acquire their

fates irreversibly while resident in the epithelial somite.

GFP-expressing donor somitocoele cells derived from GFP-

transgenic embryos were grafted ectopically into wild-type

A

B C

F GE

D

H

Host neural tube

Donor notochord

Remove
d fro

m host

Grafte
d in

to host

Host notochord

Graft region

Fig. 3 Neural tube excision. (A) Schematic

diagram showing experimental strategy for

neuralectomy. (B–D) Longitudinal sections

(anterior upwards) of the unoperated region

of a stage 29 host embryo. Pax1 expression is

shown in a bright-field image (B), present in

two horizontal stripes (arrows) adjacent to the

notochord, and in the vicinity of the spinal

nerves. Spinal nerves also stain for TUJ1 (C;

arrow) and HNK1 (D) expression, and some

notochord cells also stain weakly for HNK1.

(E–G) Longitudinal sections (anterior upwards)

of neuralectomized region at the level of the

notochord, showing stripes of Pax1

expression (arrows) adjacent to the notochord

(E), in the absence of TUJ1 and HNK1

expression (F, G) confirming removal of spinal

nerve components; weak HNK1 expression

persists in notochord cells. (H) Composite

longitudinal section at the level of the

notochord along the entire length of the

operated region of a neuralectomized

embryo, anterior (A) and posterior (P)

directions as indicated. Pax1 expression

(arrows) remains segmented at the level of

the notochord. Stripes were occasionally

somewhat thicker along the anterior–

posterior axis than in normal embryos,

perhaps indicating that the neural tube

and ⁄ or spinal nerves influence overall growth

of the annulus fibrosus. The segments

marked with an asterisk lie at the boundaries

of the operated and unoperated regions. n,

notochord; spn, spinal nerve. Scale bars:

100 lm.
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hosts, between two adjacent epithelial somites (I–III) and

between these somites and the neural tube ⁄ notochord.

Embryos were allowed to develop to HH stage 29–31, fol-

lowed by section-in situ hybridization for Pax1 and immu-

nohistochemistry for GFP and calretinin, the latter as a

marker for developing annulus fibrosus cells (Gangji et al.

1994). The results were compared with those seen when

grafting epithelial somite cells into a similar ectopic location

in wild-type hosts.

Five embryos survived unilateral ectopic grafting of GFP-

expressing somitocoele cells, and three survived unilateral

ectopic grafting of GFP-expressing epithelial somite cells. All

eight embryos showed normal segmental expression of

Pax1, and all of the five embryos that were successfully

stained for calretinin expression (three somitocoele cell

grafts and two epithelial cell grafts) also showed normal

segmental expression of this marker. There was no ectopic

expression of either Pax1 or calretinin in the vertebral

bodies of these embryos, and all Pax1 stripes in GFP-positive

regions aligned with control stripes on the unoperated side.

Figure 5 shows representative longitudinal sections from

embryos with ectopic somitocoele or somite epithelial cell

grafts. No ectopic Pax1 or calretinin expression was visible

in the vertebral bodies (Fig. 5A,B,E,F), nor were ectopic

GFP-expressing somitocoele or epithelial cells restricted to

either the intervertebral disc or the vertebral body

(Fig. 5C,D,G,H); somitocoele and epithelial cells contributed

to both vertebral body and intervertebral disc lineages.

Moreover, in all embryos with somitocoele grafts some GFP-

expressing cells migrated away from the ventral vertebral

column to surround the developing spinal nerves

(Fig. 5A,I,J), and contribute to the myotome (Fig. 5K,L) and

neural arches (data not shown). These results indicate that

the fates of somitocoele cells and epithelial somite cells are

not irreversibly determined at the earliest stages of somite

development, and can be modified following grafting to

ectopic positions.

Discussion

The spatio-temporal changes in Pax1 expression during

vertebral development, from uniform expression in the

peri-notochordal sclerotome to a later segmented pattern,

were well documented in the first studies of Pax1 expres-

sion in the mouse (Deutsch et al. 1988). These authors

noted that as development proceeds, Pax1 expression

becomes localized to the sclerotome-derived component of

the developing intervertebral disc, the future annulus fibro-

sus, being downregulated in the developing vertebral

body ⁄ centrum, a pattern subsequently confirmed for Pax1

protein (Wallin et al. 1994). Pax1 expression is absent in

notochord cells throughout development (Wallin et al.

1994).

Our study using section-in situ hybridization in the chick

embryo shows a similar pattern of Pax1 expression, as also

described by Peters et al. (1995), and we find that expres-

sion becomes selectively intense in the anterior half-sclero-

tome cells surrounding the peripheral nerve elements, as

noted for the mouse by Wallin et al. (1994) and the quail

by Ebensperger et al. (1995). In contrast, some studies have

detected stronger Pax1 expression in the posterior com-

pared with anterior half-sclerotome in both mouse and

chick (Koseki et al. 1993; Barnes et al. 1996; Baffi et al.

2006), which may reflect the use in these studies of whole-

mount in situ hybridization and the greater density of cells

in posterior vs. anterior half-sclerotome. Taken together,

there is a consensus that the persisting rings of peri-noto-

chordal Pax1 expression pre-figure the intervertebral discs,

and are necessary for their development (Wallin et al. 1994;

Dietrich & Gruss, 1995). Pax1 expression has also been

shown to persist throughout maturation of the rat annulus

fibrosus (DiPaola et al. 2005). Accordingly we have used the

Pax1 expression pattern as a convenient assay for segmental

patterning during the later stages of vertebral develop-

ment.

A B

Fig. 4 Reversal of PSM unilaterally along the anterior–posterior axis.

(A) Longitudinal section through stage 29 host embryo at the level of

the neural arches and neural tube, anterior upwards. Numbers

indicate individual dorsal root ganglia, and the intervening neural

arches (pedicles) are placed between them. Ganglia 3, 4 and 5 show

left ⁄ right misalignment resulting from three-segment PSM reversal on

the right-hand side. (B) Longitudinal section through a stage 29 host

embryo at the level of the notochord, showing left ⁄ right

misalignment of the stripes of Pax1 expression (arrows) in the region

of PSM reversal. The characteristic curvature of the stripes is also

inverted in the reversed region compared with the four normal

segments placed more anteriorly on the right-hand side and with

those on the left-hand side. Size differences between normal and

reversed regions (e.g. for ganglia, neural arches and distances

between adjacent Pax1 stripes) may reflect overall growth differences

between these regions in the graft vs. host. n, notochord; na, neural

arch; nt, neural tube; spn, spinal nerve. Scale bars: 100 lm.
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The classical experiments of Kitchin (1949) and Holtzer

(1952b) in amphibian embryos, and Watterson et al. (1954)

and Strudel (1955, 1967) in chick embryos, showed that

early notochord excision results in a non-segmented column

of cartilage extending ventral to the neural tube in the

region of the notochordectomy, while dorsal vertebral

(neural arch) segmentation persists. This could be taken as

evidence that the notochord is required for primary seg-

mental patterning of the ventral vertebral column.

However, the notochord is well known to contribute the

cells of the nucleus pulposus (Balfour, 1881; Peacock, 1951;

Walmsley, 1953; Urban et al. 2000; Choi et al. 2008). It also

provides a primary source of sonic hedgehog (Shh; Fan &

Tessier-Lavigne, 1994; Johnson et al. 1994; Teillet et al.

1998) and the BMP antagonists Noggin (Hirsinger et al.

1997; Marcelle et al. 1997; McMahon et al. 1998) and grem-

lin1 (Stafford et al. 2011) that promote expression of Pax1

and other sclerotome genes in the adjacent sclerotome

(Christ et al. 2007; Chal & Pourquié, 2009). Its early removal

will therefore preclude the appearance of the nucleus

A B C

FE HG

JI LK

D

Fig. 5 Ectopic grafts of GFP-labelled somitocoele cells and epithelial somite cells. (A–D) Stage 31 embryo, longitudinal section after an ectopic

graft of somitocoele cells between epithelial somite III and the neural tube ⁄ notochord. (A) Typical striped Pax1 expression in the graft region

between the notochord and spinal nerves, as in normal embryos; (B) expression of calretinin in the Pax1-expressing stripe in the same section. (C)

The wide distribution of grafted GFP-labelled cells in this section; (D) an overlay of (A–C). Despite extensive dispersal of grafted somitocoele-

derived cells, Pax1 and calretinin expression show normal localization with no evidence of ectopic expression. (E, F) Stage 29 embryo, longitudinal

section after an ectopic graft of somite epithelial cells between epithelial somite III and the neural tube ⁄ notochord. (E) Typical striped Pax1

expression in the graft region between adjacent vertebral bodies; (F) calretinin expression in the same stripe of cells. (G) Extensive dispersal of

grafted GFP-labelled cells in this section; (H) the overlay of (E–G). Grafted epithelial cells are dispersed widely in both vertebral and intervertebral

positions. (I–L) Stage 31 embryo, longitudinal sections after an ectopic graft of somitocoele cells between epithelial somite III and the neural

tube ⁄ notochord. Pax1-expressing cells (I) and GFP-labelled cells (J) occupy positions adjacent to spinal axons; GFP-labelled cells also contribute to

the myotome (K, bright-field; L, GFP expression). spn, spinal nerve. Scale bars: 100 lm.
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pulposus, and the associated reduction in Pax1 expression

may be insufficient for normal development of the annulus

fibrosus. The loss of macroscopic intervertebral segmenta-

tion seen in the classical studies can therefore be explained

without the need to invoke a primary segmental patterning

system derived from the notochord, being driven instead by

segmentation in the somite mesoderm. In support of this

interpretation, the present study shows that segmented

Pax1 expression ventral to the neural tube is still detectable

in notochordectomized embryos. This is likely to result from

the residual production of Shh and BMP antagonists by the

floor plate, as is the persistence of Pax1 expression in more

dorsal sclerotome at the level of the neural tube.

Segmental Pax1 expression also persists laterally in noto-

chordectomized embryos in the vicinity of the segmented

spinal nerves, even when medial expression is lost. This

raises the possibility that signalling from the spinal nerve

components (neural crest cells and axons) and ⁄ or neural

tube may contribute to ventral vertebral segmental pattern-

ing, in addition to the well-known influence of the crest-

derived dorsal root ganglia on dorsal vertebral (neural arch)

segmentation (Holtzer, 1952a; Strudel, 1955, 1967; Hall,

1977; Schrägle et al. 2004; Colbjorn Larsen et al. 2006).

However, Strudel (1955) noted that the peri-notochordal

cartilage forming after neuralectomy in the chick embryo

does show signs of macroscopic segmentation, and our

findings are in agreement with this. Complete removal of

the neural tube at a stage preceding earliest crest emigra-

tion (Rickmann et al. 1985), in the absence of signs of

neural crest migration into the operated region from either

end of the remaining host neural tube, does not prevent

the appearance of segmental stripes of ventral, peri-noto-

chordal Pax1 expression. The neuralectomy extended to a

position opposite the posterior PSM, suggesting that if the

neural tube does nonetheless impart segmental patterning

to the ventral sclerotome, it must arise very early in the

formation of the somite mesoderm. It was also noted that

segmented Pax1 stripes in neuralectomized embryos were

occasionally somewhat thicker along the a–p axis than in

normal embryos, perhaps indicating that the neural tube

and ⁄ or spinal nerves may influence the growth of the

annulus fibrosus.

The further finding that left ⁄ right alignment of seg-

mented peri-notochordal Pax1 expression can be disrupted

by unilateral PSM reversal also argues strongly against the

possibility that vertebral segmental patterning originates in

the notochord. At least up to stage 29 there is no indication

that the notochord determines the reiterated positions of

the adjacent Pax1 stripes, which must instead result entirely

from signals intrinsic to the somite mesoderm (see below). A

similar lack of left ⁄ right registration of intervertebral discs

has been noted by Goldstein & Kalcheim (1992) after unilat-

eral grafts of multiple anterior half-somites from quail

donors in chick embryo hosts. A plausible model is that seg-

mentally positioned Pax1-expressing cells signal to adjacent

notochord cells to position the nucleus pulposus, for exam-

ple by promoting local notochord cell survival through TGF-

b signalling (Baffi et al. 2006; Sohn et al. 2010). Rather less

plausibly, nucleus pulposus segmentation could result from

a late-expressed and autonomous property of the noto-

chord whose period coincidentally matches that of the Pax1

stripes, correlating with persistent shh expression seen in

nucleus pulposus cells (DiPaola et al. 2005). It is notable that

notochord shh expression is not segmented during the

stages when Pax1 expression becomes segmental, so (unless

subject to periodic post-transcriptional processing) it is unli-

kely to provide the primary segmental pattern. On the other

hand, Shh signalling has been shown to be essential for sub-

sequent intervertebral disc formation, for example by main-

taining the integrity of the notochordal sheath (Choi &

Harfe, 2011) and promoting the movement of notochord

cells into intervertebral positions (Aszodi et al. 1998). A simi-

lar argument against primacy in segmental patterning

applies in the case of Wnt4b signalling, which is essential in

generating medaka vertebral segmentation but is expressed

non-segmentally in the floor plate (Inohaya et al. 2010).

Mittapalli et al. (2005) have proposed that the mesenchy-

mal cells in the cavity of the avian epithelial somite (somi-

tocoele) form a distinct joint-forming ‘compartment’

(arthrotome) that is fated to give rise to the intervertebral

joints and discs, as well as to the ribs. Consistent with this,

they have shown that experimental ablation of these cells

prevents normal development of intervertebral joints and

discs. In the present study we find that ectopically trans-

planted GFP-labelled somitocoele cells can contribute to

other somite-derived structures, such as vertebral bodies and

myotome, according to their new position, with no evidence

of ectopic expression of markers of intervertebral disc fate

(Pax1, calretinin). This suggests that if somitocoele cells

normally generate intervertebral joint-related cells, this fate

is not irreversibly determined at the somitocoele stage. Line-

age tracing using quail–chick chimeras has shown that

during anterior–posterior polarization of the sclerotome,

the majority of somitocoele cells localize in the posterior

(caudal) half of the sclerotome, adjacent to the intra-

sclerotomal anterior–posterior boundary (Huang et al. 1994,

1996; Christ et al. 2007). This finding is apparently at odds

with the observation of Goldstein & Kalcheim (1992) that

intervertebral disc fate correlates with anterior rather than

posterior half-somites, unless their grafts of anterior halves,

made at the epithelial stage of somite formation, more

usually included the somitocoele cells. In either case, how-

ever, it is possible that local signalling interactions at the

intra-segmental boundary between anterior and posterior

somite halves, perhaps initiated even before overt somite

formation, generate both the somitocoele cells and, ulti-

mately, the segmented intervertebral joint components. The

role of cell–cell interactions at segment and compartment

boundaries in generating new signalling centres, and hence

new cell fates, is well recognized in other regions of the
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embryo, such as vertebrate hindbrain rhombomeres and

Drosophila imaginal discs (Kiecker & Lumsden, 2005;

Dahmann et al. 2011).

As already noted, studies in at least two teleost species,

the zebrafish and Atlantic salmon, indicate that the chorda-

centra of the vertebral bodies are derived from segmental

osteogenic activity in the notochord (Fleming et al. 2001,

2004; Grotmol et al. 2003, 2005). This implies that, alongside

the somite mesoderm, the notochord is also intrinsically

segmented in these species, although segmental patterns of

gene expression in the notochord have yet to be described.

Indeed, Stern (1990) has suggested that the notochord may

be the archetypal segmented structure in the vertebrate

trunk, perhaps including basal chordates and, if so, our

results argue that this has been lost in the transition to

reptiles, birds and mammals. Alternatively, if somite seg-

mentation is archetypal, notochord segmentation may have

been superimposed during teleost evolution as a derived

character, perhaps to generate chordacentra whose seg-

mental positions can vary with respect to the neural and

haemal arches (Lauder, 1980). Accordingly, it will be

interesting to investigate whether the notochord imparts

centrum segmentation in more basal vertebrates such as

the elasmobranchs.

At all events our study confirms in the chick the primacy

of the somite mesoderm in generating vertebral segmenta-

tion, and we argue that the anterior–posterior polarity of

the sclerotome is critical here. Consistent with this, a variety

of mouse knockouts of genes involved in establishing and

maintaining somite polarity show disrupted vertebral seg-

mentation. These include the anterior determinant Mesp2

(Saga et al. 1997), the posterior determinant presenilin1

(Shen et al. 1997; Wong et al. 1997), and genes such as par-

axis (Johnson et al. 2001), Dll3 (Kusumi et al. 1998; Dun-

woodie et al. 2002) and Hes7 (Bessho et al. 2001) that also

coordinate somite polarity. Alongside boundary-based sig-

nalling, we suggest that the subdivision of each sclerotome

into non-miscible, and hence non-motile, anterior and

posterior halves also serves an additional function. Verte-

bral development from migratory mesenchymal sclerotome

cells can occupy several days in amniote embryos. During

this process, therefore, the parcellation of the sclerotomes

into non-miscible subunits provides a robust mechanism to

preserve both the segmental pattern along the long axis

and its left ⁄ right alignment at the axial midline.

Acknowledgements

B.S. was supported by an Anatomical Society Research Student-

ship. We thank Prof. Helen Sang [The Roslin Institute and

R(D)SVS, University of Edinburgh] for the supply of CAG-GFP-

embryos, whose production was funded by the BBSRC (McGrew

et al. 2008), and Drs Geoff Cook and Angie Fleming for

comments on the manuscript.

Author contributions

B.S.: design, data collection and analysis, critical review; C.S.:

data collection; D.T.: concept and design, data analysis, critical

review and approval of manuscript; R.K.: concept and design,

data collection and analysis, draft and approval of manuscript.

References

Aoyama H, Asamoto K (2000) The developmental fate of the

rostral ⁄ caudal half of a somite for vertebra and rib formation:

experimental confirmation of the resegmentation theory

using chick-quail chimeras. Mech Dev 99, 71–82.

Aszodi A, Chan D, Hunziker E, et al. (1998) Collagen II is

essential for the removal of the notochord and the formation

of intervertebral discs. J Cell Biol 143, 1399–1412.

Baffi MO, Moran MA, Serra R (2006) Tgfbr2 regulates the

maintenance of boundaries in the axial skeleton. Dev Biol

296, 363–374.

Bagnall KM, Sanders EJ (1989) The binding pattern of peanut

lectin associated with sclerotome migration and the formation

of the vertebral axis in the chick embryo. Anat Embryol (Berl)

180, 505–513.

Bagnall KM, Higgins SJ, Sanders EJ (1988) The contribution

made by a single somite to the vertebral column:

experimental evidence in support of resegmentation using the

chick-quail chimaera model. Development 103, 69–85.

Balfour FM (1881) A Treatise on Comparative Embryology.

London: Macmillan.

Barnes GL, Hsu CW, Mariani BD, et al. (1996) Chicken Pax-1

gene: structure and expression during embryonic somite

development. Differentiation 61, 13–23.

Bessho Y, Sakata R, Komatsu S, et al. (2001) Dynamic expression

and essential functions of Hes7 in somite segmentation. Genes

Dev 15, 2642–2647.

Caccamo D, Katsetos CD, Herman MM, et al. (1989)

Immunohistochemistry of a spontaneous murine ovarian

teratoma with neuroepithelial differentiation. Neuron-

associated beta-tubulin as a marker for primitive

neuroepithelium. Lab Invest 60, 390–398.

Chal J, Pourquié O (2009) The Skeletal System. New York: Cold

Spring Harbor Laboratory Press.

Choi KS, Harfe BD (2011) Hedgehog signaling is required for

formation of the notochord sheath and patterning of nuclei

pulposi within the intervertebral discs. Proc Natl Acad Sci USA

108, 9484–9489.

Choi KS, Cohn MJ, Harfe BD (2008) Identification of nucleus

pulposus precursor cells and notochordal remnants in the

mouse: implications for disk degeneration and chordoma

formation. Dev Dyn 237, 3953–3958.

Christ B, Huang R, Scaal M (2007) Amniote somite derivatives.

Dev Dyn 236, 2382–2396.

Colbjorn Larsen K, Füchtbauer EM, Brand-Saberi B (2006) The

neural tube is required to maintain primary segmentation in

the sclerotome. Cells Tissues Organs 182, 12–21.

Dahmann C, Oates AC, Brand M (2011) Boundary formation and

maintenance in tissue development. Nat Rev Genet 12, 43–55.

Deutsch U, Dressler GR, Gruss P (1988) Pax 1, a member of a

paired box homologous murine gene family, is expressed in

segmented structures during development. Cell 53, 617–625.

ªª 2012 The Authors
Journal of Anatomy ªª 2012 Anatomical Society

Vertebral patterning in the chick embryo, B. Senthinathan et al.600



Dietrich S, Gruss P (1995) undulated phenotypes suggest a role

of Pax-1 for the development of vertebral and extravertebral

structures. Dev Biol 167, 529–548.

DiPaola CP, Farmer JC, Manova K, et al. (2005) Molecular

signaling in intervertebral disk development. J Orthop Res 23,

1112–1119.

Dunwoodie SL, Clements M, Sparrow DB, et al. (2002) Axial

skeletal defects caused by mutation in the spondylocostal

dysplasia ⁄ pudgy gene Dll3 are associated with disruption of

the segmentation clock within the presomitic mesoderm.

Development 129, 1795–1806.

Ebensperger C, Wilting J, Brand-Saberi B, et al. (1995) Pax-1, a

regulator of sclerotome development is induced by notochord

and floor plate signals in avian embryos. Anat Embryol (Berl)

191, 297–310.

Ewan KB, Everett AW (1992) Evidence for resegmentation in the

formation of the vertebral column using the novel approach

of retroviral-mediated gene transfer. Exp Cell Res 198, 315–

320.

Fan CM, Tessier-Lavigne M (1994) Patterning of mammalian

somites by surface ectoderm and notochord: evidence for

sclerotome induction by a hedgehog homolog. Cell 79, 1175–

1186.

Fleming A, Keynes RJ, Tannahill D (2001) The role of the

notochord in vertebral column formation. J Anat 199, 177–

180.

Fleming A, Keynes R, Tannahill D (2004) A central role for the

notochord in vertebral patterning. Development 131, 873–

880.

Gangji V, Bastianelli E, Rooze M, et al. (1994) Transient

calretinin expression during intervertebral disc formation of

the chick embryo. Develop Growth & Differ 36, 621–628.

Goldstein RS, Kalcheim C (1992) Determination of epithelial

half-somites in skeletal morphogenesis. Development 116,

441–445.

Grotmol S, Kryvi H, Nordvik K, et al. (2003) Notochord

segmentation may lay down the pathway for the

development of the vertebral bodies in the Atlantic salmon.

Anat Embryol (Berl) 207, 263–272.

Grotmol S, Nordvik K, Kryvi H, et al. (2005) A segmental pattern

of alkaline phosphatase activity within the notochord

coincides with the initial formation of the vertebral bodies. J

Anat 206, 427–436.

Hall BK (1977) Chondrogenesis of the somitic mesoderm. Adv

Anat Embryol Cell Biol 53, 3–47.

Hamburger V, Hamilton HL (1951) A series of normal stages in

the development of the chick embryo. J Morphol 88, 49–92.

Hirsinger E, Duprez D, Jouve C, et al. (1997) Noggin acts

downstream of Wnt and Sonic Hedgehog to antagonize

BMP4 in avian somite patterning. Development 124, 4605–

4614.

Holtzer H (1952a) An experimental analysis of the development

of the spinal column. Part 1. Response of pre-cartilage cells to

size variations of the spinal cord. J Exp Zool 121, 121–147.

Holtzer H (1952b) An experimental analysis of the development

of the spinal column. Part II. The dispensability of the

notochord. J Exp Zool 121, 573–591.

Huang R, Zhi Q, Wilting J, et al. (1994) The fate of somitocoele

cells in avian embryos. Anat Embryol (Berl), 190, 243–250.

Huang R, Zhi Q, Neubuser A, et al. (1996) Function of somite and

somitocoele cells in the formation of the vertebral motion

segment in avian embryos. Acta Anat (Basel) 155, 231–241.

Huang R, Zhi Q, Brand-Saberi B, et al. (2000) New experimental

evidence for somite resegmentation. Anat Embryol (Berl) 202,

195–200.

Inohaya K, Takano Y, Kudo A (2007) The teleost intervertebral

region acts as a growth center of the centrum: in vivo

visualization of osteoblasts and their progenitors in transgenic

fish. Dev Dyn 236, 3031–3046.

Inohaya K, Takano Y, Kudo A (2010) Production of Wnt4b by

floor plate cells is essential for the segmental patterning of the

vertebral column in medaka. Development 137, 1807–1813.

Johnson RL, Laufer E, Riddle RD, et al. (1994) Ectopic expression

of Sonic hedgehog alters dorsal-ventral patterning of somites.

Cell 79, 1165–1173.

Johnson J, Rhee J, Parsons SM, et al. (2001) The

anterior ⁄ posterior polarity of somites is disrupted in paraxis-

deficient mice. Dev Biol, 229, 176–187.

Keynes RJ, Stern CD (1984) Segmentation in the vertebrate

nervous system. Nature 310, 786–789.

Kiecker C, Lumsden A (2005) Compartments and their

boundaries in vertebrate brain development. Nat Rev Neurosci

6, 553–564.

Kitchin IC (1949) The effects of notochordectomy in

Amblystoma mexicanum. J Exp Zool 112, 393–415.

Koseki H, Wallin J, Wilting J, et al. (1993) A role for Pax-1 as a

mediator of notochordal signals during the dorsoventral

specification of vertebrae. Development 119, 649–660.

Kuan CY, Tannahill D, Cook GMW, et al. (2004) Somite polarity

and segmental patterning of the peripheral nervous system.

Mech Dev 121, 1055–1068.

Kusumi K, Sun ES, Kerrebrock AW, et al. (1998) The mouse

pudgy mutation disrupts Delta homologue Dll3 and initiation

of early somite boundaries. Nat Genet 19, 274–278.

Lauder GV (1980) On the relationship of the myotome to the

axial skeleton in vertebrate evolution. Paleobiology 6, 51–56.

Marcelle C, Stark MR, Bronner-Fraser M (1997) Coordinate

actions of BMPs, Wnts, Shh and noggin mediate patterning of

the dorsal somite. Development 124, 3955–3963.

McGrew MJ, Sherman A, Lillico SG, et al. (2008) Localised axial

progenitor cell populations in the avian tail bud are not

committed to a posterior Hox identity. Development 135,

2289–2299.

McMahon JA, Takada S, Zimmerman LB, et al. (1998) Noggin-

mediated antagonism of BMP signaling is required for growth

and patterning of the neural tube and somite. Genes Dev 12,

1438–1452.

Mittapalli VR, Huang R, Patel K, et al. (2005) Arthrotome: a

specific joint forming compartment in the avian somite. Dev

Dyn 234, 48–53.

Morin-Kensicki EM, Melancon E, Eisen JS (2002) Segmental

relationship between somites and vertebral column in

zebrafish. Development 129, 3851–3860.

Peacock A (1951) Observations on the prenatal development of

the intervertebral disc in man. J Anat 85, 260–274.

Peters H, Doll U, Niessing J (1995) Differential expression of the

chicken Pax-1 and Pax-9 gene: in situ hybridization and

immunohistochemical analysis. Dev Dyn 203, 1–16.

Remak R (1855) Untersuchungen über die Entwicklung der

Wirbelthiere. Berlin: Reimer.

Rickmann M, Fawcett JW, Keynes RJ (1985) The migration of

neural crest cells and the growth of motor axons through the

rostral half of the chick somite. J Embryol Exp Morphol 90,

437–455.

ªª 2012 The Authors
Journal of Anatomy ªª 2012 Anatomical Society

Vertebral patterning in the chick embryo, B. Senthinathan et al. 601



Saga Y, Hata N, Koseki H, et al. (1997) Mesp2: a novel mouse

gene expressed in the presegmented mesoderm and essential

for segmentation initiation. Genes Dev 11, 1827–1839.
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