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Abstract

We performed a sequential morphological and molecular biological study of the development of the vertebral

bodies in Atlantic salmon (Salmo salar L.). Mineralization starts in separate bony elements which fuse to form

complete segmental rings within the notochord sheath. The nucleation and growth of hydroxyapatite crystals

in both the lamellar type II collagen matrix of the notochord sheath and the lamellar type I collagen matrix

derived from the sclerotome, were highly similar. In both matrices the hydroxyapatite crystals nucleate and

accrete on the surface of the collagen fibrils rather than inside the fibrils, a process that may be controlled by a

template imposed by the collagen fibrils. Apatite crystal growth starts with the formation of small plate-like

structures, about 5 nm thick, that gradually grow and aggregate to form extensive multi-branched crystal

arborizations, resembling dendritic growth. The hydroxyapatite crystals are always oriented parallel to the long

axis of the collagen fibrils, and the lamellar collagen matrices provide oriented support for crystal growth. We

demonstrate here for the first time by means of synchroton radiation based on X-ray diffraction that the

chordacentra contain hydroxyapatite. We employed quantitative real-time PCR to study the expression of key

signalling molecule transcripts expressed in the cellular core of the notochord. The results indicate that the

notochord not only produces and maintains the notochord sheath but also expresses factors known to regulate

skeletogenesis: sonic hedgehog (shh), indian hedgehog homolog b (ihhb), parathyroid hormone 1 receptor

(pth1r) and transforming growth factor beta 1 (tgfb1). In conclusion, our study provides evidence for the

process of vertebral body development in teleost fishes, which is initially orchestrated by the notochord.
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Introduction

The notochord ensures structural stability and acts as an

anchor point for muscle contraction at some stage of

development in all vertebrates, being an ancient functional

antecedent of the vertebral column. The cells of the differ-

entiated notochord in bony fishes (teleosts) comprise a

stratified cellular core made up of an inner part of fluid-

filled chordocytes and an outer germinal layer of chordo-

blasts, encased in a thick fibrous sheath. The external

surface of the sheath consists of a continuous layer of

elastin (the elastic membrane) covering the thick lamellar

collagenous layer. The expansion of the inflatable vacuo-

lated core is restricted by the notochord sheath, and this

generates the hydrostatic properties that provide support

for the oscillatory swimming movements (Adams et al.

1990; Koehl et al. 2000; Grotmol et al. 2003).

During development, the notochord gives rise to the ossi-

fied vertebral column, which is composed of articulated ver-

tebrae with processes in teleosts and tetrapods, including

mammals. In teleosts, such as Atlantic salmon (Salmo salar L.)

and zebrafish (Danio rerio), the development of the ver-

tebral body differs fundamentally from that of mammals

in its embryonic origin, morphogenesis and patterning

process. The formation of vertebral bodies in mammals

starts with a cartilaginous anlage that becomes ossified

by osteoblasts originating from the somitic sclerotome

(endochondral ossification), whereas in teleosts the verte-
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bral bodies are formed directly in bone (direct ossification)

from two different anlagen. The first to appear is the

chordacentra, segmental acellular mineralized rings, as an

integrated part of the notochord sheath, which on the

basis of morphological criteria consists mainly of type II col-

lagen fibrils. The notochord sheath thus shares certain

features with cartilage; however, the spatial distribution of

the collagen fibrils differs. In the notochord sheath, the

collagen fibrils are anisotropic and are organized into

distinct layers, each with its fibrils parallel to each other,

forming helices around the longitudinal axis of the noto-

chord (Eikenberry et al. 1984; Fleming et al. 2004; Grotmol

et al. 2006). In a second developmental step, the chorda-

centra are surrounded by somite-derived osteoblasts that

settle on the elastic membrane, where they deposit osteoid

rich in lamellarly organized type I collagen fibrils, soon

followed by mineralization. The osteoblasts accumulate in

the cranial and caudal rims of the chordacentra. The

compact bone thus grows through extension at the rims

resulting in the typical hour-glass-like shape of a teleost

vertebral body (Grotmol et al. 2005; Nordvik et al. 2005).

Mineralization is a well orchestrated process through

which a highly organized arrangement of hydroxyapatite

crystals is formed in precise amounts within an extracellular

matrix rich in collagen fibrils. Although chemical and physi-

cal analyses have revealed details of the structure and orga-

nization ofmineral in collagenmatrices, it is still unclear how

calcium and phosphate ions are sequestered from the solu-

ble phase to form crystals. Two main mechanisms of mineral

induction have been proposed: ‘passive’ matrix-regulated

model and the ‘active’ cell-mediated model (Dorozhkin &

Epple, 2002; Veis, 2003; Qin et al. 2004; Anderson et al. 2005;

Huq et al. 2005; Glimcher, 2006; Boskey, 2007; Zhu et al.

2008; Landis & Silver, 2009; Bonucci, 2012). The matrix-

regulated models place the focus of crystal nucleation

squarely on the organic matrix and it has been suggested

that nucleation takes placewithin the gap regions of the col-

lagen fibril. The cell-mediated model emphasizes that secre-

tion of minute membrane-bound bodies, known as matrix

vesicles, formed by exocytosis from bone-forming cells,

mediate and initiate the mineralization process. Thus, by

releasing matrix vesicles, cells remotely control and prime

extracellular events. How apatite nucleation and accretion

are mediated in the collagen matrix is still the subject of

dispute.

Atlantic salmon is a well suited model organism for stud-

ies of early vertebral column mineralization and bone mod-

elling in vertebrates, due to the advantages of its large

notochord and slow early development stages relative to

established teleost models such as zebrafish and Japanese

medaka (Oryzias latipes). Furthermore, the mineralized

zones of the vertebral body rudiments are thin, making it

possible to cut ultrathin sections of non-decalcified tissue.

Potential artefacts that may result from decalcification of

bone matrix, possibly obscuring morphological details, are

thus eliminated, making it easier to describe the three-

dimensional spatial relationship between the mineral crys-

tals and the collagen fibrils.

By forming the initial chordacentrum, the notochord

itself nucleates vertebral development, but it has not been

fully documented whether the segmental mineralization is

controlled by the notochord itself or in combination with

outside influences (Bensimon-Brito et al. 2012). We know

that the cellular core of the salmon notochord expresses a

unique set of structural molecules (Sagstad et al. 2011) but

we do not know the origin and identity of the molecules

involved in the mineralization process or the exact composi-

tion of the chordacentrum. In vertebrates, several factors

contribute to the initiation of the conserved process of min-

eralization. Among them are secreted factors, which

include hedgehogs and transforming growth factor betas

(TGF-b) but also parathyroid hormone-associated factors

such as the parathyroid hormone receptor (Abbink & Glik,

2007; Yu et al. 2012). We do not know whether these fac-

tors are active during mineralization of the notochord.

However, this study investigated how these molecules are

regulated during mineral crystal nucleation and accretion.

This has been approached from a morphological point of

view by employing high- resolution electron microscopy on

non-decalcified samples, and by observing the underlying

gene expression of key structural and signalling factors in

the cellular core of the notochord from a series of early

developmental stages of the Atlantic salmon, encompassing

the precursor phase of bone formation when the earliest

deposition of mineral matter takes place.

Materials and methods

Stock maintenance and sampling for morphology

and crystal identification

Eggs, larvae and juveniles of Atlantic salmon were collected from a

local commercial hatchery, where they had been held in a flow-

through system (Marine Harvest, Askøy, Norway). Water temper-

ature was kept at 8.0 °C throughout the egg stage until after

hatching, when the temperature was raised to 8.5 °C. At start-

feeding the temperature was raised to 15.0 °C linearly over a period

of 2 days. The fish were fed a commercial feed ad libitum. Develop-

mental stages were classified by day degrees (d°), which are defined

as the sum of daily mean ambient water temperatures (°C) for each

day of development. Hatching occurred at around 500 d°, while

first feeding commenced towards the end of the yolk-sac period, at

approximately 870 d°. Selected developmental stages up to 2500 d°

were analyzed sequentially. Samples of 20 fish from each stage

were collected and brought to the laboratory in bags of oxygen-

ated water. Before the preparative procedures, the fish were anaes-

thetized with 5% benzocaine dissolved in water.

Bone staining of whole mounts

Before staining, the specimens were fixed for at least 48 h in 4%

formaldehyde in phosphate buffer (pH 7.4). The fish were immersed
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in a buffered enzyme solution for up to 7 days, depending on their

size. This solution contained 0.4 mg mL�1 of trypsin (Sigma Chemi-

cal Co., London, UK), proteinase K (E. Merck, Darmstadt, Germany),

pronase (E. Merck) and lipase (Sigma Chemical Co.). They were then

washed in buffer and bleached in 0.3% H2O2 in 1% KOH for 1–4 h,

depending on their size. The bone matrix was then stained with

0.1 mg mL�1 Alizarin red S (CI 58005) in 1% KOH for 24–48 h,

depending on the size of the sample, and then dehydrated and

stored in glycerol.

Transmission electron microscopy (TEM)

Specimens were fixed by immersion in a mixture of 10 mL 10%

formaldehyde (fresh from paraformaldehyde), 10 mL 25% glutaral-

dehyde, 20 mL 0.2 M cacodylate buffer and 60 mL phosphate-

buffered saline (PBS), and the pH adjusted to 7.35. They were then

rinsed in PBS and in dH2O, before post-fixation in 1% OsO4. The

specimens were dehydrated in ethanol (70, 90 and 100%) and

embedded in Epon 812 (Fluka Chemie AG, Buchs, Switzerland).

Ultrathin sections (50 nm) were placed on grids, contrasted with

uranylacetate and lead citrate, and viewed in a Jeol 1011 and a

Philips CM 200 transmission electron microscope.

Preparation of samples for synchrotron-radiation based

X-ray diffraction

Chordacentra and bone from the vertebral body were analyzed.

To collect notochord centra, larvae at stage 700 d° were macer-

ated by immersion in 1% KOH for 12 h, chordacentra were

stained with Alizarin red S and washed in buffer in order to

detect them during collection of samples. More than 18 000 cen-

tra were carefully sampled under visual control using an eyelash

attached to a thin wood rod. They were then transferred by

pipette to Eppendorf tubes, washed in buffer, dehydrated in ace-

tone and dried in a critical point dryer. Bone from the vertebral

bodies of intact vertebrae, number 40 counted from the head,

was obtained from specimens at developmental stages ranging

from 1500–2500 d°. To disconnect soft tissue from the bone, the

fish were heated in water to 56 °C, and thereafter cleaned in buf-

fer. The neural and haemal arches were carefully removed by

dissection from the vertebral body.

The samples used for high-resolution X-ray powder diffraction

were measured in beamline B2 of the DORIS storage ring of

Hamburger Synchrotronstrahlungslabor (HASYLAB) at Deutsches

Elektronen-Synchrotron (DESY), a Research Centre of the Helm-

holtz Association, in Hamburg. The synchrotron permitted analysis

at high resolution with a low signal-to-noise ratio, which is supe-

rior to conventional X-ray diffractometers equipped with X-ray

tubes.

The wavelength used was k = 1.18 344 �A and the data were

collected by an image plate detector (OBI) in transmission geom-

etry (Knapp et al. 2004a,b). Before measurement, the samples

were ground and placed on the kapton foil of the sample

holder. A drop of acetone was put on the sample to fix it on

the film. The reflections were indexed according to the Interna-

tional Centre for Diffraction Data (ICCD) for hydroxyapatite

(#9-0432). The average particle size (approximated as the crystal-

lographic domain size) was calculated by employing the Scherrer

equation from different reflections (Becker et al. 2004). Mouse

bone and human bone were used as reference tissues (Peters

et al. 2000).

Scherrer equation : FWHM ¼ K � k � 57:3
D � cosðHÞ

where FWHM is full-width at half maximum in 2h, K is a constant

set to 1 in the procedure (as is usually done), k is the X-ray

wavelength in �A, D is the crystallite size in �A and h is the diffraction

angle of the corresponding reflex in °h.

The samples for thermogravimetric analysis were heated to

1200 °C at a rate of 3 K min�1 and the mass loss was recorded

(Table 1). The content of carbonate (M = 60.01 g mol�1) in

hydroxyapatite was calculated from the loss of carbon dioxide

(M = 44.01 g mol�1):

w CO2�
3

� � ¼ wðCO2Þ � 60:01
44:01

Dissection of notochord core fractions for gene

expression study

Salmon embryos were kept at around 4 °C until sampling. Sampling

was done at three developmental stages at 510 d° (� 20 d°), 610 d°

(� 20 d°) and 710 d° (� 20 d°). The notochord was dissected out

according to a procedure described by Sagstad et al. (2011) and cut

into three equal segments from which pure cellular core were

extracted out from the sheath. The samples were immediately

fresh-frozen on liquid nitrogen and stored at �80 °C until RNA

isolation.

RNA isolation and cDNA synthesis

Total RNA was extracted from notochord samples using an RNeasy

Mini Kit (Qiagen, Hilden, Germany) according to the instruction

manual. The quality and amount of total RNA was controlled by a

NanoDrop (ND-1000, Thermo Scientific, Wilmington, DE, USA). Only

RNA samples with A260/280 in between 1.8 and 2.0 were accepted

for downstream analysis. In total, 12–18 fish larvae at 510 d°, five to

eight fish larvae at 610 d° and four fish larvae at 710 d° were

pooled as triplicates. For cDNA synthesis a SuperScript VILO cDNA

Table 1 Average crystallite size (nm) in notochord centra and verte-

bral bodies of Atlantic salmon, determined by high-resolution X-ray

powder diffractograms calculated by the Scherrer equation from dif-

ferent X-ray diffraction peaks (hkl). The results are compared with

those of mouse and human bone.

Reflection (hkl)

002 310 222 213 004

Diffraction angle (°2h) 19.8 30.2 35.5 37.5 40.2

Notochord centra (nm) 21.0

Vertebral body (nm) 21.0 6.3 15.6 12.6 20.5

Mouse bone (nm) 20.9 6.4 6.4 11.5 13.4

Human bone (nm)* 20 8 15 12 18

*Peters et al. (2000).
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Synthesis Kit (Invitrogen) was employed in accordance with the

manufacturer’s guidelines.

Quantitative gene expression analysis

The level of gene expression level in the cellular core of the noto-

chord was analyzed by quantitative real-time PCR (qPCR) using

SYBR Green PCR Master Mix (Applied Biosystems Inc., Foster City,

CA, USA). PCR reactions were run at 7900HT Fast Real-Time PCR Sys-

tem (Applied Biosystems). The conditions for all reactions were

50 °C for 2 min, followed by 95 °C for 10 min, 40 cycles of 95 °C for

15 s, and 60 °C for 1 min. Genomic fragments from the first

released salmon genome assembly (Genebank assembly ID: 313068)

were used to design primers and probes. Primers were designed

using PRIMER EXPRESS v2.0 software (Applied Biosystems). Elongation

factor 1 a (ef1a) was used as reference gene for its stable expression

in various salmon tissues (Olsvik et al. 2005) including the noto-

chord (Wargelius et al. 2010; Sagstad et al. 2011). Primer sequences

and genomic template are listed in Table 2. Three replicate cDNAs

were prepared for gene expressional analysis. A standard curve

analysis was performed to confirm the similar amplification effi-

ciency between the target gene and the reference gene with a vali-

dation step (Table 2). No template control (NTC) and RNA sample

without reverse transcription (–RT) were used to control contamina-

tion of external and genomic DNA in reactions. Melting curve anal-

yses were performed on each primer pair to confirm a unique

amplicon reaction.

Statistical analysis

All statistical analyses were performed with GRAPHPAD PRISM version

5 (GraphPad Software, San Diego, CA, USA). Samples were

grouped according to by developmental stage, for a D’Agostino–

Pearson omnibus normality test. For the relative expression value

of genes following a Gaussian distribution (P > 0.05), one-way

ANOVA with Tukey’s multiple comparison test was used to reveal

which groups were differentially expressed. Genes that did not

pass the normality test (P > 0.05 in at least one group) were

subjected to a nonparametric Kruskal–Wallis test with Dunn’s

multiple comparison test. Differentially expressed genes were

defined as significant if P < 0.001 in either one-way ANOVA or

Kruskal–Wallis test.

Results

Each chordacentrum forms by the fusion of three

bony elements

The ring-shaped chordacentra form segmentally in the

outer half of the notochord sheath, starting close to the

covering elastic membrane, at around 650 d°. Initially, two

ventrolateral patches of bone appear and are followed

immediately by a ventral plate-like structure (Fig. 1A).

These fuse, initially along the caudal rim (Fig. 1C), to create

a ventral, M-shaped bone, with two incisures for the articu-

lation with the haemal arch (Fig. 1D,E). The lateral patches

grow in a symmetrical manner with ends pointing in the

dorsal direction along the circumference of the sheath

(Fig. 1F). The dorsad-growing walls finally fuse (Fig. 1G) to

form a complete mineralized ring (Fig. 1H). The chordacen-

tral rings have diameters of 400 lm, are 150 lm long, and

the wall is 10 lm thick, located central to the elastic mem-

brane (Fig. 2A). Each chordacentrum persists as the narrow

tube in the middle of the mature vertebral body, connect-

ing the notochord tissue along the entire vertebral column.

Further growth of the vertebral body occurs mainly exter-

nal to the elastic membrane, in the sclerotome-derived

(type I collagen) compact and spongeous layers of the

vertebral body.

Table 2 Primer and amplicon information in quantitative real-time PCR reactions.

Gene symbol Amplicon (accession) Primer sequences

col2a1 AGKD01129929 Forward: 5′-ACGGCTGCACGAAACACA-3′

Reverse: 5′-TGGGAGCAATGTCCACGAT-3′

col11a1 AGKD01012341 Forward: 5′-CAACCCCTACATCAGGGCC-3′

Reverse: 5′-CACAGTCTTTCCGTAGCCCTTC-3′

col1a2 CA064459 Forward: 5′-GAGGGTGGATGCAGGTGTGT-3′

Reverse: 5′-TACTGGATCGACCCCAACCA-3′

pth1r AGKD01141489 Forward: 5′-CAGCAGTACAGGAAGCTGTTGAA-3′

Reverse: 5′-CATAAACACCATATAGTGCACTCCAA-3′

tgfb1 AGKD01178587 Forward: 5′-TGAGTGTGGTAAATCCGAGGAA-3′

Reverse: 5′-TCGTACCCCGCTGTCCAA-3′

shh AGKD01079961 Forward: 5′-GTCCAAGGCCCACATCCA-3′

Reverse: 5′-GGAAGCAGCCGCCTGAT-3′

ihhb AGKD01050893 Forward: 5′-CGGAAGGAATTCTACACCATTAGG-3′

Reverse: 5′-TTCCCTCGGACACGAACAG-3′

ef1a* AF321836 Forward: 5′-CCCCTCCAGGACGTTTACAAA-3′

Reverse: 5′-CACACGGCCCACAGGTACA-3′

*Olsvik et al. (2005).
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Mineralization in the chordacentra starts with thin

plate-like structures

The mineralization process that produces the chordacentra,

in the type II collagen matrix of the notochordal sheath

(Fig. 2A,B), starts with the formation of thin electron-dense

platelets, about 5 nm in thickness, in the interfibrillar space

between the collagen fibrils (Fig. 2C–G). The specimens

were non-decalcified, and the only difference between

mineralized and non-mineralized regions of the tissues was

the presence of these platelets. Collagen fibrils were always

arranged in close proximity to the thin platelets, which

were never observed to penetrate the fibrils (Fig. 2C–F).

The collagen fibrils are spaced at between 40 and 60 nm

separation along the platelets. No rod- or needle-shaped

mineral densities were observed in the isolated crystals. Dur-

ing the next stages of growth, the thin platelets aggregate

in a seemingly random fashion by the fusion of adjacent

platelets (Fig. 2B,G), forming extensive multi-branched crys-

tal arborizations that resemble dendritic growths. The

platelets were always arranged parallel to the collagen

fibrils, forming complex star-shaped clusters, each about

0.5 lm in diameter (Fig. 2A,B). From transverse sections of

the notochord, the true shape of the early crystals, thought

to represent the habit of the apatite crystal, was deduced,

as the sections are parallel to the collagen fibrils (Fig. 2H,I),

for the rare cases where an entire platelet was located

within the section. In such cases, the long crystal axes

(c axes) appear to be approximately parallel to the long-axis

direction of the collagen fibrils in areas where the thin sec-

tions were also parallel to the long axes of the collagen

fibrils. The relationship between collagen fibrils and the

early mineral platelet cluster is depicted schematically in

Fig. 3, showing a star-shaped cluster of thin crystal plates

and closely adjacent collagen fibrils.

Mineralization in the part of the vertebral body that sur-

rounds the chordacentrum (arcocentrum) starts immedi-

ately external to the elastic membrane (Fig. 2A) and thus

starts to develop with the newly formed chordacentrum as

its foundation. In this area, a layer of longitudinal collagen

fibrils is surrounded by thicker bundles of circularly orga-

nized fibrils, which mineralized simultaneously (Fig. 4A). As

Fig. 4(B,C) shows, the earliest crystal platelets nucleate and

accrete close to the surface of the collagen fibrils, starting

with thin platelets (5 nm thick) that later fuse and produce

star-shaped clusters. These are oriented parallel to the col-

lagen fibrils, producing thin, electron-dense lines among

the transversely sectioned fibrils, and more diffuse elec-

tron-dense patches among the longitudinally sectioned

fibrils (Fig. 4A). Eventually, the elastic membrane disap-

pears when the chordacentrum and the autocentrum

merge to produce the vertebral body. No matrix vesicles

were observed either in the notochord sheath or in the

mineralizing osteoid.

A

B C D E

F G H

I

Fig. 1 Formation and growth of the

chordacentra inside the notochord sheath,

680–720 d°. Cranial end towards left on all

figures. (A,B) Early stage of mineralization,

with three separate bony elements, one

ventral and two lateral. (A) is lateral view and

(B) is oblique lateral view. (C) Oblique lateral

view showing the fusion of the three

elements, creating an m-shaped bone with

incisures for haemal arch articulation, seen in

(D,E) ventral views. (F,G) The walls grow and

finally fuse dorsally, creating complete rings.

(F) Lateral view. (G) Dorsolateral view. (H) A

lateral view of the complete rings.

(I) Schematic drawing to summarize the

sequence of events during chordacentra

formation. All specimens are Alizarin-stained

whole-mounts except for (E), which is

unstained and photographed with DIC

microscopy. Scale bars: 150 µm.

© 2013 Anatomical Society

Mineralization of the vertebral bodies in Atlantic salmon, S. Wang et al. 163



The chordacentrum is composed of a carbonate-rich

hydroxyapatite

The X-ray diffraction pattern of all samples was consistent

with hydroxyapatite (from ICDD-entry 09-0432; Fig. 5). The

chordacentra contain hydroxyapatite as their inorganic min-

eral phase and can therefore be regarded as bony tissue.

The reflections of the samples are much broadened due to

the nano-crystalline structure of hydroxyapatite. The

calculated crystal sizes are shown in Table 1. It is notable

that the mineral crystals are elongated along the crystallo-

graphic c-direction and thinner in the crystallographic a/b-

direction, as in human and mouse bone. These particle

shapes are not distinguishable crystallographically from

human or mouse bone. The carbonate content of the

hydroxyapatite of the chordacentra was about twice as

high as in the adult vertebral body (Table 3). It was also

twice the level found in mouse bone. The reference bones

contained a higher amount of water, and the mouse bone

had a higher and the human bone a lower degree of miner-

alization than the salmon samples.

Molecular fingerprints of the cellular core of the

notochord

To determine whether collagen I or II was the dominating

structural collagen of the notochord, the relative expression

of their corresponding alpha-1/2 chain coding gene (col2a1

and col1a2, respectively) were measured in the cellular core

of the notochord (Fig. 6A). It was shown that type II colla-

gen was the most highly expressed collagen, with about

1200 times the expression than of type I collagen (Fig. 6A).

Both col2a1 and the collagen type XI a1 (col11a1) transcripts

were likewise detected in the cellular core of the notochord

and were observed to be significantly down-regulated at

initiation of mineralization around 710 d° (Fig. 6B). Several

signalling molecules and receptors have previously been

associated with ECM formation and mineralization. To

A B

C D

E F

G

H I

Fig. 2 Mineralization in the chordacentra,

700 d°. Transmission electron micrographs:

(A–G) longitudinal sections, (H,I) transverse

sections. (A) The edge of the developing

chordacentrum (cc), close to the elastic

membrane (em). The sclerotome-derived

autocentrum (ac) is located external to the

elastic membrane. Scale bar: 1 µm. (B)

Irregular star-shaped mineral aggregations of

the chordacentrum. Scale bar: 500 nm. (C-F)

Early mineralization, with electron-dense

platelets and associated collagen fibrils. (C,D)

Individual unbranched platelets. (E,F) Initiation

of dendritic branching and platelet

associations. Note the orientation parallel to

the collagen fibrils. Scale bars 100 nm (C),

200 nm (F); this scale is valid for (D,E). (G) An

early mineral aggregate. Scale bar: 100 nm.

(H,I) Transverse section, parallel to the

collagen fibrils. Numerous electron-dense

platelets with relatively regular shapes are

seen. Scale bars: 100 nm.
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monitor any activity of this sort, a number of key molecules,

sonic hedgehog (shh), indian hedgehog homolog b (ihhb),

parathyroid hormone 1 receptor (pth1r) and transforming

growth factor beta 1 (tgfb1) were measured in the

notochord before and during early mineralization of the

notochord. Both shh and ihhb were significantly down-

regulated at the stage immediately before the onset of

notochord mineralization. At the onset of mineralization

(710 d°), expression levels shh, tgfb1 and pth1r were signifi-

cantly induced (Fig. 6C).

Discussion

Collagen modelling of the notochord and

morphogenesis of the chordacentrum

The significantly higher gene expression of the type II colla-

gen (col2a1) compared with the type I collagen (col1a2) in

the cellular core of the salmon notochord confirms that the

morphologically homogeneous collagen fibrils of the sal-

mon notochord sheath seen with TEM are type II collagen

fibrils. The collagen proteins are assembled in the noto-

chord sheath, as little extracellular matrix is present in the

cellular core. The three bony elements appearing in the

notochord sheath, and subsequent fusion of these elements

into a ring-shaped acellular chordacentrum, suggests a pro-

cess regulated by positional signals from complex genetic

networks. During chordacentrum formation, the major col-

lagen (collagen type II, col2a1) and the minor collagen (col-

lagen type XI, col11a1) were down-regulated. The

reduction in structural collagens may affect the properties

of the collagen matrix (Wenstrup et al. 2004; Olsvik et al.

2005), while the ratios between collagen II and XI may

result in structural changes that which affect the three-

dimensional architecture of the collagen fibrils (Blaschke

et al. 2000); both aspects may have an influence on the pro-

cess of mineralization. The reduced total collagen deposi-

tion accords with the view that the barrier imposed by the

chordacentrum prevents further expansion of the noto-

chord and its sheath. The capacity of the notochord cells

(chordoblasts) to produce extracellular matrix that contrib-

utes to growth and reinforcement of initial vertebral bodies

may therefore be restricted. Further growth of the verte-

brae is achieved by recruitment of cells from the adjacent

somite-derived sclerotomes (Fig. 7). The ring-shaped

Fig. 3 Schematic drawing of the relationship between an early

hydroxyapatite aggregate and collagen fibrils. This model holds for the

mineralization of both lamellar type I and type II collagen matrices in

salmon.

A B

C

Fig. 4 Mineralization in the bone from the

sclerotome-derived (type I collagen) part of

the vertebral body (autocentrum).

Transmission electron micrographs. (A) Two

fibril layers, circular fibrils (upper part) and

longitudinal fibrils, lower part. Note star-

shaped aggregates in the upper region and

the more diffuse aggregates in the lower

part, showing the orientation of the plates

along the collagen fibrils. Scale bar: 1 µm.

(B,C) Higher magnifications show transversely

sectioned collagen fibrils in the circular layer.

Note the electron-dense mineral platelets that

largely lie between and along the collagen

fibrils. Scale bars: 500 nm (B), 100 nm (C).
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chordacentrum (Fig. 7A) acts as a foundation for the initial

layer of the perinotochordal tissue. It is covered first by a

layer with longitudinally oriented collagen fibrils, followed

by a layer of fibrils in circular fashion (Fig. 7B,C). After the

formation of the chordacentrum, its 400-lm diameter is

unchanged during the rest of the growth process of the

vertebral body (Fig. 7D,E) and in the adult stage the

chordacentrum remains a separate entity in the middle of

the vertebra (Fig. 7F).

The lamellarly arranged collagen fibrils provide an

oriented support for crystal growth

The embryonic origin and composition of the collagen in

the two extracellular matrices differed. The primary proper-

ties of the notochord sheath, when it initially forms, are

adapted to fulfil specific functions related to locomotion

during the early life stages. Thus, to trigger mineralization,

new components that facilitate this mineralization process

must be incorporated in a secondary process. The morpho-

genesis of the chordacentra is initiated by the generation

of prospective vertebral and intervertebral segments within

the chordoblast layer (Grotmol et al. 2003). Indeed, this

may be reflected by the segmentally arranged chordoblasts

that develop osteoblast-like properties by expressing alka-

line phosphatase (alp) (Grotmol et al. 2005; Bensimon-Brito

et al. 2012) and osteocalcin (Bensimon-Brito et al. 2012). In

the present study we demonstrate the expression of

Table 3 Content (in wt%) of water, organic matrix, carbonate, total

mineral (carbonated hydroxyapatite), carbon dioxide and carbonate in

the notochord centra and vertebral body of Atlantic salmon. Mouse

and human bone were used as reference tissues.

Water

Organic

matrix

Total

mineral

Carbon

dioxide Carbonate

Notochord

centra

4.6 18.1 77.3 5.8 7.9

Vertebral

body

4.3 21.1 74.6 2.7 3.7

Mouse

bone

7 19.2 73.8 2.1 2.8

Human

bone*

6.9 47.7 45.4 1.4

*Peters et al. (2000).

Fig. 5 Diffractograms of chordacentra and mature vertebral bodies of

salmon compared with mouse bone. All diffractograms show the

same peaks at the same positions.

A

B

C

Fig. 6 Relative gene expression using qPCR at selected developmental

stages (510, 610 and 710 d°). The relative expression of collagens

col2a1 and col1a2 as fold change to reference gene ef1a in all stages

(A). Relative expression of collagens col2a1 and col11a1 (B) and sig-

nalling genes pth1r, tgfb1, shh and ihhb (C) grouped by developmen-

tal stages as fold change to 510 d°. In pairwise comparison within

one gene, a and b indicate a significant difference (P < 0.01), whereas

ab shows that there was no significant differences from either a or b.

Error bar indicates mean � SD.
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multiple factors in the cellular core of the notochord known

to be involved in the regulation of skeletogenesis. In the

second step in the formation of the vertebral bodies the

chordacentrum merges with bone produced by type I colla-

gen fibril-secreting osteoblasts derived from the scleroto-

mes (Grotmol et al. 2005, 2006). In this part of the vertebral

body, the organic matrix, secreted as osteoid, becomes min-

eralized shortly after secretion, implying that the compo-

nents necessary to induce initiation and accretion, in a

highly controlled manner, inherit properties of the matrix

itself, once secreted. In spite of the ontogenetical differ-

ence, the nucleation, accretion and growth of the apatite

had similar morphologies in the two collagen matrices

studied.

The hydroxyapatite crystals grow parallel to the long axis

of the collagen fibrils in both the type II and type I collagen

matrices, thus affecting the three-dimensional architecture

of the collagen fibrils. The lamellarly arranged collagen

fibrils provide an oriented support for crystal growth. The

assembly of the collagenous organic matrix prior to miner-

alization may therefore be the key step during the process

of mineralization. The parallel arrangement of the collagen

fibrils also ensures that the hydroxyapatite crystals form

lamellar stacks rather than being randomly orientated.

In carbonate-rich hydroxyapatite, carbonate ions have

probably replaced phosphate ions in the crystal, as is typical

for bone mineral (Dorozhkin & Epple, 2002). The functional

significance of the high carbonate content in the hydroxy-

apatite of the chordacentrum is not known. Salmon bone

material mineral and mammalian bone mineral are crystal-

lographically and chemically almost indistinguishable; in

both cases hydroxyapatite is a carbonated, nano-sized crys-

tal elongated along the crystallographic c-direction.

Collagen fibrils may provide regularly spaced

templates for hydroxyapatite nucleation

Although the involvement of collagen in bone hydroxyapa-

tite mineralization is generally recognized, its specific role

remains unclear. It might be assumed a priori that at high

resolution it should be possible to observe the presence of

matrix vesicles and crystals therein, in addition to mineral-

ized collagen fibrils and crystals in the interfibrillar space,

and thus the initial mineral placement and the subsequent

sequence of crystal accretion and attainment of habit

should also be observable. In our study, no matrix vesicles

were observed either in the notochord sheath or in the

mineralizing osteoid secreted by the sclerotome-derived

osteoblasts. Nor were mineralized collagen fibrils observed,

either in type I or type II collagen fibrils, suggesting that in

salmon the initial apatite nucleation and accretion are not

confined to the gap regions between the collagen mole-

cules, as has been hypothesized for some species (Veis,

2003). Furthermore, based on the average salmon apatite

crystal diameter (which is about 21 nm) and the diameter

of the salmon collagen fibrils (about 15 nm and 30–40 nm

in type II and type I, respectively; Grotmol et al. 2006), it is

difficult to imagine how crystals can fit into the gap region,

suggesting that nucleation and growth are not confined to

the ‘intermolecular spaces’ as hypothesized in one of the

main models (Veis, 2003).

In the early phase of mineralization, we found non-

mineralized collagen regularly spaced along the apatite

crystal plates, suggesting that the apatite nucleates and

accretes on the surface of the collagen fibrils and that the

fibrils themselves control the orientation of the crystals.

Multiple sources both in vitro and in vivo support the view

that type I collagen plays a crucial role in the onset and pro-

gression of apatite mineralization (Schmitt, 1956; Landis &

Silver, 2009; Wang et al. 2012). We have shown that the

type II collagen fibril matrix may also mediate hydroxyapa-

tite nucleation and that the crystals accrete a complex struc-

ture that reflects the direction of the fibrils in a pattern

closely similar to that of the type I collagen matrix. Our

A B C D

E

F

Fig. 7 Schematic drawings to illustrate the incorporation of the

embryonic chordacentrum into the adult vertebra in Atlantic salmon.

The ring-shaped chordacentrum (A) inside the notochordal sheath will

retain its 400-lm diameter throughout the life cycle of the salmon. It

is covered first by longitudinally (B) and then by circularly (C) oriented

layers of collagen fibrils of sclerotomal origin. Further growth (D,F) of

the vertebral body occurs only in this region, and the original tem-

plate, the chordacentrum, remains as a narrow funnel in the middle

of the vertebra.
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results are in accordance with the view that the apatite

nucleation and growth are regulated by mineral–matrix

interactions that provide regularly spaced templates or

nucleation centres that determine the spatial relationship

between the hydroxyapatite mineral and the collagen

fibrils (Sasaki et al. 2002; Hall, 2005). Our results also agree

with in vitro studies (Wang et al. 2012) that indicate that

collagen fibrils can initiate and orient the growth of

hydroxyapatite mineral in the absence of any other verte-

brate extracellular matrix molecules of calcifying tissues,

suggesting that the collagen fibril itself not only provides a

template for the nucleation events for mineral formation

but may also control the size and the three-dimensional dis-

tribution of hydroxyapatite on larger length scales. Our

study indicates that the mineralization outside the fibrils

can occur before and even in the absence of the long-rec-

ognized intrafibrillar mineralization.

Signalling molecule transcripts are expressed in the

cellular core of notochord during the early miner-

alization process

During the early stage, the notochord secretes factors that

provide positional and fate information for a variety of

adjacent tissues (Gorski, 2011). Several zebrafish laminin

and coatomer mutants show sharply distinct notochord

sheath phenotypes and grafting experiments with dorsal

organizers suggests that these key structural molecules are

supplied by notochord cells (Coutinho et al. 2004; Stemple,

2005). Our study clearly shows that the notochord actively

not only produces and maintains the notochord sheath but

also expresses factors known to regulate osteogenesis and

chondrogenesis, such as shh, ihhb, tgfb1, pth1r (Fig. 6C).

Both ihh and shh have been shown previously to be

expressed in the notochord of zebrafish (Krauss et al. 1993;

Currie & Ingham, 1996; Stemple, 2005). Likewise their tran-

scripts were identified in salmon notochord in this study.

Both transcripts also contribute to the initiation of chondro-

cyte hypertrophy through PTHrP signal pathways (Karp

et al. 2000; Karsenty, 2003). It is not clear why both ihh and

shh expression should be reduced prior to the onset of min-

eralization. This reduction may also be related to the func-

tions of these morphogens in stimulating the surrounding

tissue (St-Jacques et al. 1999; Chung et al. 2001; Dahia et al.

2012). If chordocytes in the notochord resemble chondro-

cyte-like cells, the presence and regulation of both ihh and

pthr in the notochord could be related to both mineraliza-

tion and proliferation in chordocytes. The current view is

that Ihh is an important paracrine regulator which can stim-

ulate chondrocyte proliferation and inhibit maturation

together with PTHrP and thereby contribute to increase

both extracellular matrix deposition and mineralization

(Kronenberg, 2003). Furthermore, the co-regulated induc-

tion of shh, tgfb1 and pth1r at 710 d�, occurs at the onset

of notochord mineralization. Consistent with this, in chon-

drocytes, hedgehogs are dependent on TGF-b signalling to

induce PTH signalling (Alvarez et al. 2002). Moreover, a link

between hedgehogs and pth has been identified in zebra-

fish (Bhattacharya et al. 2011). Several studies have also

shown that these factors are co-expressed in chondrocytes

at similar stages (Lanske et al. 1996). The dominant pth

receptor in zebrafish (pth2r) has also been identified in the

notochord of zebrafish, suggesting that salmon pth1r does

indeed play a role in the notochord during mineralization

of the notochordal sheath.

Formation of chordacentra may reflect a selectively

advantageous evolutionary transition

The appearance of the notochord-derived chordacentra as

mineralized segmental enforcements of the notochord

sheath and the subsequent deposition of vertebral bone

around these, probably reflect an evolutionary transition

that provided dispersion and stabilization of tensile forces

from the myosepta, acting along the cranio-caudal axis of

the notochord. This probably proved selectively advanta-

geous compared with enlargement of a persistent noto-

chord alone. Chordacentra, similar to those we have

described in salmon, have also been found in fossil lungfish-

like osteichthyans from the Devonian (Janvier, 1996), which

points towards the presence of notochord-derivedmetamer-

ism as a key developmental mechanism that is also present in

the sarcopterygian lineage, within which tetrapods have

evolved. This raises the possibility that alternating mineral

bodies and intervertebral discs in amniotes may likewise be

influenced by metameric genetic signalling pathways within

the notochord that position the chordacentra. This is consis-

tent with the well documented persistence of notochord

cells that form the nucleus pulposus of the intervertebral disc

(Choi et al. 2008; Lefebvre & Bhattaram, 2010). Indeed, Stern

(1990) has suggested that the notochord may be the arche-

typal structure of segmented vertebrae, perhaps including

basal chordates. However, recent studies of segmentation in

chick embryo, aimed at determining whether the notochord

influences segmental vertebral patterning, exclude such a

mechanism in avians, suggesting that this has been lost in

the evolutionary transition (Senthinathan et al. 2012).
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