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Segmental relationship between somites and vertebral column in zebrafish
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SUMMARY

The segmental heritage of all vertebrates is evident in the
character of the vertebral column. And yet, the extent to
which direct translation of pattern from the somitic

mesoderm and de novo cell and tissue interactions pattern
the vertebral column remains a fundamental, unresolved
issue. The elements of vertebral column pattern under
debate include both segmental pattern and anteroposterior
regional specificity. Understanding how vertebral

segmentation and anteroposterior positional identity are
patterned requires understanding vertebral column cellular

and developmental biology. In this study, we characterized
alignment of somites and vertebrae, distribution of

individual sclerotome progeny along the anteroposterior
axis and development of the axial skeleton in zebrafish. Our
clonal analysis of zebrafish sclerotome shows that anterior
and posterior somite domains are not lineage-restricted

compartments with respect to distribution along the
anteroposterior axis but support a ‘leaky’ resegmentation
in development from somite to vertebral column. Alignment
of somites with vertebrae suggests that the first two somites
do not contribute to the vertebral column. Characterization
of vertebral column development allowed examination of
the relationship between vertebral formula and expression
patterns of zebrafish Hox genes. Our results support co-
localization of the anterior expression boundaries of
zebrafishhoxc6homologs with a cervical/thoracic transition
and also suggest Hox-independent patterning of regionally
specific posterior vertebrae.

Key words: Anteroposterior, Compartments, Hox expression,
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INTRODUCTION generally have a characteristic number of cervical, thoracic,
lumbar, sacral and caudal vertebrae; however, in other vertebrates
The vertebral column, the hallmark of vertebrate specieshe vertebral types are less easily categorized (see Romer, 1956).
retains through adulthood evidence of embryonic segmentation Characterizing the patterning mechanisms that define
and regional specificity along its anteroposterior (AP) axisdistinct regions along the AP axis is an important goal for both
Despite the importance of the vertebral column in defining thdevelopmental and evolutionary biology. The presence or
overall vertebrate body plan, we still lack a comprehensivabsence of region-specific vertebral elements has been crucial
understanding of the genetic and cellular interactions thdbr understanding the action of genes, including but not limited
control the size, shape and number of its element$o Hox genes, involved in patterning along the vertebrate AP
Investigating sclerotome development from its somitic originsaxis. In a landmark study, Burke and colleagues (Burke et al.,
through its differentiation into intricately patterned axial 1995) demonstrated that the anterior limit of expression of
skeleton derivatives provides insight into mechanismspecific Hox genes correlates with particular AP regional
underlying vertebrate segmentation and AP patterning, as weédndmarks in a variety of vertebrate species, rather than with
as evolutionary variation among vertebrate species. specific enumerated segments. Thus, although at very different
The vertebral column and ribs that make up the post-craniabmite levels in the chick and mouse, the anterior limit of
axial skeleton have a metameric organization. The function&éoxc6expression correlates with the transition from cervical-
segmental unit of the vertebral column, the vertebra, is composegipe vertebrae to thoracic-type vertebrae and with the
in the simplest terms, of the vertebral body or centrum thdbrelimb/brachial plexus region. Similarly, Hox paralog group
develops around the embryonic notochord, dorsally extending gene anterior limits correlate with the transition from
neural arches and spines, ventrally extending hemal archdbpracic-type vertebrae to lumbar-type vertebrae (Burke et al.,
attachment sites for ribs, and various other decorations of the$895). Expression of zebrafifloxc6homologs relative to the
regions (Fig. 1A). These vertebral column elements aréorelimb/brachial plexus region (Burke et al., 1995) and
distributed in a region-specific manner along the AP axis. Basethterior vertebral types (Prince et al., 1998a) is consistent with
on such attributes, vertebrae can be grouped into common typespuse and chick (Burke et al., 1995). However, a more
the relative number of each type providing the so-called vertebrdiorough examination of the relationship of Hox expression
or axial formula for a given vertebrate. For example, tetrapodsoundaries and vertebral types in a non-tetrapod embryo is
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paraxial mesoderm. The segmental register of the ‘somite
column’ and vertebral column are offset, a fact recognized from
the early days of modern embryology (see Remak, 1855)
(reviewed by Brand-Saberi and Christ, 2000). Experimental
studies of somite contribution to the vertebral column has been
confined to avian embryos in which sclerotome comprises a
major part of the somite. The overall picture that has emerged is
that each somite contributes, essentially without significant AP
dispersal, to adjacent body structures including sclerotome-
derived vertebral components (Fig. 1B) (Beresford, 1983;
Aoyama and Asamoto, 1988; Bagnall et al., 1988; Lance-Jones,
1988; Ewan and Everett, 1992; Aoyama and Asamoto, 2000;
Huang et al., 2000a). The original boundary between somites
ultimately aligns near the midline of the adjacent vertebral
A C segment, a phenomenon commonly referred to as
resegmentation (reviewed by Brand-Saberi and Christ, 2000;
Fig. 1. Models of resegmentation during formation of vertebrae fromChrist et al., 2000; Saga and Takeda, 2001).

somites. (A) Primary elements of the axial skeleton include the Recent work has begun to elucidate the events of paraxial
centrum (c) or vertebral body, which develops around the notochordmesoderm segmentation and somitogenesis (reviewed by
(n); neural arches (na), paired dorsal elements that together with theChrist et al., 2000; Holley and Nisslein-Volhard, 2000;
dorsal margin of the centrum enclose regions of the neural tube (m)'Stickney et al., 2000: Stockdale et al., 2000; Maroto and
hemal arches (ha), paired ventral elements that extend from the Pourquié, 2001; Saga and Takeda, 2001). It is now clear that

centrum adjacent to midline blood vessels (bv); and ribs (r), which : . . . s
extend ventrolaterally from the centrum or hemal arch. Viewed fromanterlor (A) a"?d posterior (P) dO’T‘a'”S eX|_st within eaqh
segmental unit and are established prior to somite

anterolateral with anterior towards the left and dorsal towards the : S . ) o
top. Resegmentation models (B,C) describe development of epithelialization. Evidence of A and P domains within the

vertebrae from somites. Views of a generic vertebrate from the dors&omite and the offset segmental register of somites and their
aspect. (B) Compartmental resegmentation model proposes that ~ vertebral — derivatives underlie comparisons between
somites (S) are comprised of anterior (A) and posterior (P) halves. somite/vertebral development and segmentation in

Each vertebra (V) develops by recombination of posterior half- Drosophila melanogastefChrist et al., 1998; Christ et al.,
sclerotomes from one somite pair with anterior half-sclerotomes 2000; Huang et al., 2000a; Stern and Vasiliauskas, 2000).
from the next posterior somite pair (yellow arrows). In this strict In fact, the textbook ‘resegmentation’ presentation of

model, half-sclerotome derivatives are restricted to one-half of the development from somites to vertebral column (Fig. 1B)
vertebra as well. This model resembles the contribution of :

parasegmental anterior and posterior compartments to segments ingomclldes CIo_sefIIy .W'th the cupr\rent mOdeIf of segrfnentlal
fly integument, in which patterning is maintained by lineage evelopment in fly integument. A prominent feature of early

restriction (reviewed by Dahmann and Basler, 1099). (C) Leaky ~ Metamerism irD. melanogasteis the repeating anterior and
resegmentation model in which sclerotome cells from one somite (Sposterior subdivisions of the elemental segmental unit — the
contribute to (yellow arrows) two adjacent vertebrae (V) in a manneparasegment (Martinez-Arias and Lawrence, 1985). The
that is not strictly dependent upon the A or P domain of origin in theregister of parasegments is offset from that of the segments,
somite. which become morphologically evident later in development.
These AP subdivisions are lineage-based ectodermal
compartments (Garcia-Bellido et al., 1973), a feature that is
crucial for drawing meaningful conclusions about thethought to be important for formation and maintenance of
similarities and differences in Hox gene function in differentdevelopmentally relevant boundaries (reviewed by Dahmann
model vertebrates. For example, Prince and colleagues (Prinard Basler, 1999). In vertebrates, single cell labels in chick
et al., 1998a) and Amores and colleagues (Amores et al., 1998&)gmental plate, prior to somite formation, have ruled out
have suggested that the compression of anterior Hox familjneage-restricted compartments for formation of somites or
expression boundaries in zebrafish may reflect a less diversifidlteir AP domains (Stern et al., 1988). Half-somite transplant
vertebral column than tetrapods. This issue has significance fexperiments in avian embryos (Aoyama and Asamoto, 2000),
understanding the developmental role of Hox genes ihowever, appear consistent with a strict resegmentation (Fig.
patterning the vertebral column and for understanding th&B) and suggest anterior and posterior lineage-restricted
evolution of differences in absolute and regional vertebratompartments after somite formation.
numbers across vertebrates (Richardson et al., 1998). In contrast to avian embryos, many other vertebrate embryos,
The post-cranial axial skeleton is derived from somiticincluding representatives in fish (Swaen and Brachet, 1899;
mesoderm but the nature of the segmental relationship betweBwaen and Brachet, 1901; Sunier, 1911; Morin-Kensicki and
these structures remains obscure. The vertebral column develdfisen, 1997) and frogs (reviewed by Keller, 2000), develop
from sclerotome, a mesenchymal cell population derived frorsclerotome as a relatively minor somite component. How these
ventral somite. Sclerotome cells that will contribute to theminor-component sclerotome cells distribute along the AP axis
vertebral column move to surround axial midline structureshas not been described, although it is clear that significant cell
condense and differentiate as chondrocytes, thus forming movement is associated with sclerotome development (Morin-
cartilaginous skeletal framework that later is replaced by bon&ensicki and Eisen, 1997). Thus, the generality of restricted
The somites themselves are segmentally repeating units afterior and posterior sclerotome contribution to vertebrae needs
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to be explored in other vertebrate embryos, in addition to aviansigration data were included from some of the labeled sclerotome
For example, scant sclerotome production might suppoxells by Morin-Kensicki and Eisen (Morin-Kensicki and Eisen, 1997).
increased dispersal along the AP axis as schematized in Fig. 1CSclerotome progenitors were labeled at 18 h and clone size assayed
which depicts a ‘leaky’ resegmentation model in whichat 3 d.. The flyorescent Iabe.I often became faint and.pun(.:tate,
sclerotome contribution to the vertebral column is not stricthPrécluding a rigorous analysis of sclerotome cell proliferation,
dependent upon the anterior or posterior somite domain of origiﬁIthough clone size appeared to range between two to six cells. We

T di - . d | b corded the distribution of labeled sclerotome cell progeny along the
wo outstanding Issues motivated us to analyze Vertebrgh sqyentral axis in 13 embryos. From a total of 55 cells counted at

column development in zebrafish. First, understanding the trugy 44 were located dorsal to the notochord or dorsal or lateral to the
developmental sequence leading from somites, in whiCReural tube, nine were located ventral to the notochord and two were
patterning genes such as those of the Hox complex afecated lateral to the notochord.

expressed, to vertebrae, the structures in which we typically .

identify evidence of altered patterning and homeosis, provide§deomicroscopy o . .
insight into patterning along the AP body axis. SecondEmbryos were mounted either in agar or between bridged coverslips

understanding how somite and vertebral numbers rem@gyers et al., 1986) and examined using a Leitz \m@ter immersion

illuminates evolutionary variation of the vertebrate body pIanP jective on a Zeiss Universal microscope. Low light level fluorescent

In this work, we explore the validity of current views on the|mages were obtained through a Dark Invader (Night Vision Systems)

. - . and Koyo camera. Images, contrast-enhanced and averaged to remove
segmental relationship of somites and vertebral column tRyise with an Argus 10 image processor (Hamamatsu), were stored
zebrafish development and we perform the critical test of ABn an optical disc recorder (Panasonic). Fluorescent cells were viewed
somite domain distribution at the single cell level. We find thatirst 5 to 20 minutes after labeling and then at 24 h and 48 h and again
while the distribution of sclerotome along the AP axis isbetween 3-5 d. Zebrafish remain optically clear at these stages
consistent with a leaky resegmentation, the anterior anallowing three-dimensional localization of labeled cells in live fish by
posterior sclerotome domains clearly are not lineage-restrictéble z-series record at the light microscope. We collected positional

with respect to future vertebrae. We also describe data on every labeled cell of each clone in this manner (Morin-
ensicki and Eisen, 1997). Somites were counted in 24 h embryos as

somites/vertebrae alignment that suggests the two anterigé . . ; '
. . . scribed by Kimmel et al. (Kimmel et al., 1995). In 4 d fish, the
most somites do not contribute to the zebrafish vertebr umber of somites was inferred from the number of myotomes.

column. We characterize the development of the zebrafish
vertebral column and relate the AP regional character of theisualizing vertebrae and myotomes

axial skeleton to Hox gene expression patterns. These resuttse early vertebral cartilaginous framework was visualized by in situ
support co-localization of anterior expression boundaries diybridization using am-coll2al riboprobe (a gift from Y.-L. Yan)
hoxc6homologs with the cervical/thoracic transition zone in(Yan et al., 1995) as described by Thisse et al. (Thisse et al., 1993)
zebrafish, as described for tetrapods. Finally, we find thayith the_following moc_;lifications for larger tissue: fixation, sc_)ak and
patterned posterior vertebral types fall outside the domain dfash times were increased approx. threefold; proteinase K
Hox family anterior expression boundaries, suggestin oncentration was doubled; tissue was rinsed in 2 mg/ml sodium

: : : : orohydride for 30 minutes prior to prehybridization; and
alternative patterning mechanisms for these regions. prehybridization and hybridization buffer contained 1% SDS.

Sclerotome cells injected with fluorescein dextran were visualized
in frozen sections at 10 d according to the methods of DeVoto et al.
(DeVoto et al., 1996) with an alkaline phosphatase conjugated anti-
i . fluorescein antibody according to manufacturer’s recommendations
Zebrafish maintenance (Roche). To visualize vertebrae in these sections, tissue was rinsed
Zebrafish Danio rerio) embryos were collected from spontaneoustwice for 10 minutes in PBS at pH 8.3 and incubated overnight at 4°C
spawnings of AB or *AB strains and reared at 28.5°C. During the firsin Xylenol Orange (Rahn and Perren, 1971) (Sigma, X0127) at 1
day of development, embryos were staged by counting somites angy/ml in PBS at pH 8.3. The tissue was then rinsed five times for 10
converting to standard hours (h) or days (d) of development at 28.5%ginutes in PBS at pH 8.3, coverslipped and visualized on an Axioplan
(Hanneman and Westerfield, 1989; Kimmel et al., 1995). Oldemicroscope (Zeiss) with a rhodamine filter set. Images were captured
embryos were staged by days of development post-fertilization. T@ith a MicroMAX 1300Y5M digital camera (Princeton Instruments)
maximize the rate of development, embryos were reared singly or imsing MetaView software (Universal Imaging Corporation).
groups of five or fewer. Myotome cells injected with fluorescein dextran were visualized by

. antibody staining in 12-13 d whole-mount zebrafish after 24 hour/4°C
Cell labeling fixation in 4% paraformaldehyde and careful removal of the skin. Fish
Embryos of 16-22 h had chorions removed, were anesthetized igere post-fixed and then washed extensively prior to staining in
dilute tricaine methanesulfonate (TMS, Sigma) in physiological salinglizarin Red (see below). Embryos were stored in a 0.5% solution of
(Westerfield et al., 1986) and mounted in 1.2% agar on a microslidéOH in water.
(Eisen et al., 1989). Individual sclerotome or presumptive myotome
cells were injected with fluorescent dextrans (Molecular Probes) ddistological staining
described by Morin-Kensicki and Eisen (Morin-Kensicki and Eisen,To visualize developing vertebrae, Alcian Blue, 8GX (Cl 74240), a
1997). Because somite cells that will contribute to myotome remaisommon marker for non-mineralized cartilage matrix, and Alizarin
within their somite of origin (DeVoto et al., 1996; Morin-Kensicki and Red S (CI 58005), a stain for mineralized cartilage and bone matrix
Eisen, 1997), one or more cells of the myotome in a more anteriavere used. Zebrafish from 3-30 d were immobilized in ice water,
somite also were labeled to serve as reference points for followingnesthetized in dilute TMS, then fixed for 12-72 hours in buffered 4%
sclerotome migration. Data from somites 5-17 were included in thiparaformaldehyde. After washing, fish were placed in either 0.1
study. For analysis of the cell distribution from anterior and posteriomg/ml Alcian Blue in 1:4 glacial acetic acid:95% ethanol (pH 4.5) for
sclerotome domains, only those labeled cells in anterior-most d2 hours, or 0.1 mg/ml alizarin red in 0.5% KOH for 2-5 hours. Alcian
posterior-most positions within the somite were considered. Earllue-stained zebrafish were either transferred to Alizarin Red or

MATERIALS AND METHODS
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Fig. 2. Developmental sequence and regional l’
character of zebrafish axial skeleton. Zebrafish "’

skeletal matrix stained with Alcian Blue and/or

Alizarin Red at representative stages between 7 d

and adult. Anterior towards the left; dorsal

towards the top. (A) Matrix foci (arrows) of the

anterior-most centra dorsal to the notochord at 7 d.

(B) At 8 d matrix of the developing centra form *
rings around the notochord in anterior trunk. :

(C) Matrix surrounds chondrocytes (arrows) at the @y L (D -’E

base of the neural arches of vertebrae (V) 3and 4 — < e, :

_ ‘ y
d . e

visualized here at 13 d. (D-J) The vertebral |
column is composed of classes of vertebrae based ’\
on developmental and morphological features
characteristic of AP position. Examples of each
category are visualized at 16 d (F,1,J), 21 d (D,E),
or 2 years (G,H). (D,F) Cervical vertebrae
comprise two unique and relatively small
vertebrae with neural arches (arrowheads in D)
that are lost in adults. (E-G) The number of rib-
bearing vertebrae (arrows indicate ribs in G) was
variable. The first two (V3, V4) had distinctly
large neural arches (arrowheads in E) and
modified ribs. V3-V5, in conjunction with cervical
vertebrae (V1, V2) formed the series (F) that late
contributes to the Weberian ossicles. Rib- and
hemal arch-bearing vertebrae were found in mos
but not all fish; after 20 d the final one or two ribs
sometimes had hemal arch attachment sites

(H, arrows). Hemal arch-bearing vertebrae began
with a series of three or four progressively longer
hemal arches (arrows in I). The tail set (J) I
included four vertebrae with unique morphology
such as a dorsal bend of the penultimate centrum
(arrow) and no neural arch on the last vertebra. |
Centra were also sometimes decorated with
dorsoposterior projections (black arrowheads in
G,H) and ventroposterior projections (H, white
arrowhead) with a characteristic distribution along -
the AP axis. Scale bars: {iin in A-C; 50pum in 'S
D-F,1-J; 400um in G,H.

dehydrated in 100% ethanol for 1 hour and cleared in methylieveloped in a stereotyped sequence. We characterized primary
salicylate. Alizarin Red-stained zebrafish were dehydrated in 100%|ements of the axial skeleton, including the centrum, neural and

methanol, cleared in methyl salicylate and mounted between bridgetbmal arches, and ribs. Because the rate at which zebrafish larvae
coverslips in Permount (Fisher Scientific). Procedures for stainingeyejoped was quite variable, the age at which various stages in
adult zebrafish were similar, but fixation, staining and dehydratloqhe sequence of vertebral development were reached also varied

times were each 1 week. . : .
A modification of a Phloxine-Methylene Blue-Thomas Method considerably. Thus, ages given below represent the earliest age at

staining procedure (Humason, 1972) was used to visualize boundariédlich each stage in vertebral development was observed. The
between successive myotomes and successive vertebrae. After fixat@nterior end of the zebrafish notochord stains with Alizarin Red,
for 12-72 hours in buffered 4% paraformaldehyde, 15 d zebrafish wegssifies and is surrounded by the developing basioccipital bone
immersed in a solution of Methylene Blue (CI 52015), Azure B (Clof the cranium (Cubbage and Mabee, 1996). We found that
52010) and borax, each at 1.25 mg/ml, in water for 2 hours. Fish weemnterior notochord was marked by matrix stains in concert with
then d_estained in O._Z% aqueous acetic acid for 20 minutes fQ||OW€d @evebpment of other elements of the cranium (data not shown).
30 minutes each in 95% then 100% ethanol, cleared in methythese events initiated approximately 3 days prior to the onset of
salicylate and mounted between bridged coverslips in Permount.  ¢tainable matrix in the post-cranial axial skeleton (Cubbage and
Mabee, 1996) (data not shown). Therefore, given both
developmental timing and position within the embryo, we

RESULTS classify the matrix surrounding the anterior-most portion of the
. notochord as a head element as do Cubbage and Mabee (Cubbage
Axial skeleton development and Mabee, 1996) and Kimmel et al. (Kimmel et al., 2001), but

Histological staining revealed that the zebrafish axial skeletoim contrast to a recent report by Du and colleagues (Du et al.,
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Table 1. Zebrafish axial skeleton characteristics and axial This structure, comprised of the two cervical vertebrae and the
formula first three rib-bearing vertebrae with rib specializations of the
third and fourth vertebrae, is thought to transmit vibrations

Vertebrae Average#s.d. Minimum Maximum Mode¥ . . . . .
Total 318208 29 = 32 305 from the anterior swim bladder to the inner ear (Fink and Fink,
Cervical 5 0£0.0 5 5 5> 179 1981). The tail fin set nearly invariably comprised four distinct
Rib bearing 10.2+1.0 8 12 10 179 Vertebrae. By contrast, the number of mid-column vertebrae at
Rib and hemal arch bearing 1.0£0.9 0 2 2 179 the junction between rib-bearing and hemal arch-bearing was
Hemal arch bearing 14.5+1.2 12 18 14 179 variable. Thus, while most fish had two vertebrae that bore both
Tail fin set 4.0+0.1 3 4 4 179

a rib and a hemal arch, others had vertebrae in this region with
*Combined modes from each vertebral-type category gives the most neither a rib nor a hemal arch (Table 1).
common axial formula. The occurrence of ‘anomalous’ vertebrae correlated
TNumber of fish observed. Data set with 305 individuals composed of fish positively with extremes in total vertebral number. Anomalous
ages 13-31 d stained with Alcian Blue or Alizarin Red, or both. Data set of yertebrae with duplicate or missing neural arches, duplicate
éztgh'2?&7&1“3:3ésaiiu/ﬁisze;ﬂ?aééﬁc_'”des only fish ages 18-31 d stained with o ya| arches and missing or short centra were found
posteriorly, usually just anterior of or within the tail fin set of
‘short’ fish with only 30-31 total vertebrae. Of short fish, 16/60
(26.6%) showed such anomalies compared with 6/119 (5.0%)
2001) in which this region is labeled as the first element of thef ‘long’ fish with 32-33 total vertebrae. Similarly, the presence
vertebral column. We found that the three most anterior vertebraf an anomalous vertebra with no hemal arch just anterior to
centra were the first to develop cartilaginous matrix. Stained fothe tail fin set was observed in 10/119 (8.4%) of long fish, but
were evident dorsal to the notochord at 6 d with Alizarin Redhever in short fishnE60).
(data not shown) and at 7 d with Alcian Blue (Fig. 2A). Later
development of the two anterior-most centra lagged behingelationship between somites and vertebrae
development of the remaining trunk and tail centra, dn zebrafish, mesenchymal cells derived from a ventromedial
phenomenon also noted by Du and colleagues (Du et al., 200l cluster of the somite migrate to positions adjacent to the
Additional foci arose ventrally and eventually rings of smoothlynotochord and neural tube (Morin-Kensicki and Eisen, 1997),
stained matrix surrounded the notochord (Fig. 2B) (Fleming eis expected for sclerotome contribution to connective tissue
al., 2001). Development of the centra proceeded in an anterioramd vertebral cartilages. To show these mesenchymal cells
posterior sequence (Du et al., 2001), apparent with both Alciatontribute to the developing vertebral column, we labeled cells
Blue and Alizarin Red, and was complete along the length of thef the ventromedial cluster with vital fluorescent dye and
fish at 9 d. Neural and hemal arches on individual vertebrae arosecessed fish to visualize the label at stages when the
synchronously in an anterior to posterior sequence first visible developing vertebral column was apparent. We were able to
8 d by a-coll2al expression (data not shown) and at 11 d withvisualize both labeled cells and vertebral components in
Alcian Blue staining. In contrast to the smooth appearance of treectioned material from eight fish. In each case, some of the
stain surrounding the notochord, the chondrocytes of thiabeled cells contributed to developing vertebral components
developing neural arches were readily apparent (Fig. 2C). Thhat labeled with Xylenol Orange (Rahn and Perren, 1971)
general anterior to posterior sequence of development wéBig. 3) verifying that they derived from sclerotome, and thus,
retained for the centra, neural and hemal arches, and ribat sclerotome makes the expected contributions in zebrafish.
development. At 21 d, the axial skeleton was essentially complete To understand somite contribution to the vertebral column we
with evidence of all adult components. Adult-specific axialneeded first to characterize the morphological relationship of
skeleton characteristics included apparent fusion of centra aaébrafish somites and vertebrae. The myotome in zebrafish
loss of the neural arches of the first two vertebrae, formation oétains a permanent record of original somite segmentation and
a complete rib-case frequently including hemal arch attachmeatlows an unambiguous assessment of the vertebral column
sites for the last one to two ribs (Fig. 2G), a complete set afegmental register to that of the somites. Although the contour
elaborate dorsal and ventral posterior processes from the centrofithe myotome was complex at ages when vertebrae could be
(Fig. 2G,H) and apparent fusion of the two posterior-most centrasualized, at the medial surface, boundaries between myotomes
(data not shown). traversed the anterior region of each centrum (Fig. 4). In effect,
The total number of vertebrae in the column and the number single myotome spanned the posterior three-quarters of one
of region-specific vertebral types were variable. An average ofertebral centrum and the anterior one-quarter of the next
32 total vertebrae were divisible into distinct categories basegbsterior centrum. To define which somites are adjacent to which
on features characteristic of their AP position (Fig. 2, Table 1jleveloping vertebrae in the series, we labeled somite 3 or 5
as follows: (1) cervical (Fig. 2D,F); (2) rib-bearing (Fig. 2E- myotome progenitors at 18 h and then visualized them at 12 or
G); (3) rib and hemal arch-bearing (Fig. 2H); (4) hemal archi3 d when the vertebrae could be stained with Alizarin Red. At
bearing (Fig. 21); and (5) tail fin set (Fig. 2J). Specific vertebra&?2 d, labeled somite 5 cells were found in myotome 5 in three
(V) in the series also had dorsal (V4-6 to V2742%42) and/or  out of three fish. Similarly, at 13 d, labeled somite 3 and somite
ventral (V14-18 to V27-2&)=28) posterior processes from the 5 cells were found in myotomes 3 and 5 respectively in six out
centrum (Fig. 2G,H). Following the order of these categorief six fish. In each case, the medial boundaries of myotome 5
the axial formula most frequently observed was 2:10:2:14:4panned the centra of the second and third vertebrae, thus we
(Table 1). The invariant first five vertebrae contributed to &ould align somites with vertebrae along the AP axis (Fig. 5).
striking specialization termed the Weberian ossiclesCuriously, however, we identified no clear relationship between
characteristic of Ostariophysan fishes (Fink and Fink, 1981an observed variable total somite (Kimmel et al., 1995) or
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myotome number, counted at 24 h and 4 d respectively, to tt&clerotome distribution pattern in zebrafish
variable total vertebral number counted at 15 days in 29 fiskupports leaky resegmentation but not lineage-

followed as individuals (data not shown).

restricted compartments

Sclerotome cells can contribute progeny to two consecutivislodels describing development of the vertebral column from
vertebrae regardless of their initial AP position within thesomites, usually referred to as resegmentation, have relied on
somite. The progeny of fluorescently labeled cells originatingartitioning of the somite into anterior and posterior domains.
from either anterior-most or posterior-most positions within thélhe shift in register observed between somites and vertebral
sclerotome were analyzed by segmental location defined mplumn is posited to occur when the posterior sclerotome of

myotome boundaries on or after 3 d (Table
Some labeled cells were followed to the o
limits of fluorescence detection around 7
there was no significant change in segm
location between 3 and 7 d (data not sho
Vertebral components are not marked at t
stages; however, some of these cells contr
to the developing vertebrae (Fig. 3F,G)
some of these cells will contribute to ot
sclerotome derivatives, including mening
connective tissue and blood vessel endot
(Lance-Jones, 1988; Bagnall et al., 1¢
Bagnall, 1992; Morin-Kensicki and Eist
1997).

Because the myotome spans
consecutive developing vertebrae, the ant
myotomal border is aligned with one verte
and the posterior myotomal border is alig
with the next posterior vertebra. By relat
sclerotome cell position to myoton
boundaries, we found that sclerotc
originating from positions anterior in t
somite tended to migrate to the location of
more anterior of the two adjacent develoy
vertebrae. Similarly, those sclerotome c
originating from positions posterior in t
somite tended to migrate to the location of
more  posterior vertebra.  Nonethelt
individual anterior and posterior scleroto
cells were each capable of contribui
progeny to either anterior or posterior verte
positions and in some cases to both posi
(Table 2, Fig. 3A-C).

DISCUSSION

The vertebral column is an intricately patter
structure with repeating units display
anterior to posterior regionally specific fol
The mode by which the overall segme
nature and regional character develops -
embryonic patterning events remains unc
When addressing this issue, it is importar
recognize ‘segmentation’ and ‘regionalizati
as two distinct features of development. H
segmentation refers to development of repe
units along the AP axis, where
regionalization refers to development
dissimilar regions along the AP axis.
segmented structures, regionalization
revealed when segments are similar but
identical to one another.

~\

Fig. 3.Mesenchymal cells derived from ventral somite contribute to vertebrae. Cells of the
ventromedial cell cluster of each somite migrate dorsally and spread along the AP axis
(Morin-Kensicki and Eisen, 1997). (A) Shown is a single cell (arrow) labeled at 18 h and
the distribution of its progeny (arrows) at 24 h (B) and 48 h (C). Arrowheads mark
myotomal boundaries. (D,E) Serving as an early marker for vertebral column components,
a-coll2alis localized to anterior neural arches (arrows) by 10 d in the side view in D
(compare with Fig. 2C) and in transverse section (E). (F,G) Progeny derived from a single,
labeled ventromedial cluster cell of an anterior trunk somite contributed to vertebral
components when visualized at 10 d. (F) Cells visualized with an antibody to fluorescein:;.
The arrow indicates a cell that is incorporated into a neural arch and the arrowheads
indicate cells in other regions of the developing vertebra. (G) The same section as in F
labeled with Xylenol Orange to reveal developing bone; the cells indicated in F are also
positive for this bone marker. Asterisk in E marks pigment cells. n, notochord; nt, neural
tube. Scale bar: 0m in A; 15um in B,D,F,G; 2Qum in C; 35um in E.
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Table 2. Distribution along AP axis of sclerotome from
anterior or posterior somite domains

Number of progenitors contributing progeny to specific
segmental positions relative to somite of origin

& & &

Anterior and

Origin in somite Next anterior posterior Next posterior
Anterior sclerotome 12 4 1
(n=17 single cells)
Posterior sclerotome 5 1 9
= . (n=15 single cells)

Fig. 4. Segmental patterns of somites and vertebral column are out «
register. A region of the trunk of a 15 d zebrafish stained to reveal . ) . o . .
vertebral (arrows) and myotomal (broken line) boundaries. Viewed chick-quail chimeras, individual anterior or posterior half-
from the side with anterior towards the left, dorsal towards the top. somite transplants had progeny restricted to one half of one
Myotomes retain the original segmental pattern of the somites. adjacent vertebra in a manner consistent with strict
Adjacent to the axis, a single myotome spans the posterior three- compartmental resegmentation (Fig. 1B). Here, we show that
quarters of one vertebral centrum and the anterior quarter of the nextells derived from individual anterior or posterior sclerotome
posterior centrum. Scale bar: 48. cells in zebrafish do not distribute along the AP axis in a manner
strictly dependent upon their anterior or posterior origin. In fact,
clonal analysis (Table 2) indicates that individual cells can
one somite pair recombines with the anterior sclerotome of theontribute progeny to both adjacent vertebral locations, a result
next posterior somite pair. The compartmental version othat is incompatible with the idea of lineage-restricted
resegmentation holds that the anterior and posterior domaigempartments. Our results in zebrafish are thus more consistent
are lineage-restricted compartments. This conception aofith a leaky resegmentation model (Fig. 1C).
resegmentation has a direct correlate in the anterior and Recent genetic evidence indicates that AP subdivisions within
posterior compartments that subdivide ectodermaparaxial mesoderm relate to morphogenesis of the vertebral
parasegments irD. melanogaster But does this model column. Disruption of gene pathways important for establishing
describe how the vertebral column is derived from somites ifuture somite AP subdivisions in presomitic mesoderm
vertebrate embryos? (reviewed by McGrew and Pourquié, 1998; Stickney et al., 2000;
Compartmental resegmentation in
vertebrates has only recently been te
experimentally (Aoyama and Asamc
2000). Previous work had shown by sev
methods that a single avian sor
contributes to more than one verte
(Beresford, 1983; Aoyama and Asami
1988; Bagnall et al.,, 1988; Lance-Jol
1988; Ewan and Everett, 1992; Huang e!
2000a) but the relative contribution
individual anterior or posterior domains |
not been assessed. Aoyama and Asa
(Aoyama and Asamoto, 2000) showed thi

Fig. 5. Relationship of somites or myotomes and
vertebral column in zebrafish. To determine the
alignment of the somite series with the vertebral
column, future myotome cells in somite 5 (S5)
were labeled during the first day of development
and then visualized in conjunction with Alizarin
Red staining of the vertebral column at 12 d as MI1IM2 M3 Md 285 16 M7 A8 . 3 =
shown schematically in A. Cells originally |

labeled in S5 were found in the fifth myotome |V3 ||V4 ||vs "Vﬁ "V7 ||vs va ”VIO |
(M5) at 12 d (arrows in B). M5 was adjacent to
vertebra 2 (V2) and vertebra 3 (V3), as shown
schematically in A and in a representative fish in
B. The resulting relationship between somite and
vertebral alignment is shown in a schematized | (C
dorsal view in C.
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Fig. 6. Schematic representation of relationships betwegn ,

somites, anterior expression boundaries of some Hox QS???SA

genes and vertebrae. Anterior expression boundaries 0| hOXCBDZ

zebrafish Hox genes [names according to Amores et al hoxb6b?

(Amores et al., 1998)] are primarily asliran der hoxb7b”

Hoeven et al. (van der Hoeven et al., 19¥&)nce et al. lgﬁggﬁz

(Prince et al., 1998a) a8ordino et al. (Sordino et al., hoxc8a?

1996). Differing anterior boundaries indicated by stripeg 10><a96j

have been reported (Sordino et al., 1996; Prince et al., Rgigg;

1998a) forhoxal0b Zebrafishhoxc6homologs, with hoxa 10023

anterior expression boundaries at somite 5, align with thje hoxb10a?

transition between cervical and thoracic (rib-bearing) “OXdﬂﬁi

vertebrae as in chick and mouse (Burke et al., 1995). B oKL,

contrast, the anterior expression boundaries of zebrafisp hoxc10a2

Hox paralog group 9 genes fall within the anterior hoxd124

thoracic domain, as apposed to Hox paralog group 9

alignment with the thoracic/lumbar transition zone in

chick and mouse (Burke et al., 1995). Hoxd12a (REE = ..bl. 2 2 e A S R R
anterior expression boundary is the posterior-most ||||| iaﬁ’l.e reﬁ.-.-.-.-.-.-.-...
described and yet also falls within the region that will ri b- beanng ->|

contribute to rib-bearing vertebrae. Posterior somites are cerVIcaI hemal arch-bearing -)|ta|I f|n

indicated by stripes because the resolution of total somlte set
and vertebral numbers remains unclear.

Christ et al., 2000; Pourquie, 2001; Saga and Takeda, 2004) al., 2000b) indicates that a specific number of somites
results in perturbed somite and vertebral column segmentati@ontributes cells to formation of the posterior-most bones of
(Evrard et al., 1998; Sparrow et al., 1998; Zhang and Gridleyhe skull. In mouse, manipulating Hox gene expression via
1998; Schubert et al.,, 2001) notably without disturbingretinoic acid (Kessel and Gruss, 1991), creation of transgenics
differentiation of somite into sclerotome and dermamyotome ofKessel et al., 1990) or mutation (Chisaka and Capecchi, 1991;
disrupting the broad pattern of anteroposterior regional identityufkin et al., 1991; Chisaka et al., 1992) also supports this
(e.g. thoracic versus lumbar). Perhaps AP distinctions exist imotion. In zebrafish the alignment of the myotome derived from
sclerotome important for vertebral segmentation that arsomite 5 with the second and third vertebrae provides evidence
maintained via cell interactions rather than lineage restrictionghat the first two somites and perhaps part of the third may not
In D. melanogasterthe sharp boundary ehgrailedexpression contribute to the vertebral column. Whether these anterior
stripes is maintained by cell interactions, despite movement gbmites contribute sclerotome cells to formation of posterior
individual cells away from the boundary and their coincidenskull bones as documented in chick (Couly et al., 1993; Huang
loss ofengrailedexpression (Vincent and O’Farrell, 1992). In et al., 2000b) is currently an unanswered question that can be
addition, distinct domains in the developing leg (Brook anchddressed by future lineage-labeling studies.

Cohen, 1996; Jiang and Struhl, 1996; Johnston and SchubigerOne possible relationship between somites and vertebrae is
1996; Penton and Hoffman, 1996; Theisen et al., 1996) and bodhown in Fig. 6. However, our comparison of total somite
wall (Diez del Corral et al., 1999; Calleja et al., 2000) arenumber with total vertebral number indicates that ultimate
maintained by cell interactions and not lineage restrictiontesolution of somites and vertebrae during development
Moreover, cell-labeling experiments in chick embryo hindbrairremains obscure. We found that long fish often have an extra
indicate that while the majority of cells respect rhombomereertebra that lacks a hemal arch just before the more rigidly
boundaries (Fraser et al., 1990), some cells cross thopatterned tail fin set, while short fish have various patterning
boundaries (Birgbauer and Fraser, 1994) in a mannatefects in the size, shape and presence, absence or duplication
inconsistent with lineage-restricted compartments, as we haweé various vertebral elements, primarily in posterior regions.
described here for zebrafish somite domains. Thus, While Finding that anomalous vertebrae are more frequently
melanogastemay use lineage-restricted anterior and posterioassociated with extremes of total vertebral number suggests
compartments as a patterning mechanism in the segmentidt the mechanisms underlying patterning are not entirely able
ectoderm, at a more general level both flies and vertebrates maycompensate for extreme paucity or excess of material.

rely on fundamental cell interactions for refining and

maintaining boundary information in the establishment of10X expression boundaries align with trunk, but not

distinct domains with subsequent patterning roles. tail vertebral types in zebrafish

) ) . To gain a better understanding of the role of Hox genes in AP
Alignment of somites and vertebral column in patterning, we have aligned zebrafish Hox expression domains
zebrafish reveals possible occipital somites and (Sordino et al., 1996; van der Hoeven et al., 1996; Prince et al.,
aberrant vertebrae 1998a; Prince et al., 1998b) with the somite series and vertebral

The question of the involvement of somites in head skeletocolumn (Fig. 6). The anterior expression boundaries of zebrafish
development has a long history (Jeffs and Keynes, 1990hoxc6 homologs align with the cervical/thoracic transition in
Experimental manipulation in chick (Couly et al., 1993; Huangzebrafish, as in tetrapods, although the thoracic (rib-bearing)
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nature of V3 and V4 is somewhat masked by the ostariophysinwe gratefully acknowledge the expert help of the University of

specialization of the Weberian apparatus (Fink and Fink, 1981Qpregon Zebrafish Facility, past and present, and particularly Tim

Burke et al. (Burke et al., 1995) previously showed a similaMason. Andreas Mack deserves special thanks for reading Remak in

zebrafishhoxc6anterior expression boundary aligned with thegg‘n‘f;;'gthar?g%Z”gnR(;ththfo'?rg'\ft'.”r‘fr' f:\g'cg‘rf'eeg%agwg”’ D;?é‘(;‘%

pectoral fin (forelimb) plexus region. Prince et al. (Prince et al 1e bavenp utling frozen sections. supp y

. : . HD22486, NS0147348 and GM070257.

1998a) also pointed outoxc6 anterior expression boundary

alignment with vertebral type transition in zebrafish. By contrast,

the anterior expression boundaries of zebrafish paralog groupsEFERENCES

Hox genes fall within somite regions that will contribute to

anterior rib-bearing vertebrae, consistent with a derived role fothn, D.-G. and Gibson, G.(1999). Expression patterns of threespine

Hox paralog group 9 genes in marking the thoracic/lumbar sticklebackHoxgenes and insights into the evolution of the vertebrate body

vansiion i tetapods (Burke et a, 1995) e o 22 e . Pt . o
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