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In zebrafish the cartilages of the pharynx develop during late embryogenesis and grow extensively in the larva before
eventually being replaced by bone. Here we examine chondrocyte arrangements, shapes, numbers, and divisions in the
young hyoid cartilages. We observe two distinct developmental phases, morphogenesis and growth. The first phase
generates stereotypically oriented chondrocyte stacks that might form by intercalations among cells within the precartilage
condensations. In mutants that have deformed cartilages the orientation of the stacks is changed, and we propose that their
correct formation underlies the correct initial shaping of the organ. The following period of rapid, nearly isometric cartilage
growth occurs by divisions of chondrocytes that are largely located near the joints, and appears to be under quite separate
regulation. © 1998 Academic Press

INTRODUCTION

During evolution major changes have occurred in the
shapes of the body organs of multicellular organisms. Organ
shape is an attribute that appears in a complex way during
ontogeny, and we have little understanding of how genes
control the development of the specific shapes of organs, or
even what cells in or around a developing organ do to shape
it correctly. A reasonably complete understanding of both
development and evolution of organ form would seemingly
require such knowledge. Only then will we begin to under-
stand how genotypes translate, through developing cells
and their morphogenetic behaviors, into organ morpholo-
gies.

The shapes of cartilages and bones are of particular
interest because skeletal function, acted upon by natural
selection, is directly related to skeletal morphology. In part
because bones preserve well as fossils, the skeleton has
played the major role in understanding vertebrate evolu-
tion; the skeleton of the pharynx particularly has undergone
substantial change (review; Kuratani et al., 1997; Forey and
Janvier, 1993; Rowe, 1996). The skeleton is relatively

simple in cellular terms. In the case of cartilages, neither
blood vessels nor marrow nor nerves invade the organ.
Rather, a cartilage includes only two cell types: the chon-
drocyte within the matrix of the organ and the perichon-
drial cell in its enveloping mesenchyme. This relative
simplicity makes cartilage attractive for cellular-level anal-
ysis of organ shape. Furthermore, in fishes the chondrocytes
have only a thin shell of extracellular cartilage matrix
(Beresford, 1993), which allows us to focus on cellular
organization in considering how the cartilage is shaped.

In this paper we consider cartilages that develop in the
hyoid arch (the second pharyngeal arch) of developing
zebrafish. The cartilages in this arch come in a variety of
shapes and sizes (Fig. 1A), that serve to support the jaw,
buccal cavity, and operculum and the hyoid cartilages can
be readily visualized in the living preparation (e.g., Fig. 1B;
see also Kimmel et al., 1995). As in other vertebrates, the
pharyngeal cartilages arise at least in part from cells that
migrate from the region of the cranial neural crest (Schilling
and Kimmel, 1994). Migration occurs during the first em-
bryonic day, the beginning of a complex course of morpho-
genesis. The migrating cells form distinctive condensations
of precartilage mesenchyme (reviews: Thorogood, 1983;
Hall and Miyake, 1992) within the pharyngeal segments, or
branchiomeres, and their chondrification begins during the
second embryonic day (Schilling and Kimmel, 1997). In the
lateral wall of the hyoid arch two separate sites begin to
chondrify nearly simultaneously within a large, apparently
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single hyoid condensation (Bertmar, 1959; see also Good-
rich, 1930; De Beer, 1937). These sites will develop into the
two prominent cartilages that articulate: the dorsolateral
hyomandibular (HM) and the ventrolateral ceratohyal (CH).
Within an hour or so, a small third site of chondrification
appears within the same condensation that will form a
symplectic (SY) region of cartilage. During the third (and
last) embryonic day, the HM and SY fuse together into a
single hyosymplectic (HS), and a third cartilage, the small
interhyal (IH), appears in the developing joint between the
HS and the CH.

Here we examine the organization and divisions of chon-
drocytes during the early development of the hyoid carti-
lages. A key finding is that an early period of morphogenesis
in the embryo is followed by a largely separate period of
growth in the larva. As we illustrate with the HS, the initial
cell arrangements are simple and stereotyped, and correlate
with the form of the organ. In particular, the cells develop
stacks that lie in parallel with the organ’s long axis. During
cartilage growth chondrocytes divide within particular re-
gions of the early cartilages in a way that generally pre-
serves the organ shape while largely obliterating the early
cell stacks. Mutations are available that disrupt zebrafish
cartilage development (Neuhauss et al., 1996; Schilling et
al., 1996a; Schilling et al., 1996b; Piotrowski et al., 1996;
reviewed in Schilling, 1997), and we compare the hyoid
cartilage phenotypes resulting from mutations at three loci.
The deformations are highly variable, but can all be fit into
a single “phenoytypic series,” suggesting that the three
genes all act on a single morphogenetic pathway. A change
in the orientation of chondrocyte stacks accompanies the
change in cartilage shape, supporting the view that control
of stack assembly is a critical feature in cartilage organo-
genesis.

MATERIALS AND METHODS

Animals

Embryos and larvae of the zebrafish Danio (Brachydanio) rerio
were of the inbred AB strain, obtained from natural spawnings and
maintained in embryo medium at 28.5°C as described (Westerfield,
1995). Times refer to hours or days postfertilization; hatching
occurs between days 2 and 3 (Kimmel et al., 1995). Preliminary
experiments showed a high correlation between the rates of growth
of young larvae and their pharyngeal cartilages. Hence for the
growth experiments reported below, the larvae were kept un-
crowded (at or below 20 individuals/150 ml) and fed with excess
paramecia to ensure a high growth rate (an approximately linear
increase in body length of 360 mm/day through the period of 4–10
days). Mutant strains (suckertf216b, schmerletg203e, sturgeontd204e,
Piotrowski et al., 1996) were obtained from the Max Planck-
Institut für Entwicklungsbiologie (Tübingen, Germany) and
crossed onto the AB background. Heterozygotes were intercrossed
to obtain homozygous mutant larvae.

Cartilage Staining and Analysis
Staged embryos and larvae were anesthetized with buffered

ethyl-m-aminobenzoate methane sulfanate (Westerfield, 1995) and
killed by immersion either in 4% formaldehyde (prepared from
paraformaldehyde, and buffered to pH 7 in phosphate-buffered
saline (PBS)) or in 5% trichloroacetic acid, the latter resulting in
poorer preservation but in which unstained cells are more readily
visible with Nomarski optics. The fixed animals were rinsed in
acid–alcohol (0.37% HCl, 70% EtOH), and stained overnight in
either Alcian blue (Schilling et al., 1996a) or Alcian green (0.1% in
acid–alcohol). After differentiation in several changes of acid–
alcohol the preparations were rehydrated, and the tissue was
softened by digestion for 1–5 min with 1.67% trypsin. Following
rinsing and clearing in a solution of 50% glycerol and 0.25% KOH,
the pharyngeal cartilages were dissected free from surrounding
tissues with fine stainless-steel minutien pins, mounted in glycerol
or 50% glycerol, 0.25% KOH, and sealed under coverslips. For the
preparations described in Figs. 4 and 5, images of the stained and
flat-mounted cartilages were digitized, and custom software was
used for shape and size analyses. Changes in the thickness of the
cartilage plates are ignored in these data.

Other specimens from 2.5 to 8 days old were fixed in Bouin’s
fixative and embedded in Epon, and serial sections were cut at
3–7.5 mm in one of the standard planes. The sections were stained
with methylene blue and basic fuchsin (Humphrey and Pittman,
1974).

Vital Labeling of Chondrocytes
Cells were labeled with the lineage tracer dye rhodamine–

dextran (Molecular Probes, 10,000 Da) by intracellular injection
during mid- and late blastula stages, resulting in large labeled
clones (Kimmel et al., 1994). At 3 days we sorted through embryos
to find ones with one or only a few labeled cells in the symplectic
(SY), and photographed the cells under epifluorescence using a
high-gain silicon intensified video camera. We then took a through-
focus series of Nomarski images of the SY with a second camera,
this time at high resolution, and from these images reconstructed
the stack of unlabeled cells in the SY. The labeled cells, although
dim, could also be detected with this camera, such that the
assignment of their positions along the stack was unambiguous.
The larvae were incubated for another day, and the procedure was
repeated at day 4.

Bromodeoxyuridine (BrdU) Labeling
Animals were incubated in 1 mM BrdU in embryo medium and

fixed in 4% formaldehyde in PBS. Incorporation of BrdU was detected
with anti-BrdU primary antibody (antibody G3G4 developed by S. J.
Kaufman and obtained from Developmental Studies Hybridoma
Bank, Univ. of Iowa), horseradish peroxidase-conjugated secondary
antibody (Sigma), and stained for peroxidase with diaminobenzidine
and hydrogen peroxide, as described by Hatta et al. (1991) with the
following modifications: Following rehydration, larvae were perme-
abilized with a 10 mg/ml proteinase K solution for 1 h to increase
antibody penetration. The preparations were then refixed in 4%
formaldehyde for 30 min, rinsed in water, and then treated with 2 N
HCl for 1 h to denature DNA. Larvae were then rinsed several times
in a solution of 1% DMSO, 0.1% Tween 20 in PBS before incubation
with the antibody. Afterward the preparations were counterstained
with Alcian green and cartilages were dissected out and flat-mounted
as described above.
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RESULTS

Cellular Correlates of Early Cartilage Form

Cartilages of the segmented jaw, opercular, and gill-
bearing skeleton of the zebrafish develop during late em-
bryogenesis (Fig. 1A; Kimmel et al., 1995; Cubbage and
Mabee, 1996; Schilling and Kimmel, 1997). Most are curv-
ing bars that function as supportive devices from the time
of hatching, about 3 days following fertilization, when
active swimming and feeding begins. The ventrally located
M cartilage (see Fig. 1 for abbreviations) in the mandibular
arch and its homologue CH in the hyoid arch are the most
prominent of these strut-like cartilages. A few of the
cartilages also have flat, plate-like regions. The prominent
dorsal mandibular and hyoid cartilages, P and HS, are
complex in form. In both, a thin rod of cartilage projects
anteriorly from a flat plate. Near the location where the rod
and plate meet, a joint is made with the more ventral
cartilage of the same arch.

The arrangements of the chondrocytes within the early
cartilages are, for the most part, simple and stereotyped.
Refractile (Fig. 1B), Alcian-positive (Fig. 1D) matrix is
present in only a thin layer around each chondrocyte, and
between the chondrocytes and the overlying perichon-
drium. Sectioning reveals that the cartilages, irrespective of
their sizes, are generally only a single cell thick along most
of their lengths (Fig. 1C). In the more slender cartilages
chondrocytes are usually arranged in a one-cell-wide row,
circular in cross section, just as for a neat stack of coins.
Such is the case for the CB cartilages (shown in section in
Fig. 1C), and for the rod-like anterior end of the HS, its SY
region (Fig. 1D). Where the cartilages are larger, the chon-
drocytes form mosaic tile-like sheets (Fig. 1B, D). Impor-
tantly, within these sheets the chondrocytes can also form
stacks, as in the SY, but in these larger cartilages several
adjacent stacks lie in parallel, and also parallel to the long
axis of the cartilage (Fig. 1D; CH, HM, P).

The principal feature of chondrocyte arrangement within
cartilage sheets that gives the appearance of stacking is the
nature of the boundary lengths between adjacent cells, as
illustrated for the HS in Fig. 2. Some boundary lengths of
the polygonal chondrocytes are substantially longer than
others, and these are singled out in Fig. 2C. We discern the
cell stacks where rows of these longer cell boundaries are
aligned in parallel.

We note that cell stacks in the dorsal part of the HM
curve toward the dorsal–anterior apex of the HM (toward
the top in Fig. 2). This apex marks the anterior end of a
prominent dorsal joint that the HM makes with the chon-
drocranium (Schilling and Kimmel, 1997). In contrast, the
more ventral stacks in the HM do not curve toward the
ventral–posterior apex (downward in Fig. 2) where the HM
makes a joint with the opercular bone, but are invariably
aligned with the long axis of the HM. As we show below,
this patterning changes in the jaw mutants we studied.

At the ventral–anterior end of the HM, just where it is

fused to the SY, is a singular region we term the “interhyal
joint” (IJ) region because this is the region of articulation
with the interhyal (IH, Fig. 1D). Here the chondrocytes are
generally smaller than elsewhere in the cartilage (Fig. 2A)
and they overlap one another, rather than being present in a
one-cell-thick layer as they are elsewhere (Fig. 2B). Further-
more, IJ cells never appear stacked (Fig. 2C). Hence the IJ
region has attributes that are exceptional with respect to
the organization of the chondrocytes. We note that chon-
drocytes cells are also disorganized and overlapping in the
small IH cartilage itself, adjacent to the IJ. As we describe
below (see Fig. 7), patterning of the IH occurs later, during
young larval stages.

However, in the HM and SY the chondrocyte stacks
appear to form as the cartilages differentiate in the late
embryo, rather than in the developed larval cartilages
afterward, as might have been due to some secondary
cellular rearrangement. With Nomarski optics one can
visualize the developing SY in the live embryo at the stages
when the SY is undergoing chondrogenesis (becoming Al-
cian-positive; Schilling and Kimmel, 1997) at about 2.5 days
postfertilization. The early chondrocytes are extremely
flattened along the anterior–posterior axis at this stage (Fig.
2D), which might mean they are being compressed along
the SY axis (see Discussion). During the next few hours the
SY cells enlarge and change in shape, becoming signifi-
cantly plumper (Fig. 2E; Table 1), and the SY rapidly
lengthens.

We can explain compression, and hence flattening of the
early cells in the SY, by imagining that the SY develops as
an outgrowth from the hyoid precartilage condensation (see
Introduction), pushing out into the surrounding mesen-
chyme as new cells are added to its base (the posterior end
of the SY, adjacent to where the IJ will form). We used
lineage tracing to see if the SY might develop in this
fashion. Dye labeling serves to mark individual chondro-
cytes in the living cartilage as landmarks, allowing us to ask
upon later reexamination of the same cartilage, where, in
relation to the labeled cells, new ones are added. At the first
observation in the example shown in Fig. 3, three labeled
cells were collected in a region about halfway along the
length of the SY (Fig. 3A). In particular, the most anterior
one (to the left in the figure) was 13 away from the SY’s tip
(the anterior end; Fig. 3A). Eight cells were posterior to the
labeled group, before coming to the IJ region where the cells
are not stacked. At the second observation, about a day later
(Fig. 3B), 5 more cells were present in the SY, and, consis-
tent with an outgrowth mode of development, the labeled
group, still 3 cells, was still 13 cells away from the tip. The
new (unlabeled) cells were all apparently added in the
posterior region of the SY.

Another interesting difference between the two stages
was in the arrangement and neighbor relationships among
cells within the region of the labeled ones (Fig. 3C). Five
unlabeled cells are present between the most anterior and
most posterior labeled ones at both stages, but within this
region several of the cells have more neighbors at the earlier
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stage than later. The change, a reduction in neighbors,
accompanies rearrangement of all five unlabeled cells into a
single row, and is consistent with a process of cell interca-
lation driving the outgrowth of the SY and building the
stack that eventually is only one cell wide.

Another possible means of cartilage shaping in the con-
densations is the selective pruning of cells by apoptosis.
However, preliminary study of cell death in the hyoid
condensation failed to reveal significant numbers of dying
cells by Nomarski optics (C.B.K., unpublished observa-
tions), or apoptotic cells by TUNEL labeling (R. Reyes and
C.T.M., unpublished observations).

Isometric Growth of the Hyosymplectic

The above analyses indicate that during the initial forma-
tion of a pharyngeal cartilage, before there is much overt
growth, the differentiating cells of a precartilage condensa-
tion might be stereotypically repacked into an arrangement
important for how the cartilage is shaped. The cartilages
then grow during the period of larval development, before
their ossifications begin (Cubbage and Mabee, 1996). Allo-
metric (differential) growth could reshape the cartilages
during this time, or they could grow isometrically, retain-
ing their early forms. We examined the HS over a period of
about a week, as an example to learn how a cartilage of
complex shape can grow following its initial morphogen-
esis, and still maintain both its rod and plate morphologies.
We observed little change in its form, either by simple
visual inspection of dissected flat mounts (Fig. 4) or by
various quantitative measures. During the period between
2.5 and 10 days postfertilization the surface area of the HS

increases extensively, more than ninefold (Fig. 5A), and the
growth rates of the rod-like SY and plate-like HM regions of
this cartilage are about the same, despite their initially
quite different shapes. For example, the rates of increase of
the axial lengths of the SY and HM are similar (compare the
slopes in Fig. 5B), as was also observed for other compara-
tive measures not shown. The only significant difference
we found in the shapes of the older versus younger carti-
lages is that the IJ and local region of the HM next to the IJ
becomes relatively thicker, about 1.3-fold between days 3
and 8 (Table 2). An older HM also appears generally more
angular (more sharply sculpted) than a younger one, as can
be judged from Fig. 4. Generally, however, growth of the
hyosymplectic in the young larva is nearly isometric.

The older, larger cartilages contain more cells than the
younger, smaller ones (Fig. 5C), revealing that cellular
addition to the early cartilages is playing a leading role in
how they grow. Normalizing the change, by taking the cell
number per unit cartilage area (Fig. 5D) adds two bits of
information: First, the number of cells per unit area sub-
stantially decreases. The decrease shows that not all of the
cartilage’s growth is due to cellular addition; rather the cells
are also getting larger. Whereas numbers of lacunae, rather
than chondrocytes, were counted in these Alcian-labeled
preparations, it is clear that the cells themselves are enlarg-
ing from measurements taken from living preparations
with Nomarski optics (Figs. 2D and 2E). The enlargement is
more rapid at the earlier stages, between 2.5 and 4 days,
when as discussed above cell shapes in the SY are also
rapidly changing (Table 1). After day 4 the increase in cell
number accounts for most of the growth. Second, if one
compares the data between the SY and the HM in Fig. 5D,

FIG. 1. Pharyngeal cartilages and their arrangements of chondrocytes. (A) Diagram of the segmental series of cartilages of the young larva,
in a left-side view above (dorsal to the top and anterior to the left) and in a ventral view below. P and M are dorsal and ventral cartilages
of the mandibular (first pharyngeal) arch (all abbreviations used in this paper are listed at the end of this legend). HS and CH are their
putative homologues in the hyoid (second pharyngeal) arch. CB1-4 bear the set of four gills and CB5 (seventh pharyngeal arch) bears teeth.
BH and BB are in the ventral midline (see Schilling and Kimmel, 1997 for a description of all of these cartilages and features of their
development). (B) Dorsolateral surface view of the HM. Nomarski imaging in the live 5-day larva, revealing the mosaic-tile appearance of
its cells. The arrow points to a nerve that passes through the hole in the HM, prominent in other figures (e.g., D), the hyomandibular
foramen. Striated muscle fibers of LAP are also evident. Through-focus sectioning reveals that no chondrocytes are present above or below
the plane of focus in the figure; there is only a single layer of them. (C) Horizontal Epon 7.5-mm section through the pharynx at 4 days,
stained with methylene blue and basic fuchsin. Cartilage matrix is colored purple, the final magnification is the same as for B. The section
passes through the HM, and through CB1–3. The HM cells in such sections have a low-columnar appearance; a view across such a plate
of cartilage is rather like a view along a thinner rod of cartilage such as the SY (i.e., the view of the HM here is similar to the view of the
SY in D). Sections across the rod-like cartilages, here illustrated for CB1–3, show disk-shaped single cellular profiles, revealing that the
cartilages have the structure of a stack of coins or checkers. Irrespective of the form of the cartilages, or how the chondrocytes are arranged,
the overlying, immediately adjacent layer of perichondrial cells is flattened onto the cartilage and forms a rather complete sheath.
Perichondrial cell nuclei are more elongated and compact than chondrocyte nuclei. (D) Alcian green-stained cartilages, dissected out from
a 5-day larva and flat-mounted (see Materials and Methods). The presentation shows all of the chondrocytes present in these cartilages, and
their organization. They lie in rows, roughly parallel to the long axes of the cartilages (i.e., the rows run roughly horizontally in P, SY, and
HM, and vertically in CH). Rows are not evident in the IJ. The method does not distort the cartilage shapes, but may disturb the
articulations and the positional relationships between adjacent cartilages. Hence the in vivo positional relationships of these elements is
better shown in A than D. Scale bars: 100 mm. Abbreviations: BB, basibranchial; BH, basihyal; CB1–5, ceratobranchials 1–5; CH, ceratohyal;
HM, hyomandibular region of the HS; HS, hyosymplectic; IH, interhyal; IJ, interhyal joint region of the HS; LAP, levator arcus palatini
muscle; M, Meckel’s; P, palatoquadrate; SY, symplectic region of the HS.
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FIG. 2. Chondrocyte stacks in the young HS. (A–C) An Alcian blue-stained, dissected, and flat-mounted preparation at 3 days. The cells
in the IJ are smaller and less brightly stained than elsewhere in the cartilage (shown in A), correlating with the fact that they are the last
to chondrify (Schilling and Kimmel, 1997; see also Fig. 4). B shows that the IJ cells overlap considerably, in contrast to the SY and HM, where
they are arranged within a single layer. They are aligned into a single row (a stack) in the anterior SY (to the left), where the cells are
checker-shaped and have exactly two neighbors, ignoring the perichondrium. Closer to IJ the SY cells typically have more than 2 neighbors,
as in this example. Stacked cell arrangements are also evident in the HM. The HM cells are polygonal; individual cells mostly have 5 or
6 neighbors. In C a side of a polygon is only drawn if it is noticeably longer than other sides, and if the apposition is with only a single
adjacent cell. This presentation facilitates picking out the stacked cell arrangement in the HM; stacks are present where a row of long
boundaries lie in parallel. The stacks run from left to right, along the long axis of the HM, and they also point upward toward the upper
apex where a prominent joint is made with the chondrocranium (this apex is actually the HM’s dorsal–anterior apex since the cartilage is
obliquely oriented in the animal, see Fig. 1A). Note that no stacks swing downward, in the opposite direction, to the posterior–ventral apex
where a joint is made with the opercular bone. These features seem invariant, whereas detailed arrangements of the cells and stacks vary
considerably among different examples at the same stage (including the pair of cartilages on the left and right sides of a single individual).
Scale bar (A–C): 100 mm. (D, E) Nomarski views of the SY in a live embryo at 65 h and a live larva at 97 h postfertilization. The arrow points
to the anterior end of the SY cartilage, its left end in the figure. The accompanying drawings outline SY cells, reconstructed from multiple
focal plane Nomarski images. At the earlier stage (D) the cells are coin-shaped; within a few hours they plump into a puck-shape. By 97 h
(E) the cells have enlarged considerably; the increase in area in the plane of view is about 2.7-fold. Scale bars (D, E): 50 mm.
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one finds no difference in either the number of cells per unit
area, or how this relationship changes with development.
The finding suggests that differential control of cell size
does not appear to be involved in the different rates of
growth expressed by the rod- and plate-shaped regions of the
same cartilage. The difference is explained by faster cellular
addition to the HM (Fig. 5C).

Additionally, isometric cartilage growth does not appear
to require exact, stereotyped placement of the newly adding
cells. As the SY becomes both thicker and longer, the single
cell stack that initially makes up much of its length gives
way to an irregular and variable pattern of cell arrangement.
Figure 6 compares, in flat mounts, cellular organizations in
left and right pairs of the anterior region of the SY at day 8,
and Fig. 7 shows sections through the SY in a single
individual. Clearly, at this advanced larval stage the loca-
tions of boundaries between cells in the SY are variable. In
the anterior SY in particular we see cell doublets where
single cells were stacked earlier, highly suggestive that the
chondrocytes present in the early cartilage have divided. A
cell in a nearby cartilage captured in late mitosis is shown
in Fig. 7C (arrow), proving that chondrocytes are indeed
capable of mitosis at this stage. As is well shown in Fig. 7A,
the nuclei in the SY cell pairs usually lie opposite to one
another, making a double row along the cartilage, but the
cell boundaries can be either orthogonal, relative to the
nuclear positions (such that the cells appear stacked as in
the left part of the SY in Fig. 7A) or oblique (as to the right).
Cell arrangements are rather more variable in the posterior
SY (Figs. 7B and 7C).

A detail of interest is the arrangement of cells at this
advanced stage in an adjacent cartilage, the IH, shown in
Figs. 7B and 7C. The IH chondrocytes are organized in a
short row oriented vertically in the figures. At younger
stages, as noted above, the IH is a small, rather shapeless

mass and its cells are multilayered and unstacked, not
forming a single layer as we see here. Reconstruction of this
and other examples reveals that by day 8 the IH cartilage
has taken the shape of a small plate, one cell thick, and
oriented transversely in the larva where it can serve to
buttress the CH. Two points arise from this observation:
First, since the IH was well chondrified earlier (Fig. 1D), we
see that significant reshaping of a cartilage element can
occur after its initial chondrification. Second, we cannot
conclude that because some pharyngeal cartilages grow
isometrically during particular stages of development (e.g.,
the SY and HM) all of them are behaving similarly. What is
a period of isometric growth for the HS is a period of shape
change for the IH.

We used BrdU labeling of the young cartilages to learn
how cell divisions contribute to cartilage growth. Expo-
sure to BrdU between 2 and 3.5 days yielded little or no
labeled cells in pharyngeal cartilages, although other
tissues in the embryo were well labeled (data not shown).
However, chondrocyte nuclei were well labeled after
exposure to BrdU beginning at 3.5 days, and afterward at
4 –5 days (Fig. 8). We observed that the number of labeled
nuclei present in individual cartilages varied consider-
ably. Generally the older cartilages showed more labeled
cells, and exposure for longer periods (24 h vs 0.5 h) also
resulted in increased labeling. In cases where exposure
was less than 4 h, we invariably observed only single
nuclei labeled within individual lacunae. Exposure for 4 h
or longer resulted in labeling of not only single nuclei,
but also pairs of smaller nuclei labeled side-by-side
within a single lacuna (arrowheads in Figs. 8A and 8B),
suggesting that the side-by-side cells are newly divided
mitotic sisters and that cellular addition to the cartilage
occurs by divisions of the chondrocytes themselves.
However, the divisions do not occur uniformly along the

TABLE 1
Change in Young Chondrocyte Shape and Size in the Developing SY

Group na Heightb Width
Ratioc

(height/width)

65 h 20 10.9 6 0.8 2.8 6 0.5 3.9 6 0.9
70 h 20 11.3 6 1.0 4.3 6 0.7 2.6 6 0.6**
97 h 30 14.4 6 1.3 5.7 6 0.8 2.5 6 0.5**

a Counting from the anterior end of the SY, cells 2–11 were measured from each of two animals for the 65- and 70-h time points, and from
three animals at the 97-h time point. In all of the cases the measured cells had two neighboring cartilage cells, one to either side of it, no
more or no less (the most anterior cartilage cell was excluded because it always has only a single chondrocyte neighbor).

b Height is the dimension of the cell perpendicular to and width is the dimension of the cell parallel to the long axis of the SY, in mm
(mean 6 SD). The measurements are from Nomarski photomicrographs (403 objective, as in Figs. 2D and 2E) taken from living whole
animals to avoid artifactual cell shape changes due to fixation and staining.

c Probabilities were determined from Student’s t test. **The difference between the ratio at 65 and 70 h or 97 h is highly significant (P ,
0.001). The difference between 70 and 97 h is not significant at the 5% level.
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HS (Fig. 8C). The SY, IJ, and HM adjacent to the IJ are
regions of dense labeling. There is a large central zone
within the HM where cells do not divide, and within the
more peripheral regions of the HM cells near the dorsal–
anterior apex (upper in Fig. 8C) appear to be dividing
much more rapidly than those near the ventral-posterior
apex (lower).

Hyoid Cartilage Shapes in sturgeon, schmerle, and
sucker Mutants

Study of mutants in which cartilages are incorrectly
shaped provides a direct way to learn the roles of specific
genes in cartilage patterning. We examined three muta-
tions, sturgeon (stu2), schmerle (she2), and sucker (suc2),

FIG. 3. Formation of the SY cell stacks. Two examples (A and B, C–E) are shown. Cells were labeled in the early embryo, by injection with
rhodamine–dextran (see Methods and Materials) and the SY, when containing labeled descendants of the injected cells, was photographed
in the same two live larvae at 3 days (A, C) and 4 days (B, D) of development. The micrographs show overlays of single-plane images of
epifluorescence (with fluorescent labeling pseudo-colored red) and with Nomarski bright-field illumination through the same SY cartilage
at the two stages. Anterior is to the left. The accompanying drawings show the SY cell stack reconstructed from the multiple focal plane
Nomarski images, with the labeled chondrocytes stippled. In A and B the three labeled cells to the right are perichondrial cells, not
chondrocytes, and they are not included in the drawings. The numbers show how many unlabeled cells are distributed along the cartilage
relative to the positions of the labeled ones. The dotted cell outlines to the right show a few of the unstacked cells present in the IJ. Between
the two time points unlabeled cells add preferentially to the posterior SY (to the right) in these examples, and in another case analyzed
similarly. (C) An enlargement of the local region including the labeled cells in the second larva. The number within each cell indicates the
number of chondrocyte neighbors it contacts. Less contacts are made at the older stage, presumably due to cellular intercalations occurring
between the two times, and that make the more orderly stack at the later time. Scale bar: 50 mm for A–D, 25 mm for E.
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characterized as producing cartilage deformations specifi-
cally in the first two pharyngeal arches (Piotrowski et al.,
1996). The joints between the dorsal and ventral cartilages
in these arches (i.e., the joint involving the HM, IH, and CH
in the hyoid arch) are missing in all three mutants. Addi-
tionally, all three share a phenotypic similarity in that the
more ventral cartilages (in the hyoid arch, the CH, IH,
and/or SY, in contrast to the dorsal HM) are variably
reduced, with the loci making a quantitative series with
respect to severity of this disturbance: stu2 , she2 , suc2

(Piotrowski et al., 1996). We extended the previous study by
examining dissected and flat-mounted cartilage prepara-
tions that more clearly reveal the nature of the changes in
cartilage shapes. Focusing on the hyoid arch, we observed a
large variety in the shapes of the mutant cartilages, and to
try to make sense of these changes we compared the
cartilages grouped not strictly by genotype, but as arranged
in Fig. 9 where we show them in a series that is based on
how much hyoid cartilage we find in a given mutant larva.

Remarkably, not only is less ventral cartilage present as the
series progresses (as we expected from the analysis of
Piotrowski et al., 1996), but we also can follow what
appears to be a pathway of change in shape:

In none of the examples do we observe a cartilage or
region of cartilage recognizable as the equivalent of the
wild-type IH. An IH might have been distinctive by
position and shape of neighboring elements, even if the
IH were partially fused to them. In contrast, in every
example and in spite of the considerable variability, we
can circumscribe a cartilage region that resembles a
wild-type HM of approximately correct shape and size.
The figure legend adds detail about why we identify this
mutant HM region as we do. In the most severe members
of the series (last examples in Fig. 9) the mutant HM
region comprises nearly all of the hyoid cartilage that is
present in the hyoid arch (although, as did Piotrowski et
al., we observe in many of these mutants ectopic carti-
lages of unrecognizable identities; e.g., Fig. 9H, .).

FIG. 4. Growth of the HS does not change its shape. The silhouettes were made from Alcian blue- or green-stained, dissected flat mounts.
Double-headed arrows point out the IJ regions of left–right HS pairs taken from single individuals. In the other cases only a single cartilage,
either the left or the right, was prepared from an animal. The dots within each silhouette were generated by a computer algorithm that finds
the geometric centers (middles) of local regions of cartilage. The set of these centers forms a curve, the “symmetric axis” of the structure
(Weber and Blum, 1979), from which a number of measures can be made. For example, we measured along the length of the main segment
of the symmetric axis to compute the growth in length of the SY and HM (shown in Fig. 5B). At the earliest stage (2.5 days), the SY and
HM are chondrifying separately. They fuse together at the IJ region to form a single element (the HS) by the next stage (3 days), and during
the next several days the cartilage grows rapidly without substantial change in form. Scale bar: 200 mm.
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We can also recognize a region clearly corresponding to
the SY, topologically in the correct location relative to the
mutant HM region, but present only in the least severe
members of the series. The mutant SY region can approach
the wild type in shape and size (Fig. 9B), or can be substan-
tially reduced and misshapen (Fig. 9F). What could be an SY,
but reduced to a simple nub of cells, can be seen in several
examples much later in the series (e.g., ,Fig. 9K, triangle).

Perhaps the most interesting are changes through the

series that we propose relate to the region developing the
CH. Following the series, the anterior tip of a clearly
recognizable mutant CH region (*, Fig. 9E) would appear to
correspond to a short string of ventral and anterior cartilage
in examples further along (*, Figs. 9G and 9I), and then, near
the end of the series, to a small clump of cartilage located
on the ventral and posterior region of the HM (*, Fig. 9N).

The cellular organization associated with this apparent
polarity change (see Discussion) is also revealing: A ventral

FIG. 5. Quantitative features of HS growth. These data show means 6 standard deviations, taken from cartilages prepared as shown in Fig. 4,
and including cartilages at days 8–10 not shown there. At least 3 cartilages (usually 6–8) were measured for each time point. (A) Surface area, as
estimated by a computer-generated count of the number of pixels included in the silhouettes shown in Fig. 4. This measure ignores any growth
in the third dimension. (B) Lengths of the HM (open circles) and SY (closed circles) regions increase at about the same rate. Lengths were computed
from the major segment of the symmetric axis of the HS (see legend to Fig. 4), shown as the row of dots running from left to right in Fig. 4. For
the purpose of these measurements we arbitrarily but consistently divided the HS into the SY and HM regions just at the estimated center of the
IJ. The double-headed arrows in Fig. 4 show examples of the point of subdivision; typically at the IJ there is an abrupt change in thickness. In some
cases (e.g., the 3rd cartilage in the 7 day group; Fig. 4) we used the IJ’s characteristic cell size and arrangement (see Fig. 2) to locate it. (C) Cells
rapidly increase in number in both the HM and the SY during growth. The cell counts were made from the Alcian-stained preparations
themselves, not from micrographs because focusing through the preparation aided in obtaining an accurate cell number, particularly in the IJ
where the cells are overlapped (see Fig. 2). The data extend only through day 6 because afterward the increase in cells in all regions precludes
accurate counts. The method, counting lacunae (i.e., an Alcian-stained cell-chamber) in Alcian-stained preparations, underestimates the actual
number of chondrocytes because at and after day 4 newly divided sister-cell pairs of chondrocytes occupy single lacunae. (D) Cells per unit area
decrease at about the same rate in the HM and SY. Although there is some thickening of the cartilage matrix, chondrocyte enlargement (Figs.
3D and 3E) contributes primarily to this change, mostly occurring before day 4.
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wedge-shaped region where cartilage is present but thinned
out occurs in the middle of the series (arrowhead, Figs. 9I
and 9K). We can suppose this thinned region to correspond
to that of less severe examples where the ventral cartilage
mass is “pinched off” from the HM (arrowhead, Figs. 9E and
9G). The pinched region would appear to correspond to the
location of the dorsoventral joint and the IH in the wild
type. Chondrocyte rows curve into the ventral cartilage
mass, or string, never from the posterior part of the mutant
HM, but invariably from its anterior part (arrrows in Figs.
9K and 9L; see also 9J). By our interpretation these rows
curve from the mutant IJ region ventralward to the location
where the joint would normally be made.

This interpretation of the suc mutant phenotype in the
hyoid arch, in which a substantially diminished CH region
is fused with reversed polarity to the ventral region of the
HM corresponds to that of Piotrowski et al. (1996) for the
mandibular arch. They proposed that in suc mutants a
reduced Meckel’s cartilage (the putative CH homologue) is
fused to the ventral part of the palatoquadrate (the putative
HM homologue). We confirm these changes in the mandib-
ular arch (Fig. 10), and note that by our interpretation of the
defect in the hyoid arch (i.e., reduction of the CH and its
fusion to the HM as shown in Fig. 10), changes of just the
same nature occur in both arches. Whereas, in both arches,
the dorsal and ventral cartilages are invariably fused to-
gether (due to the joints being missing) we note that in spite
of the close association of the mandibular and hyoid arch
cartilages apparent in the figure there is never a cartilage
fusion at this location: the joint made between cartilages of
the two arches is present as is the case in wild types.

DISCUSSION

The findings presented here suggest that after the precar-
tilage condensation forms in the embryo, development

occurs in two distinct phases. First there occurs a period of
rapid cartilage morphogenesis that accompanies chondro-
cyte differentiation (Schilling and Kimmel, 1997). We pro-
pose that as the cells first deposit matrix, their divisions are
unimportant and cell rearrangements that form stacks play
a leading role in shaping the elements. Second, there is an
extended period of cartilage growth. Growth involves regu-
lated cell divisions, but control of local cell arrangement
now seems less important, even as the cartilage grows
isometrically, i.e., without change in form. Hence, cellular
behaviors during these distinctive phases of morphogenesis
and growth seem to be governed by two different sets of
rules. Analysis of jaw-deforming mutations has provided an
entry for understanding the first set.

Stacks of Chondrocytes

Other authors have also noted that chondrocytes can be
aligned into stacks, e.g., in the developing cartilage models
of long bones, including the digits, in limb buds, and in
other cases as well (Bertmar, 1959; Wood, 1982). The
underlying cellular behaviors might differ in separate in-
stances. For example, hypertrophic chondrocytes are fre-
quently stacked within the epiphyseal plates of long bones,
and these “isogenous groups” might represent clones deriv-
ing from oriented mitoses (Thorogood, 1983). However, the
stacks we observe appear at stages when we could not
detect cell divisions by BrdU labeling. Moreover, in one
instance (Figs. 3C–3E) we observed local changes in cell–
neighbor relationships that are consistent with the cell row
forming by oriented cellular intercalations that would elon-
gate the developing SY in the same fashion that oriented
intercalations underlie elongation of the notochord (Shih
and Keller, 1992). The cellular behaviors mediating inter-
calations may be driven by changes in cell adhesions (Irvine
and Wieschaus, 1994).

Our vital dye-labeling evidence also suggests that the SY

TABLE 2
Growth in Thicknesses along the Anterior Elongated Part of the Developing HS

Group n

Thicknessa Ratiob

SYa SYp IJ and HM SYp/SYa IJ and HM/SY1

Day 3 8 11.6 6 0.8 14.5 6 1.6 22.1 6 3.4 1.25 6 0.13 1.91 6 0.35
Day 6 6 14.6 6 0.8 21.6 6 2.4 39.3 6 2.6 1.48 6 0.22* 2.71 6 0.28**
Day 8 5 18.9 6 1.0 23.9 6 4.8 48.1 6 3.2 1.28 6 0.28ns 2.55 6 0.19**

a Thickness is the average diameter (mm 6 S.D) for each cartilage from a series of computer-aided measurements (at least 20 in each
individual case) along the anterior half of the SY (SYa), the posterior half of the SY (SYp), and the local region including the IJ and HM just
adjacent to it (IJ and HM, see text). For the sake of consistency, we made the HM measurements along just 1

3
of its entire length.

b Probabilities were determined from Student’s t test. *The difference between the ratio at day 3 and the ratio at day 6 is marginally
significant (P , 0.05). **The difference between the ratios at day 3 and days 6 or 8 is highly significant (P , 0.01). ns: the difference between
the ratios at day 3 and 8 is not significant at the 5% level. Also, none of the changes in ratios between days 6 and 8 are significant at this
level. The notable change is in the thickness of the IJ and HM. Relative to the growth of the SYa the difference is 1.3-fold over the period
(2.55/1.91 5 1.3).
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grows out from the condensation from one end to the other,
i.e., that stack building is a polarized process. A sheet of
cartilage cells, as found in the HM, behaves mechanically
similarly to an epithelium (Honda, 1983); and like epithelial
cells, chondrocytes might be fundamentally polarized (Trel-
stad, 1977). If so, cell polarity could contribute to polarized
cartilage outgrowth. Cells appear to add to the developing
SY from its posterior end where the IJ also develops, the
singular region in which the cartilage cells are not detect-
ably stacked. This view is consistent with previous evi-
dence (Schilling and Kimmel, 1997) that when Alcian
labeling can first be detected in the SY (at about 53 h
postfertilization), only one or a small cluster of SY cells is

labeled, located just across the presumptive IJ from the
positions of other chondrifying cells forming the HM and
the CH (see also Bertmar, 1959). The IJ neighborhood thus
appears to serve as a generative or patterning region for both
morphogenesis and chondrification.

The change we observed in SY cell shape (Figs. 2D and 2E)
during its morphogenesis also might be related to stack
formation. A variety of explanations can be envisaged for
why chondrocytes are flattened in newly emerging carti-
lages, and among them are mechanical ones. Arguing from
first principles, Thompson (1942) showed that soap bubbles
arranged in a string (i.e., arranged like the chondrocytes in

FIG. 6. Disruption of the SY cell stack during growth. Alcian
green-labeled flat mounts, and accompanying tracings of the chon-
drocyte outlines. (A) An example at day 4. The SY cells are neatly
stacked (compare with other examples in Figs. 1D, 2, and 3). (B, C)
and (D, E): The left–right pairs of two larvae at day 8. Cellular
addition variably disrupts the early stacks. The cells in many
regions are substantially overlapped. Scale bar: 100 mm.

FIG. 7. Chondrocyte arrangements in advanced larval cartilages.
Horizontal 5-mm Epon sections through the pharynx at day 8,
stained with methylene blue and basic fuchsin. The sections were
selected from a serial series running ventral (A) to dorsal (C).
Anterior is to left and medial is to the top. Chondrocyte cytoplasm
is pale, such that the dark cell appositions and nuclei are promi-
nent. Note the thin perichondrial layer around each of the carti-
lages and the chondrocyte in late telophase (arrow in C). Scale bar:
50 mm.
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the SY stack) will, due to their surface tensions, have a
height (dimension across the string) twice their width
(dimension along the string). We found that when the SY
chondrocytes are first differentiating, the height:width ratio

was much higher than the Thompson theory predicts
(nearly 4 rather than 2 at 65 h postfertilization; Table 1).
The cells then reshape toward the predicted value within
only a few hours. Were the SY growing outward from the

FIG. 8. Bromodeoxyuridine labeling of the growing HS. (A, B) Two examples at day 4.5, after exposure to BrdU for 1 day (and refreshed
at 6-h intervals), counterstained with Alcian green. Labeled round-shaped nuclei are chondrocyte nuclei, whereas the thin elongated nuclei
are of mesenchymal perichondrial cells. Arrowheads show examples of pairs of small labeled chondrocyte nuclei present together in a single
lacuna, probably representing the pair of daughter cells stemming from a single mitosis that occurred during the day-long exposure.
Examination with Nomarski optics confirms that the two nuclei are within separate cells that had not yet formed an intervening
Alcian-positive matrix. We did not observe such pairs if the labeling time was less than 4 h, even though many single labeled nuclei were
present (data not shown). This would mean that 4 h is about the minimal time that it takes for a chondrocyte captured by BrdU
incorporation in the S phase of the cell cycle to have completed that cell cycle and divided (i.e., 4 h is approximately the length of the G2 1
M phases of the cell cycle). In B labeling is also present in the IH and in cells overlying the forming opercular bone (arrow), which articulates
with the HM’s ventral–posterior apex. (C) The location of every labeled chondrocyte nucleus in 12 cartilages, exposed to BrdU as in (A, B)
is plotted on a single overlay, revealing that the distribution of labeling is markedly nonrandom. The central region of the HM is practically
devoid of labeled chondrocytes, showing it to be a region where the cells are not dividing. Quantitative analyses (not shown) reveal that
significantly more labeled cells occupy the region of the HM’s dorsal–anterior apex (to the top) than its posterior–ventral apex (to the
bottom; P , 0.001; t test). This finding suggests that chondrocytes are dividing more rapidly in the dorsal–anterior apical region, since there
is no difference in how tightly the cells are packed within the two regions. The IJ, the region of the HM adjacent to it, and the SY are also
regions where cells appear to be dividing at a relatively high rate. Scale bar: 100 mm.
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condensation in the manner we envisage, its cells might be
at first compressed along the SY axis, accounting for the
initially high ratio.

We infer from our observations that stacks emerge as
orderly cellular arrays from earlier relatively disorderly
ones, but we have no direct evidence that this is the case.
How cells are arranged in the precartilage condensations
has never been adequately examined, although this phase of
development has been a focus of attention for some time
(Thorogood, 1983; Hanken et al., 1992; Hall and Miyake,

1992). Thorogood (1983) has speculated that cell arrange-
ment in the condensation is ordered and is under develop-
mental control. A clear direction that emerges for future
work is to watch the development of precartilage conden-
sations under conditions where one can keep track of the
detailed behaviors of its individual cells. We have been
unable to visualize the cells adequately in the living con-
densations in situ with Nomarski optics; the cells are too
many and too densely packed. Newer methods of dye
labeling and imaging may allow progress in this area (Coo-
per et al., 1997).

Distinctive Cellular Behaviors during Cartilage
Morphogenesis and Growth

Following the period of morphogenesis, a phase of rapid
cartilage growth occurs in the early swimming and feeding
larva. For the HS the growth is nearly isometric, i.e.,
occurring without a substantial change in shape. The
growth of other specific cartilages might be either isometric
or allometric: e.g., during the same stages Meckel’s carti-
lage grows longer and relatively thinner (unpublished ob-
servations, C.T.M), and the IH flattens into a small plate
(Fig. 7).

Growth of the HS closely follows morphogenesis—most
likely the two periods overlap in the newly hatched larva
(ca. 3.5–4 days postfertilization). The growth rate of the HS
is approximately linear at this stage (Fig. 5A); i.e., we detect
no change in growth rate that would signal the changes we
observed in cell behaviors. Subsequently, cells stop enlarg-
ing (Fig. 5D) and begin to divide. Whereas the morphoge-
netic period takes only a day or so, the growth period
continues for many days. Figure 5A shows the rate of
growth slowing after the first week, but we note two
caveats: First, the variance increases (error bars in Fig. 5A).
Second, cartilage growth depends on how well the larvae are
feeding (unpublished results, and see Methods and Materi-
als): At the extreme the HS does not grow at all between

FIG. 9. A phenotypic series in the shapes of mutant hyoid cartilages. Flat-mounted dissected preparations from stu, she, and suc mutants
at day 5, arranged according to how much hyoid arch cartilage is present. A wild-type preparation is also included (A). The highly variable
she2 phenotype overlaps both stu2 and suc2. Two she2 examples (G, H) fall in the middle of the series. Another (D) fits ahead of stu
mutants, and two (J, M) fit after one or more suc2 examples. Our interpretation of the identities of particular regions of cartilage is explained
in detail in the text. In contrast to disruption of the ventrolateral hyoid (CH, IH, SY) cartilages, the dorsal HM region is readily identifiable
and reasonably normal in shape and size in every mutant we examined, even though it is nearly invariably fused to other cartilages. The
assignment is based on the following features, shared with the HM in wild types: The mutant HM is present as a diamond-shaped region
of cartilage that articulates with the otic capsule at its dorsal–anterior apex. The HM is located just posterior to a cartilage we interpret to
be its mandibular arch homologue, the palatoquadrate (e.g., as shown in Fig. 10). Muscles insert to the mutant HM that from their origins
on the chondrocranium seem to be the correct ones (see Schilling and Kimmel, 1997). The mutant HM invariably has a central hole,
corresponding to the wild-type hyomandibular foramen. Finally, the mutant HM is often associated with a bone primordium we interpret
to be the opercular, at a posterior–ventral apex of the HM as usual (example in Fig. 10). In all three mutants, ectopic small cartilages of
unknown identity are often present (H; .), emphasizing the need for region-specific molecular markers that are only beginning to become
available (Schilling, 1997). Asterisks (C, E, F, G, I, K, N) indicate the position we take to be the tip of the mutant CH. The triangle (K)
indicates a stub of cartilage corresponding in position to the SY. Arrowheads (E, G, I, K) indicate where we propose the joint between the
HM and the CH would normally form. Arrows (K, L) show chondrocyte stacks curving ventrally from the IJ. Such curving cell stacks are
also present in other mutants in this part of the series (e.g., J) but are never observed in wild types (e.g., Fig. 2). Scale bar: 100 mm.

FIG. 10. A similar suc2 phenotype occurs in the mandibular and
hyoid arches. Flat-mounted dissected preparation at day 5. There is
tight apposition, but not a fusion, between the cartilages that we
identify as the mutant equivalents of the dorsal segmental homo-
logues, P in the mandibular arch and HM in the hyoid arch. The
apposition between them is topologically as in wild types; occur-
ring just where the SY normally would be present (Fig. 1). The
palatoquadrate possesses a pterygoid process that appears normal in
form (arrow). The ventral segmental homologues, M and CH, are
drastically reduced and are fused to the dorsal elements at about
the locations where the dorsal–ventral joints should occur in both
arches, but which are missing in both. A small fragment of bone is
present beside the posterior–ventral surface of the HM (arrowhead),
about the region where the opercular bone normally develops. Scale
bar: 100 mm.
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days 4 and 11 in unfed larvae. Hence with improved rearing
conditions rapid growth of the cartilages might continue
longer.

Growth regulation must occur at least in part via control
of the cell cycle (Bryant, 1996). Clearly, divisions are
contributing more cells to particular regions of the HS than
to others (Fig. 8C). We note that all of the regions that
contain many BrdU-labeled cells, including the dorsal–
anterior apex of the HM, the IJ, the length of the SY, and the
ventral–posterior apex of the HM, are where articulations
are made with other cartilages, or in the last case, with a
bone (see legend to Fig. 1 and Schilling and Kimmel, 1997).
Hence articulations might generally be growth zones. Fur-
ther, our observation of labeled-cell doublets after longer
exposures to BrdU shows that chondrocytes in these joint
regions are themselves dividing (rather than newly divided
cells joining the population from outside the cartilage).

During the SY’s isometric growth the stacked arrange-
ment of its cells becomes obliterated. The change is at least
in part due to local variability in the orientations of sister-
cell pairs after mitoses (see Fig. 7A). We think that this
fine-grained disorderliness is revealing a major difference in
developmental controls of organogenesis during the periods
of morphogenesis and growth. We proposed above that
cellular stacking is an essential ingredient in the initial
shaping of the element, and now we see that during growth
the stacks can be disrupted without disrupting cartilage
shape. The change emphasizes that early stack building is
not simply a “generic” (see Newman and Comper, 1990)
property of the way cartilage cells assemble, i.e., the only
possible way due to some physical or chemical cell–cell or
cell–matrix constraints within the system.

Three Genetic Loci Might Act along the Same
Pathway of Ventral Cartilage Morphogenesis

Rapid progress is being made in the molecular character-
ization of the diverse kinds of genes that play key roles in
patterning the skeleton (e.g., Gendron-Maguire et al., 1993;
Kurihara et al., 1994; Qui et al., 1997; Rijli et al., 1993;
Yamada et al., 1995; Rivera-Perez et al., 1995; Subramanian
et al., 1995). Learning what cellular processes are controlled
by these genes provides an important avenue for future
work. Molecular characterization of genes first identified by
mutation in the mouse has led to the exciting discoveries
that proteins of the TGF-b superfamily, secreted growth
and differentiation factors, function in specific precartilage
condensations to control the patterning of cartilages deriv-
ing from these condensations (Kingsley et al., 1992; Storm
et al., 1994; Storm and Kingsley, 1996). Thus the protein
GDF5 is normally produced at the early sites where joints
will be made between developing digits, and if this protein
does not function, the joint is not made. The mutations we
have examined also eliminate a joint between elements
that normally articulate. Moreover, the most severe mutant
phenotype we encountered (i.e., in suc2) is similar to that of
mouse mutants lacking function of any of three genes

encoding components of an endothelin-1 signaling pathway
that functions upstream of the homeobox gene goosecoid
(Kurihara et al., 1994; Clouthier et al., 1998; Yanagisawa et
al., 1998). Our studies confirm and extend the work of
Piotrowski et al. (1996) who observed that the stu, she, and
suc mutant phenotypes vary substantially, and that, among
the three loci, stu mutants have the least severe phenotypes
and suc mutants the most severe. Further, they also re-
ported that the CH in stu2 and she2 develop with a reversed
anterior–posterior orientation. In our interpretation of the
suc2 phenotype, a small remnant of the CH is fused to the
HM, and the CH points the wrong way in suc mutants as
well. Seeing the same kind of change in all three mutants,
a reversal of anterior–posteror polarity of the ventral carti-
lage (i.e., the CH in the hyoid arch) suggests that loss of
function at any of the three loci disturbs the same develop-
mental process, a process that we would speculate sets up a
course of morphogenesis of the ventral cartilages. As we
interpret the phenotypic series we described in Fig. 9, this
reversal occurs in a graded way through the series (shown
by the changing location of the asterisks in Fig. 9, and
cartooned for the sake of clarity in Fig. 11A). Reversal is
rather complete in mutants exhibiting the severest pheno-
types in terms of cartilage reduction, but is only partial in
intermediate members of the series. An intriguing possibil-
ity for the basis of the reversed polarity is suggested by the
abnormally curving rows of chondrocytes in these interme-
diate examples (arrows in Figs. 9K and 9L). We argued above
that normally the SY appears to form by a polarized stack-
ing of chondrocytes. The SY stack comes from the region
that also forms the joint, the IJ. We know that this region is
severely perturbed in the mutants for the joint is never
made in any of them. Hence, if we generalize a process that
seems to be building the SY to the other cartilage regions
developing from the same condensation, and adjacent to the
same joint (Schilling and Kimmel, 1997), then a direct
inference from these findings is that the change in cartilage
polarity in the mutants is caused by their cellular stacks
assembling in an incorrect orientation, from anterior to
posterior in the most severe cases, rather than from poste-
rior to anterior (Fig. 11B). The hypothesis motivates study
of the precartilage condensations in these mutants and
predicts that for normal development, function at any of
these loci is critical before or during the process of stack
assembly that begins at a late stage within the condensa-
tions.

We suppose that a patterning process similar to that in
the hyoid arch also occurs in the mandibular arch, since the
mutations similarly affect both arches (Piotrowski et al.,
1996; C.T.M, unpublished observations, Fig. 10). As aptly
pointed out by Piotrowski et al. (1996), this fact supports
the long debated case for serial homology of the cartilages in
these arches (e.g., De Beer, 1937; Goodrich, 1930; Kuratani
et al., 1997; Schilling and Kimmel, 1997): By this view,
morphogenesis in both would be under control by segmen-
tally functioning genes.

The position of the mouth, including the joint between
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the upper and lower jaw, is anterior to the eyes in the
zebrafish. This feature differs in fishes deriving from more
basal evolutionary lineages, e.g., lampreys, sharks, stur-

geons, and the bowfin, Amia. In these fish the mouth is
ventral and sometimes posterior to the eyes. Hence an
anterior mouth would seem to be a derived character in the
ray-finned bony fish lineage that includes the teleosts. It is
interesting that when the mouth first develops in the
zebrafish embryo, it is located ventral and posterior to the
eyes, corresponding to what we take to be the primitive
position. The mouth then moves anteriorly during the last
(third) embryonic day (Schilling and Kimmel, 1997). The
relocation involves the anterior elongation (i.e., that we
have proposed above is due to the orientation of chondro-
cyte stack building) of the ventral cartilages in the mandib-
ular and hyoid arches (M and CH). It is this development
that fails in suc, she, and stu mutants. Hence the mutations
are atavistic in the sense that in mutants the mouth
remains in its primitive position (but see Smith and Schnei-
der, 1998, for a cautionary statement concerning interpret-
ing craniofacial mutations as atavisms). Failure of joint
formation between the dorsal and ventral mandibular and
hyoid cartilages could also be an atavism, since gill arch
cartilages in lamprey have no such joint. Whether changes
in function of these genes actually figured importantly
during gnathostome and teleost evolution seems approach-
able in comparative studies (Hanken, 1993), providing fur-
ther motivation to identify the genes molecularly.

Loss of function of any of the genes does not seem to
greatly affect the morphogenesis of the HM. This is amaz-
ing, considering the severe changes in immediately neigh-
boring cartilages. Possibly another set of genes is required
for HM development, genes not uncovered by mutation.
The available mutants were picked because of their severe
head, mouth, and jaw phenotypes that result secondarily
from the cartilage deformations. It is reasonable that spe-
cific mispatterning of the dorsal cartilages in these arches
might not have the same severe consequences for overall
head morphology, at least at early larval stages. New
genetic screens, based on Alcian staining in mutagenized
larvae to look more directly at cartilage patterning might be
a useful way to address this issue.
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FIG. 11. Ventral defects in cartilage patterning mutants may
include a reversal of polarity. (A) An interpretative summary of the
phenotypic series in Fig. 9 in which the separate cartilage regions
we consider to be present in mutants are given different colors.
HM, red; CH and IH, green; SY, blue; IJ, gray. (B) An imaginary
scenario of patterning specification in the wild-type precartilage
condensation (upper) and the change associated with the most
severe mutant phenotype most typical of suc2 (lower). Note that
CH and IH are not distinguished from one another in the model.
Within the gray zone (that will develop the IJ and the joint) cells
acquire identities indicated by the colors and chondrocyte stack
building polarities indicated by the direction of the arrows. Dorsal
(red) and ventral (blue, green) polarities are normally opposite, but
in the severe mutant cells with ventral identities have dorsal
polarities.
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