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ABSTRACT—The process of neural crest cell migration differs between the lamprey and swordtail [Hirata et
al., Zoological Science 14: 305-312 (1997)]. In swordtail embryos, neural crest cells in the ventral pathway
are distributed ventrally beyond the notochord at all axial levels of the trunk. In contrast, no neural crest cells
are seen ventrally beyond the notochord in post-branchial regions of lamprey embryos, although in the
branchial regions some cells migrate ventrally beyond the notochord. Since sclerotomal development is
essential in the formation of ventral pathways in avian and mammalian embryos, sclerotomal development in
lamprey and swordtail embryos was examined to understand the mechanism underlying the differences in
neural crest cell migration between these two animals. Sclerotomal development and neural crest cell migra-
tion progressed concurrently in the swordtail trunk. In the lamprey, the formation of the sclerotome was
regionally different along the antero-posterior axis. In the branchial region, where neural crest cells are
observed ventrally beyond the notochord, sclerotomal development was closely correlated with neural crest
cell migration as in the swordtail. The overt sclerotome was not observed in the lamprey trunk posterior to the
branchial region during the period of neural crest cell migration. These observations suggest that differences
in the timing of neural crest cell migration and sclerotomal development generate the differences in migration
of lamprey and swordtail neural crest cells along the ventral pathways. Heterochronic differences in sclerotomal
development correlated with neural crest cell migration may have some significance in the evolution of the

trunk body organization from agnathans to gnathostomes.

INTRODUCTION

The vertebrates may be divided into two groups; the
agnathans and the gnathostomes. Living agnathans have a
long, slender, eel-like body shape and consist of two sub-
groups, the hagfish and the lamprey. The body organization
of gnathostomes and agnathans differs in two major ways.
Neither hagfish nor lamprey possess a jaw in the head or sym-
pathetic nerve chains in the trunk (Fig. 1; Nicol, 1952;
Burnstock, 1969; Healey, 1972). Bone and cartilage in the
jaw and the sympathetic nerve chain are all derived from
embryonic neural crest cells, which emerge from the dorsal
region of the neural tube and migrate extensively through the
embryo (Le Douarin, 1982; Hall and Hérstadius, 1988). Thus,
changes in neural crest development may account for the dif-
ferences in body organization between gnathostomes and
agnathans.

Our previous study showed that a certain population of
neural crest cells of both the brook lamprey and the vivipa-
rous teleost, the swordtail, is immunoreactive to the HNK-1
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monoclonal antibody (Hirata et al., 1997), which has been
extensively used for the detection of neural crest cells and
their derivatives (Erickson et al., 1989; Sadaghiani and
Vielkind, 1989, 1990; Laudel and Lim, 1993; Hou and
Takeuchi, 1994; Sadaghiani et al., 1994). We also found that
neural crest cell migration in the medial portions of the somites,
that is the migration along the ventral pathways, differs be-
tween the lamprey and the swordtail (Hirata et al., 1997). The
formation of ventral pathways depends on sclerotomal devel-
opment (Bronner-Fraser, 1986; Loring and Erickson, 1987;
Teillet et al., 1987; Erickson et al., 1989) and neural crest
cells migrating along ventral pathways participate in the for-
mation of the sympathetic nerve chain (Le Douarin, 1982).
Thus, it is conceivable that differences in neural crest cell mi-
gration correlated with sclerotomal development generate the
difference in lamprey and swordtail trunk body organization.
Therefore, we examined neural crest cell migration along the
ventral pathways during development of the sclerotome in lam-
prey and swordtail embryos.
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Fig. 1. Basic features of the adult lamprey and swordtail trunk. (A) Transverse section of the lamprey trunk. An arrowhead indicates the dorsal
root ganglion. (B) Transverse section of the swordtail trunk. A sympathetic nerve chain (SYM) is present in the swordtail but not in the lamprey.
DF, dorsal fin; DA, dorsal aorta; DRG, dorsal root ganglion; MO, myomere; NO, notochord; SC, spinal cord. Scale bars: A, 1 mm; A inset, 50 um;
B, 100 um; B inset, 20 pm.

MATERIALS AND METHODS

Experimental animals

Embryos of the brook lamprey, Lampetra reissneri, and the sword-
tail, Xiphophorus helleri, were used. Sexually mature lampreys were
kept in tank water at 20°C and embryos were obtained after natural
spawning or artificial fertilization. Lamprey embryos were staged ac-
cording to the criteria of Tahara (1988) and were used at stages 22-
30. Swordtails were kept in an aquarium at 25°C and pregnant fe-
males were sacrificed at appropriate intervals. Their embryos were
used at stages 8-23 (Tavolga, 1949). The numbers of somites at the
various developmental stages of the swordtail and lamprey embryos
examined in this study are listed in Table 1.

Histology

Embryos were fixed with Bouin’s fixative. After dehydration in an
ethanol-toluene series, they were embedded in Paraplast (Oxford
Labware, St. Louis, MO, USA). Transverse sections were serially cut

at a thickness of 6 to 10 um. Sections were pre-stained with alcian
blue (pH 2.5) for 2 hr to visualize the sclerotomal region and post-
stained by Masson-Goldner's method or hematoxylin and eosin. They
were mounted with Entellan (Merck, Darmstadt, Germany).

Immunohistochemistry

Embryos were fixed overnight in a 4% solution of paraformalde-
hyde in phosphate-buffered saline (PBS, pH 7.4) at 4°C and then
washed several times with PBS. The fixed embryos were immersed
in 10% to 30% sucrose in PBS and embedded in OCT compound
(Miles, Elkhart, IN, USA). Serial 10—15-um sections were attached to
albumin-coated glass slides. Immunohistochemistry was performed
according to methods described previously (Hirata et al., 1997). The
following primary antibodies were used: (1) HNK-1 (Becton Dickinson,
San Jose, CA, USA; Lot 40557), (2) mouse monoclonal antibody
against native chondroitin sulfate, CS-56 (Seikagaku Corp., Tokyo),
(3) rabbit antiserum to human fibronectin (anti-FN; Cappel, Durham,
NC, USA) for the identification of swordtail fibronectin, and (4) rabbit

Table 1. Somite number in developmental stages of lamprey and swordtail embryos

swordtail
developmental stage’

somite number

Stage 8-11 <20
Stage 12 21
Stage 13 22
Stage 14 24
Stage 15 25
Stage 16-23 26

lamprey
developmental stage™ somite number
Stage 22 18-19
Stage 23 28
Stage 24 40-43
Stage 25 60
Stage 27 80
Stage 30 85=

T According to Tavolga (1949).
M According to Tahara (1988).
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polyclonal antibody against human fibronectin (anti -FN; Calbiochem,
Sandiego, CA, USA) which identifies lamprey fibronectin (Wright,
1986). The following affinity-purified secondary antibodies were used:
(1) FITC-conjugated goat anti-mouse immunoglobulins (IgG, IgA, IgM)
(Cappel), (2) rhodamine-conjugated goat anti-mouse immunoglobu-
lins (Cappel), and (3) FITC-conjugated goat anti-rabbit IgG (Cappel).
Double-stainings were performed with HNK-1 and anti-FN. HNK-1
staining always preceded that of anti-FN. Antibodies were used at
the following dilutions: HNK-1, 1:40; CS-56, 1:500; anti-FN, 1:500;
and secondary antibodies, 1:40. Primary antibodies except for CS-56
were applied to frozen sections overnight at 4°C. CS-56 was applied
for 30 min at room temperature. In order to confirm that CS-56-posi-
tive materials were chondroitin sulfate, sections were treated with 0.1
U/ml protease free chondroitinase ABC (Seikagaku Corp.), which di-
gests chondroitin sulfate chains specifically, for 3 hr at 37°C in a moist
chamber (Nishikawa and Sasaki, 1993). Secondary antibodies were
used for 1 hr at room temperature. Some sections of lamprey em-
bryos were nuclear-stained with a 0.4 pg/ml solution of DAPI (4',6-
diamino-2-phenylindole; Sigma, St. Louis, MO, USA) in PBS to make
cell identification easier.

Estimation of volume of the somite and sclerotome

The length of somitic (myomere + sclerotome) and sclerotomal
regions was measured along the dorso-ventral (D-V), proximo-distal
(P-D) and antero-posterior (A-P) axes. The A-P length was estimated
based on the number of serial transverse sections (each 10 um thick)
covering one somite or one sclerotome. The maximal D-V and P-D
length were measured in these transverse sections by using an ocu-
lar micrometer. Since the somite and sclerotome are roughly regarded
as being cubic, the volume of these structures was caiculated as the
multiplication of D-V, P-D and A-P values and the proportion of the
sclerotome per somite was determined.

RESULTS

Relationship between sclerotomal development and neu-
ral crest cell migration in the swordtail

Fibronectin and chondroitin sulfate synthesized by
sclerotomal cells play important roles in the formation of neu-
ral crest cell migratory routes in amniotes (Le Douarin, 1982).
Therefore, we have examined temporal changes of the distri-
bution of these extracellular matrix molecules in the sclero-
tome during the period of neural crest cell migration in the
swordtail. In the premigratory stages of neural crest cells (Fig.
2A-D), morphologically detectable sclerotome was observed
in the ventro-medial portion of the somite (Fig. 2D). The area
surrounding the notochord, that contains the sclerotome, was
CS-56-immunoreactive. Intense staining was seen in the
boundary between the neural tube and the notochord (Fig.
2C). No fibronectin-like immunoreactivity was detected (Fig.
2B). In early migratory stages (Fig. 2E-H), HNK-1-positive cells
(Fig. 2E) were present in the sclerotome that spread dorsally
and reached the level of the neural tube (Fig. 2H). This obser-
vation shows that the ventral pathway is formed in the sclero-
tome, as in amniotes. The sclerotome contained FN and CS-
56-positive materials (Fig. 2F, G). In intermediate-late migra-
tory stages (Fig. 2I-L), the sclerotome reached the dorsal-most
level of the neural tube (Fig. 2L) and contained HNK-1-posi-
tive cells (Fig. 2I). FN and CS-56-positive materials were ob-
served in the sclerotome (Fig. 2J, K). CS-56-positive materi-
als disappeared in sections treated with chondroitinase ABC

(data not shown). These results indicate that the swordtail
sclerotome contains FN and CS-56-positive chondroitin sul-
fate (CS), and that their expression in the sclerotome is corre-
lated with HNK-1-positive neural crest cell migration along the
ventral pathway. Furthermore, sclerotomal development along
the antero-posterior axis progressed concomitantly with neu-
ral crest cell migration (Fig. 3). HNK-1-immunoreactive cells
in the ventral pathway were observed ventrally beyond the
notochord throughout the swordtail trunk.

Regional differences in neural crest cell distribution in
the lamprey trunk

HNK-1-positive neural crest cells appeared in the lam-
prey trunk at stage 23 (Hirata et al., 1997). The distribution of
these cells in the ventral pathway shifted caudally from stage
23 to stage 27. There were regional differences in the distri-
bution of HNK-1-immunoreactive cells in the trunk. In the bran-
chial region, the distribution of the cells in the ventral pathway
expanded ventrally beyond the notochord (Fig. 4A). Careful
observations of serial transverse sections indicated that HNK-
1-positive cells at the notochord level in this region are distrib-
uted at intervals of about 60 um which corresponds to the
length of one somite along antero-posterior axis. This means
that their distribution in the ventral pathway is restricted to the
intersomitic space at the notochord level. In the post-bran-
chial trunk, no HNK-1-positive cells were observed ventrally
beyond the boundary between the neural tube and notochord
(Fig. 4B). These regional differences along the antero-poste-
rior axis are compatible with the observation of the distribu-
tion of melanophores which are a typical derivative of neural
crest cells even in the lamprey (Newth, 1956). We observed
melanophores in the area surrounding the notochord in the
branchial region (data not shown) but not in the space be-
tween the notochord and somite in the post-branchial region
(Hirata et al., 1997).

Relationship between sclerotomal development and neu-
ral crest cell migration in the lamprey

Since sclerotomal development in the swordtail is closely
correlated with neural crest cell migration along the ventral
pathway, we have explored their correlation in the lamprey. In
the branchial region where HNK-1-positive cells are distrib-
uted ventrally beyond the notochord, cell masses associated
with CS-56-positive materials were observed at the boundary
between the neural tube and notochord and near the ventro-
lateral sides of the notochord (Fig. 5A-D). These cell masses
appeared intersegmentally (Fig. 5E). This intersegmental
distribution was similar to that of HNK-1-positive cells at the
notochord level in the ventral pathway (Fig. 4A). Since
CS-56 immunoreactivity disappeared after digestion with
chondroitinase ABC (data not shown), CS-56-positive materi-
als represented lamprey CS. The CS-containing region ex-
tended caudally up to the 20-somite level with advancing de-
velopmental stages (Fig. 7), but CS-containing regions were
not found in the post-branchial trunk posterior to the 20-somite
level during the period in which HNK-1-positive cells were
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present in the ventral pathway (Fig. 5F-H; Fig. 7). In the bran-
chial region, loose mesenchymal cells were histologically ob-
served in similar portions to the CS-containing regions (Fig.
6A). No mesenchymal cells were found beside the notochord
in the post-branchial region (Fig. 6B). Moreover, cartilage, a
main derivative of the sclerotome, was formed in the bran-
chial region almost corresponding to the CS-containing re-
gion after stage 30 (Fig. 6C). No cartilage was observed in

CS

NT

NO e Scl

=2 Scli
-~ Scl

Fig.2. Sclerotomal development during neural crest cell migration in swordtail embryos. (A-D) Premigratory stages of neural crest cells in the
ventral pathway. Transverse sections at 21-somite levels of stage 13 embryos. (E-H) Early migratory stages. Transverse sections at 17-somite
levels of stage 12 embryos. (I-L) Intermediate-late migratory stages. Transverse sections at 10-somite levels of stage 12 embryos. Sections
were stained with HNK-1 (A, E, 1), antifibronectin (B, F, J) and CS-56 (C, G, K). D, H and L show sections stained histologically. The distribution
of neural crest cells (NC) and fibronectin (FN) was examined in sections double-stained with HNK-1 and anti-fibronectin. NO, notochord; NT,
neural tube; Scl, sclerotome. Scale bars: 20 um.

the post-branchial trunk during the developmental stages ex-
amined (Fig. 6D). These observations strongly suggest that
the CS-containing region located intersegmentally in the bran-
chial region is the lamprey sclerotome. In Lampetra fluviatilis
embryos, Damas (1944) histologically found the sclerotome
in a region corresponding to the CS-containing region detected
in the present observation. Taken together, these results sug-
gest that in lamprey embryos, sclerotomal development
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Fig. 3. Spatial and temporal changes in sclerotome formation during neural crest cell migration along the ventral pathway in swordtail embryos.
Striped area displays somitic levels where neural crest cells migrate along ventral pathways at stages 12 (A), 13 (B) and 15 (C). Hatched area
represents somitic levels where the sclerotome is formed at the corresponding stages. Numerals show somite numbers. Thick vertical lines
correspond to the last somitic levels at respective stages. A, anterior; P, posterior; D, dorsal; V, ventral.

progresses concurrently with the neural crest cell migration
only in the branchial regions, and in the post-branchial re-
gions neural crest cell migration occurs without overt devel-
opment of the sclerotome (Fig. 7).

Volume of the sclerotome in lamprey and swordtail em-
bryos

Since histological and immunohistochemical observations
suggested that the size of the CS-containing sclerotomal re-

gion in the lamprey is much smaliler than that in the swordtail,
the volume of the sclerotome was measured in both embryos.
Whereas the swordtail sclerotome occupied approximately
10% of the somite (sclerotome + myomere) at the respective
somitic levels during the period in which HNK-1-positive neu-
ral crest cells were observed in the ventral pathway (Fig. 8),
the proportion of the lamprey sclerotome was approximately
1% at somitic levels where the CS-containing region was ob-
served (Fig. 8).
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Fig. 4. Lamprey neural crest cells in the ventral pathway (red arrowheads). (A) Transverse section at 3-somite level in the branchial region of
a stage 23 embryo. (B) Transverse section at 35-somite level in the post-branchial trunk of a stage 24 embryo. Sections were stained with HNK-
1. NO, notochord; NT, neural tube. Scale bar: 20 um.

Fig. 5. CS-56-positive cell masses in the lamprey trunk. (A-D) Differential interference microscope image (A), nuclear staining (B) and fluores-
cence (C, D) micrograph of a transverse section at 6-somite level in the branchial region of stage 23 embryo. (E) Horizontal section at 4-6-somite
levels (4S-6S) of a stage 23 embryo. Rostral is to the left. (F-H) Differential interference microscope image (F), nuclear staining (G) and fluores-
cence (H) micrograph of a transverse section at 30-somite level in the post-branchial region of stage 24 embryo. All sections were stained with
antibody against native chondroitin sulfate, CS-56. NO, notochord; NT, neural tube. Scale bars: 20 um.
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Fig. 6. (A, B) Histological sections of a stage 27 lamprey embryo. (A) Transverse section at 5-somite level in the branchial region. Mesenchy-
mal cells (small arrowheads) are found in the space between the notochord and the myomere. (B) Transverse section at 30-somite level in the
post-branchial region. (C, D) Histological sections of a stage 30 lamprey larva. (C) Transverse section at 5-somite level. Cartilage (large arrow-
head) is observed beside the ventro-lateral portion of the notochord. (D) Transverse section at 30-somite level. The dorsal root ganglia (DRG),
which are formed in the intersomitic space, are observed in all sections. NO, notochord; NT, neural tube. Scale bars: 50 um.
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Fig. 7. Spatial and temporal changes of sclerotome formation during neural crest cell migration along the ventral pathway in lamprey embryos.
Striped area displays somitic levels where neural crest cells migrate along the ventral pathway at stages 23 (A), 24 (B), 25 (C) and 27 (D).
Hatched area represents somitic levels where the sclerotome is formed at the corresponding stages. Numerals show somite numbers. Vertical
thick lines correspond to the last somitic levels at respective stages. A, anterior; P, posterior; D, dorsal; V, ventral.
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DISCUSSION

In the present study, we have found clear differences in
the patterns of neural crest cell distribution in ventral path-
ways between lamprey and swordtail embryos. Swordtail neu-
ral crest cells in the ventral pathway migrate ventrally beyond
the notochord at all axial levels of the trunk. In swordtail em-
bryos, sclerotomal development and neural crest cell distri-
bution progress concurrently along both the antero-posterior
and dorso-ventral axes throughout the trunk. Morin-Kensicki
and Eisen (1997) have shown that zebrafish sclerotomal cells
share a pathway with the migrating neural crest cells, and
that the former migrate dorsally as the latter move ventrally.
These results are consistent with our observations in the
swordtail. The present data furthermore show that swordtail
sclerotome contains CS and FN, supporting the observation

2 345678 91011121314151617 181920

Somitic Level

Fig. 8. Sclerotomal size at respective somitic levels during neural crest cell migration in stage (St.) 13 swordtail (A) and stage 24 lamprey (B)
embryos. Percentage of the sclerotome per somite (Scl/SQ) was calculated as described in Materials and Methods. It is noteworthy that the
value of ordinate in A is 10-fold greater than that in B. The percentage was similar in stage 12, 13 and 15 swordtail embryos and in stage 23, 24

of Sadaghiani et al. (1994) who examined the distribution of
extracellular matrix molecules in swordtail and platyfish em-
bryogenesis. The subepidermal space also contains CS and
FN (Fig. 2F, G, J, K). It is well known that other migratory
pathways of trunk neural crest cells, so-called dorso-lateral
pathways, are formed in this region (Le Douarin, 1982). Thus,
these extracellular matrix molecules might contribute to the
formation of the ventral pathway and dorso-lateral pathway in
the swordtail.

While in the branchial region lamprey neural crest cells
migrate ventrally beyond the notochord, no neural crest cells
reach subnotochordal portions in the post-branchial region.
In lamprey embryos, thus, the concomitant progression of
sclerotomal development and neural crest cell migration oc-
curs only in the branchial regions. Neural crest cells in these
regions can translocate ventrally beyond the notochord in the
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sclerotome located intersegmentally. The lamprey sclerotome
is not found in the post-branchial region during the period of
neural crest cell migration. Since there is cartilage that is pos-
sibly derived from the sclerotome in the post-branchial trunk
of the adult lamprey (Hardisty, 1981), the progression of scle-
rotome formation along the antero-posterior axis may be much
slower than that of neural crest cell migration in this animal. It
is possible that coordination of the timing of neural crest cell
migration and sclerotomal development is requisite for neural
crest cells to migrate ventrally beyond the notochord.

HNK-1-positive cranial vagus ganglia are observed un-
der the notochord in the branchial region (Hirata et al., 1997;
Kuratani et al., 1997). Langille and Hall (1988), who extirpated
pre-branchial and branchial neural crest cells in the sea lam-
prey (Petromyzon marinus), have shownthat neural crest cells
contribute to the branchial elements. It is conceivable that these
components may originate from neural crest cells which have
reached subnotochordal portions in the branchial region.
Johnston (1908) reported the presence of nerve fibers and/or
cells around the gut and blood vessels in the sea lamprey,
and there are chromaffin cells in the heart and around the gut
in the lamprey (Healey, 1972). However, it is not known
whether there are preganglionic fibers from the spinal cord
(Fritzsch and Northcutt, 1993). Thus, the chromaffin cells dif-
fer from distinct sympathetic nerve chains at the anatomical
level (Nicol, 1952; Burnstock, 1969; Healey, 1972). Our pre-
vious study (Hirata et al., 1997) suggested that the chromaffin
cells may be HNK-1-immunoreactive and derived from the
branchial neural crest cells. This embryonic origin is similar to
that of parasympathetic enteric neurons. Vagal visceral nerves
are observed around the intestine (Healey, 1972), although it
is unclear whether these nerves innervate the chromaffin celis.
Detailed analyses of developmental processes of these cells
may help clarify the evolutionary history of the autonomic ner-
vous system.

The sympathoadrenal cell lineage is determined by spe-
cific transcription factors and their expression is controlled by
distinct morphogenetic factors in mammalian and avian em-
bryos (Anderson, 1993, 1997). These environmental factors
are expressed at the same time and place as colonization of
sympathoadrenal precursor crest cells (Reissmann et al., 1996;
Shah et al., 1996). Valuable information about the evolution-
ary origin of the sympathetic nerve chain will be provided by
the study of the presence or absence of these factors, the
timing of their expression and their localization in lamprey and
piscine embryos.

The anatomically distinct sympathetic nerve chain, which
is a major derivative of neural crest cells migrating ventrally
beyond the notochord in gnathostomes, is absent in the lam-
prey (Nicol, 1952; Burnstock, 1969; Healey, 1972). We pro-
pose the following as an underlying mechanism for the gen-
eration of the sympathetic nerve chain in gnathostomes. The
timing of sclerotomal development and neural crest cell mi-
gration may have changed to progress concurrently in the
overall trunk. This allowed neural crest cells to migrate ven-
trally beyond the notochord at all trunk levels and colonize the

region where the appropriate environmental factors for for-
mation of the sympathetic nerve chain are expressed. Thus,
changes in the timing of sclerotomal development correlated
with neural crest cell migration caused changes in sites of
localization of neural crest cells. The interaction of these cells
with the novel environment might have generated the sympa-
thetic nerve chain. In addition, the sclerotomal size increased
in gnathostomes and made it possible for a significant num-
ber of neural crest cells to migrate into the region where the
sympathetic nerve chain is formed.

Itis currently thought that changes in the timing of devel-
opmental events in evolutionary process (heterochronic
changes) play important roles in evolution of the body organi-
zation (Gould, 1977; McKinney and McNamara, 1991;
Richardson, 1995). This study may provide one example of
these changes correlated with the formation of different body
organization.
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