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ABSTRACT We have examined the roles of
pertinent extracellular matrix molecules in the
formation of the neural crest cell migration pat-
terns in the sclerotome of the mouse embryo. The
present data indicate that permissiveness for
migration is inversely correlated with chondroi-
tin sulfate content. Experimental removal of chon-
droitin sulfate proteoglycans in the embryo
causes neural crest cells to migrate even within
the posterior half of the somite, which they do not
invade ordinarily. Moreover, three different
sclerotomal regions defined by the presence or
absence of the ventromedial and/or ventrolateral
pathways are present along the anteroposterior
axis and undergo systematic temporal changes
that affect migration patterns. The most anterior
portion of the sclerotome is conducive to both
ventromedial and ventrolateral migration (Ante-
rior Region). The intermediate portion is condu-
cive to ventromedial migration only (Intermedi-
ate Region). No neural crest cells are seen within
the posterior portion of the sclerotome (Posterior
Region). At this level, they are observed exclu-
sively in the dorsolateral space adjacent to the
roof of the neural tube. With advancing embry-
onic development, the rostrocaudal length of the
Anterior Region decreases and is accompanied
by a corresponding enlargement of the Intermedi-
ate Region. These results suggest that temporal
and regional differences in the sclerotome con-
tribute to the neural crest cell migration patterns
in the mouse. To refine our understanding of the
underlying mechanisms, regional differences and
temporal changes in the distribution of extracel-
lular matrix molecules have been examined dur-
ing migration. In the sclerotome, chondroitin
sulfate displays distinct distribution patterns that
are closely correlated with the migration pat-
terns of mouse neural crest cells. Furthermore,
their migration patterns are altered in embryos
treated with the inhibitors of chondroitin sulfate
proteoglycan biosynthesis, sodium chlorate, and
b-D-xyloside. In inhibitor-treated embryos, neu-

ral crest cell migration occurs even in the poste-
rior portion of the sclerotome. The metameric
organization of dorsal root ganglia is disturbed
in these embryos. Our observations provide novel
evidence for the importance of sclerotomal chon-
droitin sulfate distribution patterns in mouse
crest cell migration patterns. We conclude that
systematic spatiotemporal changes in the distri-
bution of chondroitin sulfate proteoglycans are a
key requisite for the formation of migration pat-
terns of mouse neural crest cells in the sclero-
tome. Dev Dyn 1999;214:55–65.
r 1999 Wiley-Liss, Inc.
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INTRODUCTION

Neural crest cells emigrate from the neural tube.
They migrate ventrally and laterally and give rise to a
variety of derivatives, including melanocytes, periph-
eral nerve cells and their supporting cells, and ectomes-
enchymal cells in vertebrate embryos (Weston, 1970; Le
Douarin, 1982; Hall, 1988). In the trunk region of the
amniote embryo, the cells migrate along two predomi-
nant pathways (Weston, 1963; Le Douarin, 1973; Erick-
son et al., 1989; Hou and Takeuchi, 1994): 1) the
dorsolateral pathway between the dermomyotome and
the epidermis (Serbedzija et al., 1989, 1990; Kubota et
al., 1996) and 2) the ventral pathway through the
anterior half of the somite (Rickmann et al., 1985;
Bronner-Fraser, 1986; Kubota et al., 1996). Further-
more, two different types of ventral routes have been
found in the anterior half, that is, the ventromedial
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pathway along the medial portion of the sclerotome
(Serbedzija et al., 1990; Kubota et al., 1996) and the
ventrolateral pathway along the lateral portion of the
sclerotome (Loring and Erickson, 1987; Serbedzija et
al., 1990; Tosney et al., 1994; Kubota et al., 1996).

Specific neural crest derivatives differentiate in pre-
cise embryonic locations. For instance, the peripheral
autonomic and spinal sensory ganglia are derived from
neural crest cells that migrate along the ventral path-
way and organized in a segmented pattern (Keynes and
Stern, 1984, 1988; Kalcheim and Teillet, 1989; Gold-
stein et al., 1990). Neural crest cell migration along the
ventral route might be spatially and temporally regu-
lated even in the anterior half of the sclerotome, in
order to generate peripheral ganglia in defined loca-
tions. Careful examination of spatial and temporal
changes in neural crest cell migration (migration pat-
terns) will provide valuable data for analyzing what
mechanisms are involved in the formation of migration
patterns.

Whereas the laboratory mouse has been used exten-
sively for genetic studies of neural crest development
(Silvers, 1979; Erickson and Weston, 1983; Sternberg
and Kimber, 1986; Morrison-Graham and Weston, 1989;
George et al., 1993; Lo et al., 1994; Schuchardt et al.,

1994), less is known about the mechanisms underlying
migration patterns of mouse neural crest cells. We have
therefore examined by three-dimensional image analy-
sis the migration patterns of mouse neural crest cells
translocating along the ventral pathway using the
mouse neural crest cell-specific antibody, 4E9R (Kubota
et al., 1996), and focused on regional differences and
temporal changes in the sclerotomal distribution of
extracellular matrix molecules as one of mechanisms
underlying their migration patterns. Our data demon-
strate that the migration of mouse neural crest cells is
spatially and temporally regulated even in the anterior
half of the sclerotome and that the migration patterns
are closely correlated with distribution patterns of
sclerotomal chondroitin sulfate. Experiments using the
inhibitors of chondroitin sulfate proteoglycan synthesis
indicate that altering sclerotomal chondroitin sulfate
proteoglycan content changes the migration patterns of
mouse neural crest cells.

RESULTS
Spatiotemporal Changes in Neural Crest Cell
Migration in the Sclerotome

In order to analyze regional differences in the migra-
tion of mouse neural crest cells in the sclerotome in

Fig. 1. Three-dimensional analysis of migration pat-
terns of 4E9R-positive neural crest cells in the sclerotome
at the 8 somitic level of 24 somite embryo (intermediate
migratory stage). Transverse cryosections were double-
stained with 4E9R and antilaminin. Antilaminin was used to
elucidate the borders between the dermomyotome and
sclerotome and between the sclerotome and neural tube.
A–C: Neural crest cell distribution in transverse images of
the Anterior (A), Intermediate (B), and Posterior (C) Re-
gions sliced from the three-dimensional somitic reconstruc-
tion. D–G: Distribution of 4E9R-specific signals in horizon-
tal slices of the same reconstructed image. The
reconstructed image was horizontally sliced at levels 1 and
2 (red lines) in Figs. A–C. Yellow and blue lines show the
boundaries between the dermomyotome and sclerotome
and between the sclerotome and neural tube, respectively.
Neural crest cell-specific signals in Figs. D and E are
schematically indicated as green dots in Figs. F and G,
respectively. H, I: Rostrocaudal length of the Anterior,
Intermediate, and Posterior Regions. Estimation was per-
formed using 4 or 6 embryos. a, anterior; p, posterior; Ant,
Anterior Region; Int, Intermediate Region; Post, Posterior
Region; DM, dermomyotome; NT, neural tube; VL, ventrolat-
eral pathway; VM, ventromedial pathway.
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detail, we made three-dimensional somitic reconstruc-
tions of serial transverse cryosections immunostained
with 4E9R and antilaminin and examined the distribu-
tion of neural crest cells in various slices of the recon-
structed images. Three different sclerotomal regions
defined by the presence or absence of the ventromedial
and/or ventrolateral pathways were arranged along the
anteroposterior axis. In the most anterior portion of the
sclerotome, both ventromedial and ventrolateral path-
ways were observed (Anterior Region; Fig. 1A). In the
intermediate portion following the Anterior Region, the
ventromedial route was present only (Intermediate

Region; Fig. 1B). No neural crest cells were seen in the
posterior portion of the sclerotome (Posterior Region;
Fig. 1C). Neural crest cells were observed ubiquitously
in the dorsolateral space adjacent to the roof of the
neural tube (Fig. 1A–C). These regional differences in
neural crest cell distribution in the sclerotome were
confirmed in horizontal slices of the somite. In the
Anterior Region, streams of neural crest cells along the
ventromedial pathway as well as the ventrolateral
route extended to the level of the sympathetic nerve
plexus (Fig. 1A,D–G). Equivalent cells in the Intermedi-
ate Region were observed as far as the dorsal root

Fig. 2. Distribution of neural crest cells (green), chondroitin sulfate
(CS; red) and tenascin (TN; blue) in sections triple-stained. A–C:
Transverse sections of the Anterior (A), Intermediate (B), and Posterior
(C) Regions at the 8 somitic level of 24 somite embryo (intermediate
migratory stage). CS is not observed in the Anterior Region (A). TN is not
found. D–I: Transverse sections of the Anterior (D, G–I), Intermediate (E),
and Posterior (F) Regions at the 8 somitic level of 28 somite embryo (late

migratory stage). Figures G, H, and I show the distribution of neural crest
cells, CS and TN in the same region as in Fig. D. CS begins to be found in
the dorsal portion of the Anterior Region (arrowhead in Fig. H). TN is
observed in the boundary between the dermomyotome and sclerotome in
the Anterior Region (arrows in Figs. D and I). Ant, Anterior Region; Int,
Intermediate Region; Post, Posterior Region; NT, neural tube. Bars:
50 µm.
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ganglionic region (Fig. 1B,D–G). These regional differ-
ences in neural crest cell distribution were similar at
the forelimb-bud (8 somitic levels) and hindlimb-bud
(23 somitic levels) levels.

The rostrocaudal length of the Anterior, Intermedi-
ate, and Posterior Regions was estimated by the num-
ber of 2-µm-thick serial transverse optical sections
covering each region, in order to indicate temporal
changes in the regional size during neural crest cell
migration. The extent of the Intermediate Region in-
creased at the expense of the Anterior and Posterior
Regions, both of which decreased in length with pro-
gressing embryogenesis (Fig. 1H,I).

Distribution of Extracellular Matrix Molecules
During Neural Crest Cell Migration

The distribution of extracellular matrix materials
was immunohistochemically examined to explore their
role in the formation of migration patterns of neural
crest cells. Rostrocaudal differences in sclerotomal CS-
56-positive chondroitin sulfate (CS) distribution were
observed during neural crest cell migration. While a
clear CS signal was not found in the Anterior Region
(Fig. 2A), it appeared in the Intermediate and Posterior
Regions (Fig. 2B,C). In the Intermediate Region, how-
ever, CS was reduced in the ventromedial pathway (Fig.
2B). CS content increased with advancing cell migra-
tion, possibly explaining the decrease in rostrocaudal
length of the Anterior Region. At the late migratory
stage (8 somitic levels of 28 somite stage embryos or 23
somitic levels of 39 somite stage embryos), there was a
gradual increase in CS in the dorsal portion of the
Anterior Region (Fig. 2A,D,H). Furthermore, neural
crest cells started to accumulate in the dorsal root
ganglionic region within the Intermediate Region. CS
was absent in the presumptive ganglion (Fig. 2E).
Again, these changes were similar at both the forelimb-
bud and hindlimb-bud levels. CS in the sclerotome
disappeared in tissue sections treated with chondroitin-
ase ABC and chondroitinase AC II.

Laminin (LN) was observed in the basement mem-
brane. The boundary between the dermomyotome and
sclerotome showed intense LN-immunoreactivity at the
intermediate migratory stage (8 somitic levels of 24–25
somite stage embryos or 23 somitic levels of 37 somite
stage embryos). At all stages and axial levels examined,
fibronectin (FN) was uniformly distributed in the sclero-
tome. No regional differences in the distribution of LN
and FN were detected in the sclerotome. The distribu-
tion of tenascin (TN) was more restricted both spatially
and temporally. TN immunoreactivity in the sclerotome
was only observed in the Anterior Region of the late
migratory stage (Fig. 2D–F,I). TN was localized in the
ventral portions of boundaries containing LN between
adjacent dermomyotomes and between the sclerotome
and dermomyotome (Fig. 2D,I).

The spatial and temporal localization of dermatan
sulfate (DS), heparan sulfate (HS), and keratan sulfate

(KS) does not correlate with neural crest cell migration
patterns in the sclerotome. 2B6-positive DS appeared
in the subepidermal space at the early migratory stage
(8 somitic levels of 17 somite stage embryos or 23
somitic levels of 31 somite stage embryos). DS was
observed in the dorsolateral space adjacent to the
neural tube and in the dorsal portion of the sclerotome
and neural tube after the intermediate migratory stage
(Fig. 3A). HK-102-immunoreactive perlecan (core pro-
tein of heparan sulfate proteoglycan) and 10E4-positive
HS were localized in the basement membrane around
the neural tube and notochord and beneath the epider-
mis (Fig. 3B). HS disappeared in sections treated with
heparitinase. 5D4-immunoreactive KS was found ini-
tially in the subepidermal basement membrane. At the
intermediate migratory stage, KS appeared in the
dorsolateral space adjacent to the neural tube (Fig. 3C).
It was observed in the perinotochordal space at the late
migratory stage.

Migration Patterns of Neural Crest Cells in
Embryos Treated With Sodium Chlorate or
b-D-Xyloside

Since progressive changes in the sclerotomal distribu-
tion of CS are likely to be correlated with the neural
crest cell migration patterns, the role of CS in the
formation of their migration patterns was analyzed in
embryos treated with sodium chlorate or b-D-xyloside
to perturb CS distribution. In treated embryos, the
average of one-somite length was 130 6 0.6 µm at the
24–25 somite stages. It was similar to the average
one-somite length in control (PBS- or a-D-xyloside-
treated) embryos (125 6 1.3 µm). Of embryos (9/89)
treated with 40.0 (3/25) or 10.6 mg (2/21) sodium
chlorate, or with 5.0 mg b-D-xyloside (4/43), 10% showed
incomplete closure of the neural tube at cranial and/or
rostral trunk levels. Neural crest cell emigration oc-
curred even in axial levels where incomplete neural
tube closure was found. Of the treated embryos, 90%
(38/43) were viable at embryonic day (Ed) 11.0 (26/30)
and Ed 11.5 (12/13).

Fig. 3. Distribution of dermatan sulfate (A), perlecan (B), and keratan
sulfate (C) in the Anterior Region at the 8 somitic levels of 25 somite
embryos (intermediate migratory stage). NT, neural tube. Bars: 50 µm.

58 KUBOTA ET AL.



In treated embryos, neural crest cells invaded the
sclerotome not only in the anterior (Fig. 4A,E) and
intermediate portions (Fig. 4B,F) but also in the poste-
rior portion (Fig. 4C,G) of the somite. In the anterior
portion, ventrolateral and ventromedial pathways ap-
peared and extended ventrally to the level of the
sympathetic nerve plexus (Fig. 4A,E). Neural crest cell
migration in this portion was similar to that in the
Anterior Regions in control embryos (Fig. 1A). The
intermediate portion was conducive to ventromedial
migration only (Fig. 4B,F). The rostrocaudal length of
the anterior and intermediate portions (Fig. 4K) was
comparable to that of the Anterior and Intermediate
Regions in control embryos (Fig. 1H). The ventromedial
pathway in the intermediate portion reached the level
of the sympathetic nerve plexus in contrast to control
embryos (Fig. 1B). Ventrolateral-like and ventromedial-
like pathways were observed in the posterior portion
(Fig. 4C,G). The distribution of neural crest cells in
these pathways expanded into the level of the sympa-
thetic nerve plexus. The alteration of neural crest cell
migration patterns was similar with both 12- and
24-hour treatments.

The staining intensity of CS in treated embryos (Fig.
4A–C,E–G) was reduced in the entire sclerotome com-
pared to control embryos (Fig. 4D,H). When brief
digestion of CS (chondroitinase ABC treatment for 10
minutes) was performed in cryosections from embryos
treated with sodium chlorate, the intensity of 1B5-
positive unsulfated chondroitin in the sclerotome was
higher in sodium chlorate-treated (Fig. 4I) than in
control embryos (Fig. 4J). Unsulfated chondroitin
around the notochord was observed in both sodium
chlorate-treated and control embryos. The distribution
of LN (Fig. 4A–C,E–G) and FN in the sclerotome was
similar to that in control embryos (Fig. 4D,H). TN in the
anterior portion of the sclerotome at the forelimb-bud
level appeared after the 28 somite stage only. The
timing of TN expression and its localization were also
similar to those in control embryos. The observation
that TN distribution is restricted in the anterior portion
confirms that the rostrocaudal polarity of the somite is
unchanged in treated embryos. HS and perlecan were
localized in the basement membrane. KS was found in
the subepidermal basement membrane and in the
dorsolateral space adjacent to the neural tube. DS
appeared in the subepidermal and dorsolateral space
and in the dorsal sclerotome and dorsal neural tube.
Again, the distribution of HS (and perlecan), KS and
DS was similar to that in control embryos. The immuno-
reactivity of DS, but not KS and HS, was slightly
weaker in treated embryos.

The alteration of neural crest cell migration in the
sclerotome of treated embryos may affect the organiza-
tion of neural crest derivatives. Therefore, we examined
the organization of dorsal root ganglia (DRG) in treated
embryos. Whereas the segmented organization of DRG
was observed in control embryos (Fig. 5A,B,E), DRG

appeared even in the most caudal level of the sclero-
tome in treated embryos (Fig. 5D). In horizontal sec-
tions stained with 40.2D6 (anti-Islet-1 homeobox pro-
tein) or NR-4 (antineurofilament 68 kDa), there was
abnormal DRG segmentation, as adjacent DRG com-
bined, in treated embryos (Fig. 5F–H). Immunoreactiv-
ity of DRG neurons to 40.2D6 and NR-4 was compa-
rable in treated and control embryos.

DISCUSSION
Migration Patterns of Mouse Neural Crest Cells
in the Sclerotome

It has been shown that mouse neural crest cells enter
the anterior half of the somite and migrate along the
ventromedial and ventrolateral pathways (Serbedzija
et al., 1990; Kubota et al., 1996). The present data
extend results obtained in these previous studies. The
Anterior Region is conducive to both ventrolateral and
ventromedial migration. The Intermediate Region is
permissive to ventromedial migration only. The rostro-
caudal extent of the Anterior Region decreases and is
accompanied by an enlargement of the Intermediate
Region with advancing migration. These data show
that neural crest cell migration differs between the
rostral (Anterior Region) and caudal (Intermediate
Region) portions in the anterior half of the somite and
that there is a progressive change in the size of the
regions that are permissive to migration.

Serbedzija et al. (1990) have suggested that two
overlapping migratory phases of mouse neural crest
cells are at the forelimb-bud level: 1) an early ventrolat-
eral pathway which opens by Ed 9.0 and closes by Ed
9.5, and 2) a later ventromedial pathway which appears
after Ed 9.0–9.5. Our data are in agreement with this
model. During early migration at the forelimb-bud level
(17 somite stage; Ed 9.0), neural crest cells migrate
primarily in the Anterior Region where the ventrolat-
eral pathway is present. The extent of this region
decreases at the 28 somite stage (late Ed 9.5). The
Intermediate Region, which is conducive to ventrome-
dial migration only, expands with advancing migration
and occupies the majority of the sclerotome by late Ed
9.5. These results suggest that migration along the
ventrolateral pathway terminates by late Ed 9.5 and
that most of the later emigrating crest cells take the
ventromedial pathway at the forelimb-bud level.

We found that streams of neural crest cells extend
ventrally to the level of the sympathetic nerve plexus in
the Anterior Region. By contrast, most neural crest
cells in the Intermediate Region are distributed as far
as the DRG level. Our observations thus suggest that
early emigrating neural crest cells migrating in the
Anterior Region populate the DRG or the sympathetic
nerve chain and a later migrating group of cells in the
Intermediate Region colonizes exclusively the DRG.
Taken together, our data indicate that the regional differ-
ences and temporal changes within the sclerotome gener-
ate the migration patterns of mouse neural crest cells.
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Chondroitin Sulfate Is Essential for Pattern
Formation of Mouse Neural Crest Cell Migration
in the Sclerotome

The present study shows that CS is present in the
sclerotome during all migratory stages of mouse neural
crest cells. This is in agreement with the previous data
from other investigators (Weston et al., 1977; Derby,
1978; Trasler and Morriss-Kay, 1991). The present data
furthermore show that sclerotomal CS is distributed
exclusively in the regions where neural crest cells do
not migrate. It has been shown that CS-containing
materials are distributed in the posterior half of the
avian sclerotome (Newgreen et al., 1990; Oakley and
Tosney, 1991; Landolt et al., 1995) and inhibit neural
crest cell migration (Tan et al., 1987; Perris et al., 1996;

Kerr and Newgreen, 1997). Sclerotomal CS may play an
important role in the restriction of regions permissive
to mouse neural crest cell migration. We found that
regional and temporal differences in sclerotomal CS
distribution are closely correlated with neural crest cell
migration patterns (Fig. 6). Our results thus suggest
that systematic spatiotemporal changes in CS distribu-
tion in the sclerotome contribute to the formation of
migration patterns of neural crest cells by restricting
the regions conducive to migration.

The idea that dynamic changes in sclerotomal CS
distribution are an underlying mechanism for regulat-
ing migration patterns of mouse neural crest cells is
supported by our data from experiments with specific
inhibitors of sulfated proteoglycan synthesis. In inhibi-

Fig. 4. Distribution of neural crest cells (green), chondroitin sulfate
(red) and laminin (blue) at the 8 somitic levels of 24 somite embryos
treated with b-D-xyloside or with sodium chlorate for 12 hours. A–C:
Transverse sections of the anterior (A), intermediate (B), and posterior (C)
portions of the sclerotome in the embryo treated with 5 mg b-D-xyloside.
D: Transverse section of the posterior portion of the sclerotome in the
embryo treated with 5 mg a-D-xyloside for 12 hours. E–G: Transverse
sections of the anterior (E), intermediate (F), and posterior (G) portions of
the sclerotome in the embryo treated with 40 mg sodium chlorate. H:

Transverse section of the posterior portion of the sclerotome in the
embryo treated with PBS for 12 hours. I, J: IB5-positive unsulfated
chondroitin in posterior portions of the sclerotome at the 8 somitic levels of
25 somite embryos treated with 40 mg sodium chlorate (I) or PBS (J). K:
Rostrocaudal length of the anterior, intermediate, and posterior portions of
the sclerotome in the embryos treated with b-D-xyloside or sodium
chlorate. Estimation was performed using 5 embryos, respectively. a,
anterior; p, posterior; ant, anterior portion; int, intermediate portion; post,
posterior portion; NT, neural tube. Bars: 50 µm.
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tor-treated embryos, neural crest cells invade the poste-
rior portion of the sclerotome in addition to the anterior
and intermediate portions. This alteration of the migra-
tion patterns occurs concomitantly with the reduction
in sclerotomal CS. A significant reduction of HS, KS,
and DS was not observed in treated embryos, indicating
that CS is the main component that is disrupted in
these embryos during neural crest cell migration. So-
dium chlorate is a specific inhibitor of sulfation, causing
under-sulfation of sulfated proteoglycans (Farley et al.,
1978). The increase of sclerotomal 1B5-positive unsul-
fated chondroitin in sodium chlorate-treated embryos
shows that under-sulfation of sclerotomal CS occurs in
embryos treated with this inhibitor by a intraperitoneal
injection. b-D-Xyloside competes with protein-bound
xylose for galactosyl transferase, and thereby brings
about a reduction in the level of protein-bound sulfated
proteoglycan synthesis (Schwartz et al., 1974; Schwartz,
1977). In intact chicken embryos, normal synthesis of
chondroitin sulfate proteoglycans (CS-PGs) was dis-
turbed by this compound (Oohira et al., 1981). Further-
more, a-anomer of b-D-xyloside (a-D-xyloside) has no
effects on CS content. Thus, both substances inhibit
normal biosynthesis of CS-PGs in experimental condi-

Fig. 5. Organization of dorsal root ganglia at the forelimb-bud levels of
control (A, B, E) and 40 mg sodium chlorate-treated (C, D, F–H) embryos.
A–D: Transverse sections at rostral (A, C) and caudal (B, D) levels of the
sclerotome in embryonic day (Ed) 11.5 embryos. Motor axons (arrows in
Figs. A and C) are observed in rostral portions of the sclerotome. E–H:

Horizontal sections of Ed 11.0 (E–G) and Ed 11.5 (H) embryos. (E, F)
Antineurofilament 68kDa staining. (G, H) Anti-Islet-1 staining. Arrowheads
indicate boundaries between somitic segments. a, anterior; p, posterior; DRG,
dorsal root ganglion; NT, neural tube. Bars: 50 µm.

Fig. 6. Schematic diagram of regional and temporal differences in the
mouse sclerotome. Arrows indicate the migratory pathways of neural
crest cells. Green, chondroitin sulfate (CS)-rich region; light green,
CS-poor region; red, laminin-containing basement membrane. Ant, Ante-
rior Region; Int, Intermediate Region; Post, Posterior Region; DA, dorsal
aorta; DM, dermomyotome; DRG, dorsal root ganglion; NT, neural tube.
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tions used in this study and accordingly interfere with
normal distribution of CS-PGs as suggested by previous
studies (Morriss-Kay and Crutch, 1982; Davies et al.,
1995; Kispert et al., 1996). We therefore conclude that
the alteration of neural crest cell migration patterns in
treated embryos is due to disturbances in sclerotomal
CS-PGs distribution. The metameric organization of
DRG was disordered in treated embryos, showing that
this alternation affects their segmentation.

Ventrolateral and/or ventromedial pathways appear
in the anterior or intermediate sclerotome of inhibitor-
treated embryos, while a reduction in CS occurs in the
entire sclerotome. It is conceivable that other cues
contribute to forming the specific migratory pathways.
It has been shown that neural crest cell migration is
directed by interactions between receptor tyrosine ki-
nases and their ligands (Wehrle-Haller and Weston,
1995, 1997; Krull et al., 1997; Wang and Anderson,
1997). Distinct subpopulations of neural crest cells
express specific receptor tyrosine kinases (Kahane and
Kalcheim, 1994; Henion et al., 1995; Wehrle-Haller and
Weston, 1997). A gradient of ligand released from the
target tissue might guide neural crest cell subpopula-
tions into their specific target organ by chemotaxis
(Wehrle-Haller and Weston, 1997). It is possible that
neural crest cell migration patterns are determined by
both distinct sclerotomal CS-PGs distribution that re-
stricts the regions permissive to migration and chemo-
tactic guidance that generates specific migratory path-
ways in the regions.

The distribution patterns of CS in the mouse sclero-
tome are comparable to those of proteoglycans contain-
ing CS and KS (CS/KS-PGs), such as PG-H/aggrecan
(Oike et al., 1980; Perris et al., 1996), in the chicken
sclerotome (Perris et al., 1991). However, the distribu-
tion of 5D4-positive KS, which colocalized with CS in
the chicken sclerotome, differs from that of CS in the
mouse sclerotome. DS and HS distribution also differ
from CS. CS-PG isolated from the quail trunk lacks KS,
HS, and DS and influences neural crest cell behavior
(Kerr and Newgreen, 1997). CS-PGs, which change
spatiotemporally in the mouse sclerotome, appear to be
CS-PGs possibly lacking KS, HS, and DS. Taken to-
gether, these observations indicate that spatial and
temporal changes in sclerotomal CS-PGs expression
are an underlying mechanism for regulating migration
patterns of mouse neural crest cells.

EXPERIMENTAL PROCEDURES
Immunohistochemistry and Histology

ddY strain mice were used. Embryos were staged by
scoring the number of somites. Immunohistochemistry
was performed as described previously (Kubota et al.,
1996). Mouse embryos were fixed with methanol con-
taining 0.1% formaldehyde for 10–20 minutes at 220°C.
For immunostainings with 40.2D6 (anti-Islet-1), em-
bryos were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.4) for 12 hours on ice. For

immunolabelings with NR-4 (antineurofilament 68
kDa), embryos were fixed in 10% formalin in PBS for 10
minutes at room temperature and subsequently in
methanol at 220°C. Fixed embryos were immersed in
gradually increasing sucrose solutions and embedded
in OCT compound (Miles). Cryostat sections were seri-
ally cut at 10–20 µm and mounted on albumin-coated
glass slides. The primary and secondary antibodies that
were used are listed in Table 1. With the exception of
CS-56 and 2B6, primary antibodies were applied to
cryosections for 12 hours at 4°C. CS-56 and 2B6 were
used for 30 minutes and for 2 hours at room tempera-
ture, respectively. Sections were treated with secondary
antibodies for 1 hour at room temperature. Routine
histological methods were employed. Embryos were
fixed with Bouin’s fixative and embedded in paraffin
(Oxford Laboratory). Serial transverse sections were
cut at 7 µm and stained with hematoxylin and eosin.

Enzyme Treatment

Cryosections were treated with 0.1 U/ml chondroitin-
ase ABC (Seikagaku Corp.) in 0.1 M Tris-HCl buffer (pH
8.0) containing 30 mM sodium acetate and 10 mM
EDTA for 10–30 minutes at 37°C (Yada et al., 1996) or
0.2 U/ml chondroitinase AC II Arthro (Seikagaku Corp.)
in 0.1 M Tris-HCl buffer (pH 6.0) containing 30 mM
sodium acetate for 2 hours at 37°C (Perris et al., 1991).
Chondroitinase B (Seikagaku Corp.) was applied to
sections at a concentration of 10 mU/ml in 0.1 M
Tris-HCl buffer (pH 8.0) containing 30 mM sodium
acetate, 10 mM EDTA and protease inhibitors (2 mM
PMSF, 2 µg/ml pepstatin A, 20 µg/ml leupeptin) for
30–60 minutes at 30°C (Sobue et al., 1989). Heparitin-
ase (Seikagaku Corp.) was used at 5 mU/ml in 50 mM
Hepes buffer (pH 7.0) containing 100 mM sodium
chloride, 1 mM calcium chloride, 5 µg/ml of BSA, and
protease inhibitors for 2 hours at 37°C (David et al.,
1992).

Sodium Chlorate and b-D-Xyloside Treatment

Two specific inhibitors of sulfated proteoglycan syn-
thesis (Okayama et al., 1973; Schwartz, 1977; Farley et
al., 1978), b-D-xyloside (p-nitrophenyl b-D-xylopyrano-
side; Nakarai Tesque Inc.) and sodium chlorate (Naka-
rai Tesque Inc.), were used in this study. Both sub-
stances were dissolved in PBS; 5, 1.0, or 0.3 mg/mouse
of b-D-xyloside was intraperitoneally injected into preg-
nant ddY mice (average weight, 39.5 g), and 40, 10.6, or
3.2 mg/mouse of sodium chlorate was administered to
mice. Injection was performed on days 8.5 or 9.0 of
gestation, which corresponds to Ed 8.5 or 9.0. The day
on which the vaginal plug was observed was defined as
Ed 0. At 12 or 24 hours later (Ed 9.5), migration
patterns of neural crest cells and the distribution of
extracellular matrix molecules were examined in treated
embryos. To determine the organization of dorsal root
ganglia in treated embryos, they were examined histo-
logically and immunohistochemically at Ed 11.0 or 11.5.
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PBS or 5.0 mg a-D-xyloside (p-nitrophenyl a-D-xylopyra-
noside; Nakarai Tesque Inc.), a-anomer of b-D-xyloside,
was used in control injection.

Three-Dimensional Image Analysis

Immunostained cryosections were image-analyzed
by confocal laser scanning microscopy (MRC-500; Bio-
Rad) and the use of image-analyzing software [NIH
image and Spyglass Dicer (Spyglass)]. Serial optical
sections of 2 µm were obtained by laser microscopy and
stored in the computer system (Comos). Optical sec-
tions were subsequently processed at the same binary
level (X 5 100) by NIH image and reconstructed as
three-dimensional images covering one somite by the
image stack using Spyglass Dicer. These three-dimen-
sional images were sliced in various directions with
Spyglass Dicer to analyze the distribution of immunola-
beled cells and/or materials.
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