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adjacent sections with basic fuchsin-haemotoxylin (not
shown).

Effect of notochord removal on Pax gene
expression in somites

The experiments examining the effects of an ectopic notochord
on Pax gene expression and cell differentiation in the somitic
mesoderm suggested that the notochord may provide signals
necessary for sclerotome differentiation. To anayze this
further, the effect of notochord removal on the expression of
Pax-3, Pax-7, myoD and Pax-9 in the somitic mesoderm was
examined. A 200-300 um piece of notochord was removed
from beneath the neural plate of stage 10 embryos and these
were then allowed to develop to stages 15 and 21. In embryos
lacking a notochord, the morphology of the somites was
severely disrupted, leading in many cases to the fusion of
somites beneath the spinal cord (Fig. 6A).

A dramatic change was seen in the expression of all four
genes in embryos lacking a notochord. In stage 15 notochord-
less embryos, Pax-3 was now expressed in cells lying directly
beneath the neural tube where the sclerotome is normally
located (Fig. 6A,B). Later stage embryos lacking a notochord
also exhibited similar ventral shift in the expression domains
of Pax-3 expression and Pax-7 (Fig. 6D,F). When myoD
expression was examined in stage 15 embryos lacking a
notochord, the distribution of myoD transcripts in the somitic
mesoderm was aso dramatically changed. myoD is normally
expressed in the myotome in two bilateral rows of somites
flanking the neural tube. In embryos lacking a notochord,
myoD was expressed in fused somites only in cells positioned
directly beneath and contacting the neural tube (see arrow in
Fig. 6E). Expression of Pax-3 in these cells appeared to be
down regulated. Interestingly, myoD expression was com-
pletely lost from somites positioned some distance from the
residual notochord, suggesting that notochord signaling to the
neural tube may be necessary for myoD induction (data not
shown). In contrast to the changes in Pax-3, Pax-7 and myoD
expression, Pax-9 transcripts were completely absent from the
mesoderm in regions of the embryo missing the notochord

Fig. 6. Effects of the notochord removal on Pax gene expression in
somites. The notochord was surgically removed from beneath the
neural plate of stage 9-10 chick embryos either in vitro in New
Cultures (A,B,E) or in ovo (C,D,F-H). Embryos were allowed to
develop to stage 14-15 (A,B,E) or stage 21 (C,D,F-H).

(A) Expression of Pax-3 in a stage 15 embryo lacking a notochord.
Pax-3 is expressed in the enlarged ‘ zippered’ somites beneath the
neural tube. (B) Transverse section through region depicted in A,
showing the expression of Pax-3 in somites beneath the neural tube.
(C) Transverse section through a stage 21 embryo lacking a
notochord, showing the morphology of the neural tube and
underlying mesoderm. The cross marks the position where the
notochord was removed. (D) Dark field of C showing the expression
of Pax-3 in mesoderm beneath the spinal cord (see arrow).

(E) Transverse section through a stage 14 embryo lacking a
notochord showing the expression of myoD in somitic cells directly
beneath the neural tube (see arrow). (F) Expression of the Pax-7 gene
in a stage 21 embryo following notochord removal. The arrow
indicates the expression of Pax-7 in somitic mesoderm adjacent to
the ventral spinal cord. (G) Bright field of H. (H) Dark-field
photomicrograph showing Pax-9 is not expressed in the mesoderm of
astage 21 embryo lacking a notochord (see arrow). Bar, 200 pum. nt,
neural tube; s, somite; sc, spinal cord; sg, spinal ganglion.

(Fig. 6G,H). The loss of Pax-9 expression in embryos lacking
a notochord, together with the changes in Pax-3, Pax-7 and
myoD expression, suggest that signals from the notochord are
necessary for sclerotome development and expression of
Pax-9.

Expression of Pax-3in the limb

In addition to expression in the somitic mesoderm, Pax-3 is
expressed in the developing limbs (Goulding et al., 1991). The
expression of Pax-3 in the developing limb was examined in
detail by in situ hybridization to ascertain the identity of cells
expressing Pax-3 in the limb. Cells expressing Pax-3 first
appear in thelimb bud field at stage 19. These cells are located
close to the lateral edge of somites where the limbs will form
(Fig. 7A) and appear to be migrating from the lateral edge of
the dermomyotome into the presumptive limb bud. Asthelimb
developsfurther, increasing numbers of Pax-3-expressing cells
can be seen in the proximal limb bud where they are inter-
mingled with mesenchymal cells (Fig. 7B-D). In transverse
sections through the limb bud, two populations of Pax-3-
expressing cells can be seen. From their position, these cells
appear to be the precursors for the dorsal and ventral muscle
masses (Fig. 7C,D). At later stages of limb development, Pax-
3 and myoD are expressed together in limb muscles (Fig. 7E-
G). However, it is not known if both genes are co-expressed
in myoblasts or whether Pax-3-expressing cells are intermin-
gled with differentiating myoblasts in the limb.

Limb muscles are absent in Pax-3~ (splotch)
embryos

The close correlation between the expression of Pax-3 in
somites and the emergence of the dermomyotome suggested
that Pax-3 might regulate the differentiation of the dermomy-
otome and/or cell types derived from the dermomyotome. In
order to examine further the role of Pax-3 in the dermomy-
otome, the differentiation of skeletal muscle was examined in
splotch embryos. A number of mutations in the Pax-3 gene
have recently been identified in various alleles of splotch
(Epstein et al., 1991, 1993; Goulding et a., 1993). Two aleles,
S and Sp?H, are believed to be null alldles and contain
mutations that severely disrupt the protein-coding region of the
Pax-3 gene (Epstein et al., 1991; Goulding et al., 1993).
Muscle development in wild-type and homozygous splotch
embryos was analyzed by examining the expression of the
myogenic determination factor myogenin in embryonic day
12.5 wild-type and splotch embryos. Myogenin is one of four
basic helix-loop-helix DNA-binding proteins that are
expressed during myogenic differentiation (Olson, 1991). Inac-
tivation of myogenin in mice leads to severe defectsin skeletal
muscles, demonstrating the importance of myogenin
expression for skeletal myogenesis (Hasty et al., 1993).
Expression of myogenin was examined by in situ hybridization
using a 0.9 kb mouse myogenin probe containing sequences
from the coding region of the myogenin gene (Y ee and Rigby,
1993). In sections through the forelimb region of day 12.5
wild-type embryos, transcripts of myogenin were detected in
axial muscles and in differentiating muscle cells located in the
shoulder and proximal part of the developing limb (Fig. 8A,B).
In contrast to wild-type embryos, no expression of myogenin
was detected in the forelimbs of day 12.5 S (Fig. 8C,D) and
21 embryos (Fig. 8E,F). Moreover, myogenin was still
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expressed in the trunk region of splotch embryos, in both the
intercostal and axial musculature (Fig. 7). When expression of
myogenin and myf-5 was examined in northern blots of total
RNA from day 12 wild-type and S embryos, only small dif-
ferences were found in the relative levels of gene expression

between wild-type and mutant embryos (not shown), reflecting
the specific loss of limb muscles in splotch embryos.

The enzyme acetylcholinesterase is expressed in a range of
cell typesin the central and peripheral nervous system and in
muscle tissue. To analyze further the effect that loss of Pax-3
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function has on muscle development, the distribution of acetyl-
cholinesterase was examined in tissue sections from wild-type
and homozygous splotch () embryos. In day 13 wild-type
embryos, acetylcholinesterase activity was seen in the individ-
ual muscle masses of the upper forelimb and in the brachial
nerve that innervates the forelimb (Fig. 8G). In splotch
embryos, acetylcholinesterase activity was markedly depleted
in the forelimb (Fig. 8H). No muscle-specific acetyl-
cholinesterase staining was seen in the forelimbs and hindlimbs
of splotch embryos. In marked contrast to the limbs, the dis-
tribution of acetylcholinesterase in the axial or body wall
muscles of day 13 mutant embryos (not shown) did not differ
significantly from wild-type embryos, indicating that the mor-
phology of these muscles, as revealed by acetylcholinesterase
activity, was normal.

In the mouse, migration of Pax-3-expressing cellsinto
the limb field begins around day 10 in the forelimb (Fig. 7D).
When Pax-3 expression was examined in day 10.5 homozy-
gous splotch (§p) embryos, no Pax-3-expressing cells were
detected in the forelimb or hindlimb, suggesting that these cells
had not migrated from the ventral somite (Fig. 9C,D). In wild-
type littermate controls, Pax-3-expressing cells were present as
expected in two popul ations of migrating cellsin the dorsal and
ventral limb bud (Fig. 9A,B). Pax-3 and myoD expression are
co-expressed in developing limb muscles (Fig. 7F,G) and
experiments with quail-chick chimeras have shown the
migratory precursors for limb muscles express Pax-3
(Williams and Ordahl, 1994). Our results suggest the loss of
these cells is underlying reason for the limb muscle defect in
splotch mice.

DISCUSSION

In an earlier study, we have shown that the expression patterns
of Pax-3 and Pax-6 in the spinal cord are regulated by signals
from the notochord and floor plate (Goulding et a., 1993). The
observation that Pax-3 expression is dorsally restricted in both
somites and neural tube suggested that signalsfrom the midline
may also regulate Pax-3 expression in the somitic mesoderm.
In this study, we have analyzed the effects that (a) placing an
extra notochord beside the segmental plate and (b) removing
the notochord from beneath the neural plate has on the devel-
opment of somites and on the somitic expression of Pax genes.

Fig. 7. Pax-3 expression in the limb. Expression of Pax-3was
examined in the developing limb in chick and mouse embryos by
whole-mount in situ hybridization. (A) Expression of Pax-3in astage
19 chick embryo showing Pax-3-expressing cellsin the early limb bud
(see arrows). (B) Stage 22 chick embryo showing Pax-3-expressing
cellsin the limb bud (see arrow). The open arrows showPax-3-
expressing cells at the lateral edge of somitesthat do not migrate into
the limb. (C) Transverse section through stage 22 embryos showing
Pax-3-expressing cellsin the dorsal limb bud. (D) Transverse section
through day 10 mouse embryo forelimb showing Pax-3-expressing
cdlsin proximal regions of the limb. (E-F) Expression of Pax-3 and
myoD in the limb. Pax-3 and myoD expression was examined by in
situ hybridization in the forelimb of a stage 25 chick embryo.

.(E) Bright field of panel F. (F) Pax-3 expression. (G) myoD
expression. Arrows mark the developing limb muscles. h, humerus; Ib,
limb bud; m, limb muscles, n, notochord; s, somites; sc, spinal cord; v,
vertebra. Bar, 200 um (A-D); 500 um (E-G).

Our results show signals from the notochord regulate the pat-
terning of Pax gene expression in somites. In addition, these
experiments provide evidence that notochord-derived signals
are able to prevent the differentiation mesodermal cells into
dermomyotome and in turn promote the development of scle-
rotome.

During somite morphogenesis, dorsal cells develop into der-
momyotome and ventral cells into sclerotome. The differen-
tiation of sclerotome cells occurs several hours after the
somites have formed and can be first seen when cells in the
ventromedial regions of the somite losetheir epithelial arrange-
ment (Keynes and Stern, 1988). These changes in cell mor-
phology and differentiation appear to result from signaling by
the adjacent notochord and neural tube (Rong et al., 1992). Our
results show that placing a second notochord beside the
segmental plate causes dorsal cells to undergo an epithelial-to-
mesenchymal transition characteristic of sclerotome develop-
ment. This change in the morphology of the somite is closely
associated with the inhibition of Pax-3 expression in dorsal
regions of the somite adjacent to the ectopic notochord (Figs
3,4). The change in Pax-3 expression in the presumptive der-
momyotome in response to an extra notochord occurs early and
the ectopic notochord is able to repress Pax-3 expression in the
segmental plate and in newly formed somites that still have an
epithelial morphology (Fig. 3). Following on from the change
to Pax-3 expression, the arrangement of cells in the dorsal
somite is altered, now resembling ventromedial cellsthat have
differentiated into sclerotome and indicating that these cells are
no longer ‘ dermomyotome’. In addition, cellsin the vicinity of
the second notochord begin to express Pax-9 (Fig. 5). Taken
together, these results suggest that the ectopic notochord
provides aventralization signal that isableto direct dorsal cells
in the somite toward a ventral phenotype, i.e. sclerotome. As
such, the effect of the notochord on the Pax gene expression
and on cell differentiation in the mesoderm is very similar to
its effects on dorsoventral patterning in the spinal cord
(Yamada et al., 1991; Goulding et al., 1993).

The temporal restriction of Pax-3 expression during
somite morphogenesis and the ability of notochord to alter
Pax-3 expression are consistent with the fate of somitic cells
being determined after the somite forms. In experiments where
the segmental plate was rotated 180° about the AP axis, the
somites developed normally, indicating that cells in the
segmental plate have the ability to differentiate into either der-
momyotome or sclerotome (Stern et al., 1988). A similar plas-
ticity is seen in the two most recently formed somites, indi-
cating that the decison to become dermomyotome or
sclerotome does not occur until after the somites have formed
(Aoyama and Asamoto, 1988). Consistent with these findings,
we have observed that Pax-3 expression is less responsive to
signals from the notochord in somites after they have formed,
indicating that the decision to differentiate into dermomyotome
may occur close to the time that Pax-3 expression becomes
restricted to the presumptive dermomyotome.

In addition to its effects on Pax-3 expression, we have
shown that the notochord regulates the expression of Pax-7 and
myoD, which are expressed in the dermomyotome and
myotome, respectively. An ectopic notochord was able to
repress the expression of both genes in the somite and induce
the ectopic expression of Pax-9, a gene normally expressed in
sclerotome cells (Fig. 5). These results together with those of
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Pourquie et al. (1993) suggest that signals from the notochord
are able to induce mesoderm cells to differentiate into sclero-
tome. Previous studies have shown that after removing the
notochord the floor plate is lost (van Straaten et al., 1991;
Yamada et al., 1991) and a single large myotome often forms
beneath the neural tube (Kitchin, 1949). In regions of the
embryo lacking a notochord and floor plate, Pax-3, Pax-7 and
myoD are expressed in the mesoderm beneath the neural tube
in regions where sclerotome normally develops (Fig. 6). At the
same time, expression of Pax-9 is conspicuously absent from
this region of the embryo (Fig. 6). Our results describing the
effect of removing the notochord on Pax gene expression
support the hypothesis that the notochord is necessary for the
development of sclerotome cells and for the ‘ ventralization’ of
somites.

Therole of the floor plate and neural tube in the patterning
of the mesoderm is less clear and a nhumber of experiments
suggest that the effects of the notochord on the mesoderm
may be distinct from the notochord-induced changes that
occur in the neural tube. In many of our grafting experiments,
clear differences were seen between the effects of the
notochord on Pax gene expression in the mesoderm and in the
spinal cord (see Fig. 5A-C). When an ectopic notochord was
placed at a distance from the spinal cord, expression of Pax-
3 in the dermomyotome was severely disrupted without any
signifi cant changes to Pax-3 expression in the spinal cord (not
shown).

We have shown that removal of the notochord alone results
in an enlarged dermomyotome and no sclerotome, whereas
removal of the neural tube and notochord together causes the
loss of both myotome and sclerotome (Rong et a., 1992).
These results argue that the neural tube and notochord can
influence cell differentiation in somites and that neural tube-
derived signals may be necessary for myotome differentiation.
In our experiments examining myoD expression in embryos
where the notochord had been surgically removed, somites
positioned some distance from the residual notochord did not
express myoD. This suggests signaling from the notochord to
the neural tube may be necessary for the induction of myoD in
somites.

Fig. 8. Analysis of muscle development in the limbs of splotch
embryos. Expression of myogenin and acetylcholinesterase was
analyzed in day 12.5 and day 13 wild-type and homozygous splotch
embryos, respectively. Sections through the forelimb region of day
12.5 mouse embryos were examined for the expression of the mouse
myogenin gene. (A,B) Wild-type day 12.5 embryo showing the
expression of myogenin in the developing shoulder muscles and
muscles of the limb. The arrow indicates expression of myogeninin
the forelimb. (C,D) Expression of myogenin in the forelimb of a
homozygous day 12.5 S embryo. Expression of myogenin is
restricted to the devel oping axial muscles (see arrow) and is absent
from the shoulder and forelimb muscles. (E,F) Expression of
myogenin in the forelimb of a day 12.5 homozygous Sp" embryo.
Note the expression of myogenin in the intercostal muscles
surrounding the ribs. (G) Acetylcholinesterase expression in the
forelimb regions of aday 13 wild-type embryo showing activity in
the devel oping muscle masses of the limb and in the brachial nerve.
(H) Acetylcholinesterase expression in ahomozygous day 13 splotch
embryo showing the absence of acetylcholinesterase activity in
muscle tissues in the forelimb. am, axial muscles; b, brachia nerve;
h, humerus; Ib, limb bud; im, intercostal muscles; r, ribs. Bar, 500
pum (A-F); 420 um (G-H).

The close correlation between the changes in Pax gene
expression and cell differentiation in response to the described
notochord manipulations raises the possibility that the Pax
genes can regulate the differentiation of cells in the somitic
mesoderm. We have investigated the role of Pax-3 in somitic
cell differentiation by analyzing muscle development in
splotch embryos. While the dermomyotome appears normal in
day 10.5 mutant embryos, the development of the limb and
shoulder musclesin older embryosis severely disturbed in four
alleles of splotch, Sp, Spd, M and Sp2H, as assessed by mor-
phology (Franz et a., 1993) and by the expression of myogenin
and acetylcholinesterase (Fig. 8). Both the axial and body wall
musculature are relatively normal by these criteria, indicating
that cells in the myotome still have the capacity to undergo
myogenic differentiation and are patterned appropriately. The
defect in splotch mice appears to affect disproportionately
those cellsin the lateral part of the dermomyotome that express
Pax-3 at high levels (see Fig. 2). In the chick, these cells have
been shown to migrate from the ventral dermomyotome into
the limb bud to generate the limb musculature (Williams and
Ordahl, 1994). The exact reason for the loss of these cells in
splotch mice is unclear. Pax-3-expressing muscle precursors
derived from the ventral dermomyotome may no longer
migrate into the limb bud or aternatively, limb muscle
precursor cells may still invade the limb where they no longer
express Pax-3 and as a consequence are unable to differenti-
ate into muscle. The limb phenotype of splotch mice bears
comparison with the loss of neural crest-derived tissues found
in splotch embryos (Auerbach, 1954). The neural crest defect
in splotch mice is believed to arise because neural crest cells
are impaired in their migration from the neural tube (Moase
and Trader, 1990). If the limb muscle defect in splotch mice
is also one of cell migration, then Pax-3 may regulate the
expression of cell surface molecules that are necessary for the
migration of these two populations of cells.

The effects of the notochord on Pax-3 expression together
with the changes in muscle development in splotch embryos
suggest that Pax-3 is involved in the early steps of the
myogenic differentiation pathway. Pax-3 may act upstream of
the known myogenic differentiation factors to determine a pop-
ulation of muscle precursorsfor the limb and shoulder muscles.
While the above experiments demonstrate a clear role for Pax-
3 in the genesis of limb muscles, the function of Pax-3 in the
differentiation of other skeletal muscles is still not clear. The
observation that axial muscles develop and express myogenic
determination factors in splotch embryos indicates that the loss
of Pax-3in these cells does not alter their differentiation. Axial
muscles and limb muscles are derived from two distinct
lineages (Selleck and Stern, 1991), and consequently mutations
to Pax-3 may differentially affect the limb muscle lineage.
Alternatively, the closely related gene Pax-7 may be able to
compensate for the loss of Pax-3. This is consistent with the
observed expression of Pax-7 in the dermomyotome at the
same time as Pax-3. Prior to the migration of the limb muscle
precursors from somites, Pax-7 appears to be down-regulated
in lateral dermomyotome cells from which the limb muscles
arederived, but not in cellslocated more medially that can con-
tribute to the axial muscles. Functional redundancy has aso
been suggested as an explanation for why mice lacking either
myoD or myf-5 gene do not exhibit gross defects in their mus-
culature (Braun et a., 1992; Rudnicki et a., 1992), even
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Fig. 9. Expression of Pax-3 in the developing forelimb of splotch embryos. Pax-3 expression was examined by whole-mount in situ
hybridization in day 10.5 wild-type and splotch embryos. Embryos were embedded in agar and vibratomed, and 60 pm sections through the
forelimb region analyzed for Pax-3 expression. (A) Transverse section through aday 10.5 wild-type embryo showing Pax-3 expression in the
spina cord, dermomyotome and presumptive myoblast precursorsin the limb (see arrow). (B) Forelimb of wild-type embryos showing Pax-3
expression in the devel oping dorsal and ventral muscle masses. (C) Transverse section through a day 10.5 homozygous Sp embryo showing no
detectable Pax-3-expressing cellsin the limbs. (D) Forelimb of Sp embryos showing no Pax-3 expression in regions where muscle precursors
are normally present (see arrows). dm, dermomyotome; dmm, dorsal muscle mass; |b, limb bud; nt, neural tube; vmm, ventral muscle mass.

Bar, 500 um (A,C); 200 um (B,D).

though both genes are able to act as powerful promoters of
myogenesis in cultured cells (Olson, 1990).

In summary, the results in this paper describe a close corre-
lation between the expression of Pax-3 in the somitic
mesoderm and the differentiation of somitic cells into der-
momyotome. The changes to the patterning of the somitic
mesoderm in response to notochord manipulations are closely
accompanied by changesto the expression of Pax-7, myoD and
Pax-9. In addition, we show Pax-3 regulates the devel opment
of a subset of skeletal muscle cells that are derived from the
dermomyotome, since limb muscles fail to develop in mice
lacking afunctional Pax-3 gene. This raises the possibility that
Pax-3 may be required for the early steps of myogenesisin ver-
tebrate embryos.
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Note added in proof

A paper describing the regulation of Pax-1 by the notochord
has recently been published by Brand-Saberi et al. (1993) Anat.
Embryol. 188, 239-245. Their results show Pax-1 is regulated
in a similar fashion to Pax-9 by the notochord.



