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The u-boot mutation identities

a Hedgehog-regulated myogenic
switch for %iber-type diversification
in the zebratish embryo
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Developmental programs that govern the embryonic diversification of distinct kinds of muscles in
vertebrates remain obscure. For instance, the most widely recognized attribute of early diversity among
skeletal myoblasts is their ability to differentiate exclusively into fibers with slow or fast contractile
properties. However, we know little about the developmental basis and genetic regulation of this seminal
event in vertebrate myogenesis. Here we show that in the zebrafish, the u-boot gene acts as a myogenic
switch that regulates the choice of myoblasts to adopt slow versus fast fiber developmental pathways. In
u-boot mutant embryos, slow muscle precursors abort their developmental program, failing to activate
expression of the homeobox gene prox1 and transfating into muscle cells with fast fiber properties. Using

oligonucleotide-mediated translational inhibition, we have investigated the role of prox1 in this program. We
find that it functions in the terminal step of the u-boot controlled slow fiber developmental pathway in the
regulation of slow myofibril assembly. Our findings provide new insight into the genetic control of slow
versus fast fiber specification and differentiation and indicate that dedicated developmental pathways exist in
vertebrates for the elaboration of distinct elements of embryonic muscle pattern.
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Locomotion is an essential element of the behavioral
repertoire of most animals and is mediated by skeletal
muscle fibers that have unique properties. For example,
their shapes and sizes, orientations and attachments,
profiles of gene expression, and patterns of innervation
can uniquely identify many muscles in different regions
of the vertebrate body. Although our understanding of
the molecular mechanisms that specify myogenic fate
has been considerably furthered over the recent years (for
review, see Arnold and Braun 2000), relatively little is
known about the subsequent developmental pathways
that distinguish muscle fibers from one another during
embryogenesis. Although it is conceivable that autono-
mous properties of myoblasts, as well as inductive influ-
ences from interacting tissues, could be instrumental in
dictating the attributes of individual muscles, the ge-
netic pathways involved in mediating these processes
have remained largely unappreciated. The likelihood
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that such dedicated pathways can indeed exist is sup-
ported by advances in our understanding of muscle pat-
tern diversification in insects; in this case, it has been
possible to analyze the development of single muscle
cells and to dissect the genetic programs that are devoted
to build them (for review, see Frasch 1999; Roy and Vi-
jayRaghavan 1999).

The process of myogenesis in vertebrate embryos is
best studied in the somites. In amniotes, myogenesis is
intimately coupled to somitogenesis and occurs in a de-
fined somitic compartment called the myotome (for re-
view, see Arnold and Braun 2000). It is clear that the
general myogenic program within the myotome is influ-
enced by a number of intersecting signals, most notably
those emanating from axial structures like the noto-
chord and neural tube and those from the dorsal epider-
mis. Whether the interplay of these inductive signals and
autonomous properties of myotomal cells results in the
emergence of distinct classes of muscle cell types with
specific developmental and cellular properties is, how-
ever, unclear. Perhaps the most widely recognized prop-
erty used to distinguish different kinds of muscle fibers
in vertebrates is the expression pattern of myosin heavy
chain (MyHC) isoforms (for review, see Hughes and Sa-
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linas 1999). Thus, there are slow versus fast muscle cells
that preferentially express slow versus fast isoforms of
MyHC, respectively. Although it is well established that
physiological cues play profound roles in modulating
MyHC isoform expression in mature skeletal muscles,
there is growing evidence indicating that vertebrate
myoblasts become fated to differentiate as slow or fast
fibers early in embryogenesis (for review, see Currie and
Ingham 1998; Stockdale 1992; Hughes and Salinas 1999).
The details of the kinds of developmental decisions that
govern this early diversity of muscle cell types remain to
be elucidated.

In the zebrafish embryo, myogenesis is initiated pre-
cociously in the presomitic mesoderm in a special group
of adaxial cells that develop close to the notochord (for
review, see Currie and Ingham 1998). One of the earliest
events in this myogenic episode is the induction of
myoD and patched1 (ptcl) in these cells around the em-
bryonic shield at the end of gastrulation (Concordet et al.
1996; Weinberg et al. 1996). Elegant cell-labeling experi-
ments have shown that the adaxial cells mature into a
subset of muscle cells in the fish myotome—the slow
muscle cells (Devoto et al. 1996). After their specifica-
tion in the adaxial mesoderm, the slow myoblasts pro-
gressively migrate out through the somite and differen-
tiate to form a layer of slow muscles on the surface of the
myotome. A small population of slow fibers continue to
reside medially next to the notochord and develop into
Engrailed (Eng)-expressing slow fibers called muscle pio-
neers (MPs; Patel et al. 1989; Hatta et al. 1991; Halpern
et al. 1993). The rest of the myotome below the slow
fibers and around the MPs consists of fast muscles that
are derived from nonadaxial mesodermal cells in the
somites (Devoto et al. 1996). There is now compelling
evidence to indicate that the specification of the slow
myoblasts is directed by secreted Hedgehog (Hh) proteins
from axial structures like the notochord and the neural
tube (Blagden et al. 1997; Du et al. 1997; Lewis et al.
1999). For example, loss-of-function mutations in com-
ponents of the Hh signaling pathway reduce or eliminate
adaxial myoD and ptcl expression and compromise the
specification of slow muscle fibers (van Eeden et al.
1996; Schauerte et al. 1998; Lewis et al. 1999; Barresi et
al. 2000). Conversely, ectopic expression of Hh paralogs
is able to convert the entire myotome into slow muscle
(and MP) identity at the expense of fast muscle (Currie
and Ingham 1996; Hammerschmidt et al. 1996; Blagden
et al. 1997; Du et al. 1997). Myogenesis in the precursors
of the fast muscles is initiated later, in conjunction with
the onset of somitogenesis and is believed to be regulated
in these cells by mechanisms independent of Hh signal-
ing (Blagden et al. 1997).

These observations suggest that two distinct develop-
mental programs drive the pattern of myogenic differen-
tiation in the zebrafish somite that are spatially and tem-
porally discrete. By default, the majority of the mesoder-
mal cells are fated to develop as fast muscles, whereas
Hh activity singles out a subpopulation of somitic cells
(the adaxial cells) and directs them to mature into slow
muscle fibers. Here, using mutations in the u-boot (ubo)
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gene, we provide evidence that this Hh-dependent fiber-
type specification operates through the activation of a
myogenic switch that selectively propels naive myo-
blasts to the slow muscle differentiation pathway. In ubo
mutant embryos, slow myoblasts fail to express the slow
muscle-specific homeobox gene prox1 and transfate into
fast MyHC-expressing fibers resembling fast muscles.
We show that loss of Prox1 activity accounts for one, but
not all, of the effects of the ubo mutation, indicating that
ubo is the pivotal regulator of the developmental pattern
of the slow fibers. Thus, the making of slow muscles is
driven not only by the activity of a core myogenic pro-
gram but, in addition, through the superimposition on
this core element, of a specialized pathway that is
unique to this muscle type. Taken together, our findings
provide a striking example of a genetic pathway that con-
nects the activity of an inductive signal with the speci-
fication and terminal differentiation of a distinct cell
type during vertebrate embryogenesis.

Results

Two distinct populations of muscle cell types
in the zebrafish myotome: Single-celled slow fibers
and syncytial fast fibers

At 24 h postfertilization (hpf), the myotome of the ze-
brafish embryo consists of a chevron-shaped block of
muscles. A few recent studies have shown that at least
two distinct populations of muscles can be identified
using slow and fast MyHC antibodies raised against
MyHC isoforms of other vertebrates (Devoto et al. 1996;
Blagden et al. 1997). In addition, two regulatory proteins,
Eng and Prox1, have also been reported to be expressed in
subsets of muscles in the myotome at this stage (Patel et
al. 1989; Hatta et al. 1991; Glasgow and Tomarev 1998).
However, comparatively little is known about the cellu-
lar features of the muscles, and the expression patterns
of the above markers in the different cell-types also have
not been investigated in detail.

We have used confocal microscopy to visualize the
different kinds of muscles and their morphologies.
Double labeling with antibodies to slow MyHC and
Prox1 revealed a layer of thin fibers decorating the sur-
face of the myotome—the slow-twitch fibers (Fig. 1A).
The expression of the nuclear protein Proxl1 clearly re-
vealed that the slow fibers consist of individual muscle
cells that stretch across the myotomal boundaries and
are not syncytial myotubes as is characteristic of mature
skeletal muscles (Fig. 1A). A special subset of the slow
fibers (about two to six fibers per somite), the MPs, re-
main bundled together in the medial region of the myo-
tome (Hatta et al. 1991). We observed that like the sur-
face slow muscles, the MPs are also mononucleated
(Fig. 1B,C).

To visualize the fast muscle population, we used fast
MyHC antibodies and counter-stained the preparations
with propidium iodide to reveal their nuclei. In contrast
to the atypical single-celled slow muscles, the fast
muscles consist of conventional syncytial myofibers
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Figure 1. The zebrafish myotome consists of mononucleate slow fibers and multinucleate fast fibers. (A) Myotomal segments of an
embryo, stained with mADb F59 (red) and anti-Prox1 (green) showing the surface layer of mononucleate slow fibers. (B) Medial view of
the same embryo showing the mononucleate muscle pioneers (MPs). (C) Similar view of an embryo stained with mAb F59 (red) and
mAD 4D9 (anti- Engrailed [Eng], green). Note the high levels of Eng in the MP cells (long arrows) and a lower level in the surrounding
multinucleate fast muscle cells that are devoid of mAb F59 labeling (small arrows). (D) Fast MyHC (red) expression in the fast muscle
cells. The nuclei have been highlighted with propidium iodide (green; arrows). Note the multinucleate nature of these fibers. (E)
Myotomal segments of an a-actin-GFP plasmid-injected wild-type embryo, counterstained with mAb F59 (red), showing a single
GFP-labeled (green) surface slow fiber. The accumulation of GFP in the nucleus clearly reveals its mononucleate morphology (arrow).
(F) A similar image of another embryo showing GFP-labeled (green) fast muscle fibers. Note their multinucleate morphology (arrows).
The MPs, labeled with mAb F59, are also visible. (G) A pair of fast muscle fibers in a host embryo that have been derived from donor
myoblasts labeled with rhodamine-dextran (red). A donor nucleus is indicated by the arrow. (H) GFP expression (green) in the
a-actin-GFP transgenic host embryo. The two fast fibers shown in G, which have received contributions from donor myoblasts, are
indicated by long arrows. The arrow head indicates a host nucleus associated with high levels of GFP expression. (I) Merged view of
panels G and H, showing the pair of composite fast fibers. The arrow indicates the donor nucleus as in G and the arrow head the host
nucleus as in H. All embryos shown here and in subsequent figures are at 24 h postfertilization and oriented anterior to the left, dorsal
to the top, unless otherwise mentioned.

that are arranged in diagonal arrays on the dorsal and
ventral halves of the myotome, with their nuclei dis-
played along the length of the myotubes (Fig. 1D). This
contrasts with a previous report that the majority of
muscle cells in the zebrafish embryo, up to 30 hpf, are
mononucleate (Kimmel and Warga 1987), but it is in
agreement with a detailed ultrastructural analysis that

clearly indicated the presence of superficial mononucle-
ate and deep polynucleate fibers in the myotome as early
as 24 hpf (Waterman 1969). To resolve this issue defini-
tively and to confirm the association of mononucleate
versus the polynucleate phenotype with distinct fiber
types, we randomly labeled muscle fibers by injecting
fertilized eggs with a skeletal muscle «-actin-GFP con-
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struct that expresses in all differentiated muscles of both
lineages (Higashijima et al. 1997; S. Roy, C. Wolff, and
P.W. Ingham, unpubl.) and counter-stained these em-
bryos with antibodies to slow MyHC. In all cases exam-
ined, we observed an absolute concordance of the mono-
nucleate phenotype with differentiated slow muscle
cells, whereas all GFP-expressing differentiated fast fi-
bers were syncytial (Fig. 1E,F).

To further establish whether the syncytial nature of
the fast muscle cells arises by fusion of myoblasts, we
transplanted rhodamine-dextran-labeled wild-type do-
nor cells into embryos stably transgenic for the same
a-actin-GFP construct (Higashijima et al. 1997). We rea-
soned that if the transplanted donor cells were fated to
form fast myoblasts and if fast muscles are made by myo-
blast fusion, then donor-host chimeric myotubes should
be traceable through the presence of the rhodamine label
in the GFP-expressing host fast muscle syncytia. Indeed,
such mosaic fast fibers were observed in abundance in
the chimeric embryos, confirming that fast muscles are
derived by fusion events (Fig. 1G-I). On the other hand
and as expected, donor cells fated to be slow myoblasts
always differentiated as GFP-negative, single-celled slow
fibers (see later section). These results clearly show that
mononucleate morphology is in fact an exclusive attrib-
ute of one class of muscle cells—the slow-twitch fibers,
which coexist in the myotome with fusion-derived mul-
tinucleate fast muscles.

Sequential activation of gene expression during
maturation defines a distinct developmental pattern
for the slow muscle cells

Although myoD and ptc1 are among the earliest markers
to be expressed in the adaxial cells, the first indication
that they are slow muscle precursors is revealed by the
expression of slow MyHC, beginning around the eight to
ten somite stage (Devoto et al. 1996; Blagden et al. 1997;
S. Roy, C. Wolff, and P.W. Ingham, unpubl.). Examina-
tion of the expression profiles of Eng and slow MyHC in
12 somite stage embryos showed that the expression of
Eng in a subset of the slow myoblasts, the presumptive
MPs, occurs after the initiation of contractile protein
gene expression, but before the migration of the slow
myoblasts (Fig. 2A-C). Prox1 expression is absent at
these stages (Glasgow and Tomarev 1998; data not
shown), being first detectable in all slow myoblasts co-
incident with the onset of their radial migration through
the somite (Fig. 2D,E). The pattern of Eng expression
clearly indicates that unlike slow MyHC and Proxl1, it is
not a general property of the differentiation pattern of
the slow fibers (Devoto et al. 1996). In addition, it also
appears not to be an exclusive attribute of the MP cells
(Hatta et al. 1991; Devoto et al. 1996). Eng is induced in
all muscle cells irrespective of their lineage (at high lev-
els in slow MPs and subsequently at low levels in sur-
rounding fast fibers; see Fig. 1C) that remain in close
proximity to the midline, reflecting its dependence on
high or continued levels of Hh signaling (C. Wolff, S.
Roy, P.W. Ingham, in prep.). Thus, the progressive tran-
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sition of the adaxial cells to mature slow fibers proceeds
through a sequence of discrete steps revealed by distinct
patterns of gene expression.

In contrast to the slow myoblasts and in keeping with
the delayed myogenic commitment of the lateral somitic
cells as fast muscle precursors, we observed that the ex-
pression of fast MyHC in these cells first occurs at the 18
somite stage and progresses in a rostrocaudal wave with
the maturation of the somites (Fig. 2F; Bladgen et al.
1997). Furthermore, and again unlike the slow muscles,
this expression appears to be restricted from the outset
to syncytial myotubes (Fig. 2G).

The ubo mutation uncovers a developmental
choice-point in the specification of slow versus fast
muscle cells

The foregoing analysis indicates that a significant
amount of diversity exists among muscle cells in the
zebrafish myotome, manifested not only in their devel-
opmental patterns but also in their cellular morpholo-
gies and profiles of gene expression. We observed that
animals carrying mutations in the ubo gene (van Eeden
et al. 1996) show a dramatic reduction in slow muscle
fibers at 24 h as assessed with antibodies that recognize
slow MyHC. Unlike wild-type sibling embryos, ubo em-
bryos have very few and scattered slow fibers on the
surface of the myotome (Fig. 3A-D). Moreover, the myo-
fibrils in these occasional fibers are highly disorganized
compared with those of their wild-type counterparts (Fig.
3E,F). Much of the residual slow MyHC expression in
these embryos, however, is confined to a dispersed pat-
tern of immunoreactivity deeper in the myotome in fi-
bers resembling fast muscles (Fig. 3G,H). Thus, it seems
that the majority of the slow myoblasts in ubo embryos
are unable to migrate out to the surface and differentiate
properly. Examination of the pattern of slow MyHC at
earlier stages revealed that its expression is already vari-
ably reduced from the outset, suggesting that ubo func-
tion is required at the initial stages of slow myoblast
induction by Hh signals from the axial mesoderm and
neural tube (Fig. 3I-K). The capacity to receive such sig-
nals is not, however, compromised by ubo, as evidenced
by the normal expression of myoD and ptcI (van Eeden
et al. 1996; Lewis et al. 1999; data not shown). Although
the effects on slow MyHC expression are variable, we
observed a dramatic and consistent effect on proxI ex-
pression. In the myotomes of ubo embryos, no prox1
expression (either transcript or protein) is detectable at
these developmental stages (Fig. 3K,L; data not shown).
In contrast, the expression of Eng is not affected so ob-
viously, consistent with the fact that Eng expression is
not a general feature of slow fiber differentiation. There
are, however, two important differences from wild-type
embryos: First, the distinction between high-level ex-
pression in the MPs versus low levels in the adjoining
fast muscles is no longer apparent (Fig. 4A,B). Second,
almost all of Eng expression is observed in multinucleate
syncytial fibers with rounded nuclei as opposed to wild-
type embryos, where it is seen in single flattened nuclei
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Figure 2. Temporal profiles of gene expression during development of the slow and fast muscle cells. (A) The anterior-most somites
of a 12-somite-stage embryo showing mAb F59 immunoreactivity (red) and Engrailed (Eng) expression (green) in the muscle pioneer
(MP) precursors. (B) The mid body somites of the same embryo, showing the transition of Eng-expressing anterior (long arrow) and
nonexpressing posterior (short arrow) somites. (C) The caudal end of the same embryo, showing mAb F59 staining extending into the
adaxial cells of the unsegmented presomitic mesoderm (arrow), which is devoid of all Eng expression at this stage. Note that the slow
MyHC protein at this stage appears randomly distributed in the cytoplasm of the adaxial cells. (D) At the 18 somite stage, anti-Prox1
(green; short arrow) and mADb F59 labeling (red) is observed in all the slow muscle precursors. Note that at this stage, the slow
myoblasts have elongated and the MyHC protein appears as long filaments (long arrows). (E) At the same stage, Eng expression (red)
is observed to colocalize with Prox1 (green) in a subset of medial cells, the prospective MPs (yellow). (F) Expression of fast MyHC is
first observed around the 18 to 20 somite stage. Expression is initiated in the anterior somites and then progresses caudally as the
somites mature. (G) High magnification DIC image of the anterior somites of the embryo displayed in F, showing that fast MyHC
expression is already restricted to multinucleate myotubes at this stage. Two such myotubes are indicated by the brackets and their

nuclei by the arrows. Preparations shown in panels A-C represent dorsal views with anterior to the left.

of the MP cells and in the rounded nuclei of the sur-
rounding multinucleate fast myotubes (Fig. 4A,B). To as-
sess the significance of these changes in Eng expression
in ubo embryos, we performed double labeling with anti-
Eng and anti-slow MyHC antibodies. In wild-type em-
bryos, slow MyHC and Eng are found to be coexpressed
exclusively in the MPs, because MPs belong to the slow
fiber class (Fig. 1C). The surrounding Eng-expressing
multinucleate fast fibers are never observed to coexpress
slow MyHC and Eng (Fig. 1C). In ubo embryos, however,
we observed coexpression of residual slow MyHC and
Eng in multinucleate fibers (Fig. 4C). Significantly, most
of the superficially located slow MyHC-expressing fibers
in ubo embryos also show bi- and trinucleate morphol-
ogy (Fig. 4D). Thus, absence of wild-type ubo activity
does not prevent induction of Hh target genes that are
not slow muscle-specific—myoD, ptcl, and eng—but
does preclude cells from executing the slow-twitch pro-
gram, for example, proper initiation and maintenance of
slow MyHC expression and activation of prox1 and high
level expression of Eng in the MPs.

The complete absence of the pan-slow muscle marker

prox1 and the changes in the morphologies of cells ex-
pressing Eng and slow MyHC suggest that in ubo, the
slow myoblasts could be arrested at a critical choice-
point in the slow-twitch fiber differentiation program
and consequently transfate to become multinucleate fi-
bers resembling fast muscles. To explore this hypothesis,
we examined the expression of fast MyHC in the pre-
sumptive slow myoblasts of ubo embryos. In wild-type
embryos, mutually exclusive patterns of slow and fast
MyHC expression are always observed (Fig. 4E). In con-
trast, we found that all of the residual slow MyHC ex-
pression seen in the myotome of ubo embryos colocal-
izes with fast MyHC in fibers resembling fast muscles,
consistent with the postulated progressive transforma-
tion of slow myoblasts into fast (Fig. 4E,F).

Ubo acts cell autonomously to control the response
of mesodermal cells to Hh signaling

The results presented thus far cannot exclude the possi-
bility that the ubo phenotype reflects an abnormal be-
havior of some fast muscle cells. To test the transfating

GENES & DEVELOPMENT 1567


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on May 2, 2024 - Published by Cold Spring Harbor Laboratory Press

Roy et al.

Figure 3. Mutation in the ubo gene disrupts slow muscle pattern. (A) Surface view of the myotomal segments of a wild-type embryo
at 24 h postfertilization (hpf), showing the slow fibers stained with mAb F59 (arrows). (B) Similar view of an ubo embryo, showing a
drastic reduction of surface slow fibers and mAb F59 labeling. A few isolated fibers are indicated (arrows). (C, D) Similar images of a
wild-type (C) and an ubo embryo (D) stained with mAb S58, showing the pattern of slow fibers. Note that mAb F59 and mAb S58
stainings appear very similar. (E) High-resolution image of wild-type surface slow fibers in A, showing the organized band of slow
MyHC filaments (arrows). (F) A similar image of the surface slow fibers of an ubo embryo in B, showing the disorganized pattern of
myofibrils (arrows). (G) Medial view of the wild-type embryo in A, showing the well-defined bundles of muscle pioneers (MPs; arrows).
(H) Similar view of the ubo embryo in B, showing the scattered distribution of mAb F59 immunoreactivity throughout the medial
region of the myotome (arrows). (I) A 10 to 12 somite wild-type embryo, showing the early pattern of slow MyHC expression in the
adaxial cells (arrows). (]) A similarly staged ubo embryo, showing the dramatically low levels of slow MyHC expression (arrows). (K)
Lateral view of an ubo embryo at 18 somite stage double-labeled for mAb F59 (red) and Prox1 (green), showing complete absence of
Prox1 expression from the slow myoblasts and a strong reduction in slow MyHC expression. Compare with a similar-stage wild-type
embryo shown in Fig. 2D. (L) Myotomal segments of an ubo embryo at 24 hpf, showing complete absence of Proxl expression.
Compare with wild-type expression shown in Figure 1A. Preparations shown in panels I and ] represent dorsal views with anterior to
the left. In this and all subsequent figures, comparisons of mutant or manipulated myotomes with wild-type controls are shown at
identical magnifications.

hypothesis further, we examined the effect of loss of ubo
function in circumstances in which all the cells in the
myotome are induced to form slow fibers and MPs by
ectopic expression of Sonic hedgehog (Shh) or a domi-
nant negative (dn) version of protein kinase A (PKA, an
intracellular inhibitor of Hh signaling). In wild-type em-
bryos, this response is manifested at early stages by the
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ectopic expression of myoD and ptc1 ubiquitously in the
paraxial mesoderm and at later stages by the presence of
numerous ectopic slow fibers in the myotome (Concor-
det et al. 1996; Currie and Ingham 1996; Hammer-
schmidt et al. 1996; Weinberg et al. 1996; Blagden et al.
1997; Du et al. 1997). Like normal slow muscles, these
ectopic slow fibers are mononucleate and express all
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slow muscle-specific markers, including slow MyHC
and Prox1 as well as high levels of Eng (Fig. 5A,C,E). As
expected, such transformed myotomes are associated
with little or no fast MyHC expression (Fig. 5G). In ubo
embryos, we find that similar to wild-type siblings, there
is ubiquitous induction of ptcI and myoD throughout
the paraxial mesoderm, confirming that the pathway in-
volved in the induction of these early markers in the
adaxial cells is intact and functional (data not shown).
However at 24 h, we observed substantial differences
compared to wild-type embryos. Although there was
some ectopic expression of slow MyHC relative to con-
trol ubo embryos, the level of this misexpression was
dramatically lower than that observed in wild-type sib-
ling embryos (Fig. 5B). The extent of ectopic Eng expres-
sion was similar to that observed in wild-type embryos
manipulated under identical conditions, but unlike the
latter, the levels of this expression were lower and were
mostly associated with multinucleate fibers (Fig. 5D).
Quite strikingly, we found that even in the presence of
ectopic Hh signaling, no Prox1 expression could be de-
tected in the ubo myotome (Fig. 5F). Most significantly,
however, ectopic Hh signaling failed to suppress the ex-
pression of fast MyHC in the myotomes of ubo mutant
embryos (Fig. 5H), suggesting that even though these em-
bryos respond to elevated Hh signaling with ectopic in-
duction of myogenic precursors throughout the paraxial
mesoderm (ectopic myoD expression) as well as with a
limited ectopic induction of slow MyHC expression,
these cells are unable to complete their differentiation as

u-boot and prox1 mediate Hedgehog-regulated fiber-type specification

Figure 4. Slow muscles in ubo embryos
transfate into fast. (A) Engrailed (Eng) expres-
sion in the mononucleate muscle pioneers
(MPs; arrow head) and surrounding syncytial
fast muscles (arrows) in a wild-type embryo.
Note the high levels of expression in MPs and
lower levels in the fast muscles. (B) Eng ex-
pression in an ubo embryo (arrows). Note the
predominant expression in multinucleate fi-
bers and the uniform levels of expression. (C)
Myotome of an ubo embryo double labeled
with mADb F59 (red) and mAb 4D9 (green)
showing coexpression of slow MyHC and Eng
in multinucleate fibers (arrows). Compare
with the wild-type expressions shown in Fig.
1C. (D) Surface view of an ubo embryo in-
jected with «-actin GFP plasmid (GFP in
green) and counterstained with mAb F59 (red)
showing the syncytial nature of a surface slow
fiber (arrows). Compare with the similar im-
age of a wild-type embryo shown in Fig. 1E.
(E) Medial view of a wild-type embryo, show-
ing mAb S58 immunoreaction in the MPs
(red, arrows) and fast MyHC expression in the
fast muscles (green). (F) A similar view of an
ubo embryo, showing the lack of a defined
band of MPs with mAb S58 immunoreactivi-
ty. Instead, this pattern is replaced by dis-
persed colocalization of fast MyHC and mAb
S58 labeling in fast muscle-like fibers (ar-
TOws).

slow fibers and switch to the fast muscle developmental
pathway. Because these responses of ubo embryos to ex-
tracellular (ectopic Shh) and intracellular (ectopic dn-
PKA) elevation of Hh signaling were indistinguishable,
we conclude that ubo is required in the responding cells
to interpret the Hh signal.

To test this possibility further, we generated genetic
mosaics by cell transplantation. If Ubo acts cell autono-
mously in the regulation of slow muscle development,
then labeled wild-type cells, when transplanted into ubo
embryos, should be able to differentiate into slow fibers
in an otherwise ubo environment, that is, in the absence
of wild-type clones in neighboring tissues like the noto-
chord and the neural tube (which, as discussed earlier,
profoundly influence slow muscle development through
secreted Hh proteins). Indeed in such situations, we were
able to rescue slow muscles in ubo embryos with wild-
type cells: These cells were mononucleate in morphol-
ogy, migrated out to the surface, expressed Proxl, and
always derived from wild-type donor cells (Fig. 6A-D;
van Eeden et al. 1996). This result clearly shows that in
the absence of ubo, signaling from the midline is intact,
as are all the possible extrinsic cues required for migra-
tion of the slow myoblasts, but that a specific defect in
these cells interrupts their developmental program.

In a converse set of experiments, we transplanted la-
beled ubo cells into wild-type hosts and assayed for the
developmental fates of these cells in the myotome. As
we expected, if Ubo acts cell autonomously, we observed
that slow myoblasts derived from ubo donors always dis-
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Figure 5. Ubo is essential for the Hh-me-
diated specification of slow fibers and ge-
netically acts downstream from shh and
gli2. (A, C, E, G) Myotomes of wild-type em-
bryos injected with shh / dnPKA mRNA,
showing ectopic mAb S58 immunoreactivi-
ty (A, green), supernumerary Engrailed
(Eng)-expressing muscle pioneers (MPs) (C,
red), ectopic Proxl1 (E, green), and loss of fast
MyHC (G, green; residual expression is in-
dicated by the arrow). The mononucleate
nature of the ectopic MPs shown in C is
indicated (arrows). Note the flattened, elon-
gated nuclei of these ectopic fibres. (B,D,F, H)
Myotomal segments of similarly injected
and stained ubo embryos. (B) The levels of
ectopic slow MyHC expression are strik-
ingly low. (D) Ectopic Eng is induced to an
extent similar to that in wild-type embryos,
but the levels are comparatively low. Prox1
expression cannot be induced under such
conditions in the mutant embryos (F), and
they also exhibit high levels of fast MyHC
expression (H). The multinucleate nature of
the fibers are indicated (arrows in D and H).
Note the rounded shape of the nuclei of
these fibers. Embryos shown in panels E and
F were coinjected with mRNA-encoding
nuclear-localized B-galactosidase as a tracer
(red) to control for the distribution of in-
jected RNAs; those in panels G and H were
counterstained with propidium iodide (red)
to reveal the nuclei, whereas those in C and
D were coinjected with the «-actin-GFP
plasmid to individually label the muscle fi-
bers (green). (I) The pattern of slow fibers in
a shh (syu) mutant embryo. Note that the
numbers of fibers are reduced, and there are
no MP cells (compare with wild-type em-
bryo in Fig. 3A). The pattern of slow MyHC
expression in these fibers, however, appears
normal and the muscles are mononucleate
(arrow in inset). (J) Similar image of an

syu;ubo double mutant embryo, showing the pattern of slow fibers which is similar to ubo single mutants and even more dramatically
affected (compare with Fig. 3B). Note that the few slow MyHC-associated fibers seen in these situations, like in ubo mutants, are
multinucleated (arrows in inset). (K) The myotomal segments of an yot;ubo double mutant embryo, showing complete absence of slow
MyHC expression, a phenotype indistinguishable from yot single mutants.

played migration defects, never expressed Prox1, and, in
most instances, could be traced to multinucleate syncy-
tia that arose either from the fusion of mutant ubo slow
myoblasts with each other or, more significantly, with
resident fast muscle precursors (Fig. 6E-L).

Ubo acts downstream from shh and gli2 in the genetic
pathway that specifies slow muscle precursors

Although the preceding observations provide substantial
evidence for the cell-autonomous requirement of Ubo in
slow myoblast induction, we wished to explore further
whether it functions in this capacity in conjunction with
the Hh signaling pathway or influences slow muscle pre-
cursor specification through a parallel mechanism. We
therefore examined the slow fiber phenotypes of em-
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bryos doubly mutant for ubo and two known compo-
nents of the Hh pathway in the zebrafish embryo that
profoundly influence slow muscle induction—shh itself
and gli2, one member of the gli gene family-encod-
ing transcription factors that mediate the immediate
response of target cells to Hh signals. Mutations in sonic
you (syu; encoding Shh) impair the specification of slow
myoblasts, thereby reducing the numbers of slow fibers,
and completely block the induction of MP cells (van Ee-
den et al. 1996; Schauerte et al. 1998; Lewis et al. 1999).
However, the precursors that do get specified appear to
be able to differentiate into surface slow fibers and ex-
press all the slow fiber-specific genes (Fig. 5I; Lewis et al.
1999; data not shown). In contrast, mutations in you-too
(vot; encoding Gli2) almost completely inhibit transduc-
tion of all Hh signaling in the paraxial mesoderm, con-
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Figure 6. Ubo function is required cell autonomously in the slow myoblasts. (A-C) Wild-type donor cells from the a-actin-GFP host
transplanted into ubo hosts, when fated to form slow myoblasts, can autonomously develop into fully differentiated slow fibers in the
ubo myotome. The donor cells (identifiable by GFP expression, A, green) express Prox1 (B, red, arrow) and form mononucleate fibers
on the surface of the myotome (merged image in C, arrow). (D) Wild-type donor cells fated to be fast myoblasts make syncytial,
Prox1-negative medial fast fibers (arrow heads) in the ubo myotome. (E-L) Donor cells from ubo embryos (labeled with rhodamine-
dextran; E, blue) transplanted into wild-type hosts, when fated to form slow myoblasts (mAb F59 immunoreactivity; F, red, arrow;
arrowheads indicate mADb F59 staining of host MPs and edges of the surface slow fibers), remain medial and do not express Prox1 (G,
green, arrow; arrowhead indicates endogenous Prox1 in the MPs of the wild-type host). H represents the merged view of panels E-G.
When similar transplantations are done into a-actin-GFP hosts (I-L; GFP expression [green]| in K,L), such donor (I, arrowheads), mAb
F59 immunoreactive ubo cells (], arrows) can be traced to syncytial fibers (K,L; arrowheads indicate the nuclei; arrows, indicate F59
labeling). Such fibers are either composite, derived from fusion of mutant ubo slow myoblasts with host fast myoblasts (Fiber 1; GFP
expression, rhodamine labeling and mAb F59 immunoreactivity), or formed exclusively by the fusion mutant ubo slow myoblasts with

each other (Fiber 2; no GFP expression, thodamine labeling, and mAb F59 immunoreactivity).

sequently resulting in the absence of adaxial myogenesis
and a concomitant lack of differentiated slow fibers (Fig.
5K; van Eeden et al. 1996; Karlstrom et al. 1999; Lewis et
al. 1999). As expected from previous results on the over-
expression of Shh in ubo, double mutant syu;ubo em-
bryos showed slow muscle defects that were similar to
ubo single mutants (Fig. 5J), although the numbers of
slow fibers in these situations were even more reduced
than in ubo mutants themselves, in keeping with the
reduction in the numbers of adaxial precursors induced
in these embryos in the absence of Shh activity. Thus,
the combined effects of syu and ubo on slow fiber devel-
opment are additive and not synergistic, consistent with
ubo acting downstream from shh in the specification of
the slow muscles. On similar lines, consistent with the
lack of initial Hh response and concurrent absence of
adaxial myogenesis in yot, double mutant yot;ubo em-
bryos resemble yot and almost completely lack all traces

of slow fiber development (Fig. 5K). These observations,
considered in conjunction with results from the earlier
section, allow us definitively to conclude that Ubo acts
after the Gli-mediated induction of adaxial myoblasts by
Hh signaling, directing these cells to the slow fiber de-
velopment pathway.

Specific inhibition of Prox1 activity affects myofibril
organization and terminal differentiation of slow fibers

The expression of the regulatory protein Prox1 has been
observed in myotomal cells of other vertebrates but the
significance of this expression has not been elucidated
(Oliver et al. 1993; Tomarev et al. 1996). As described
above, its expression in the zebrafish myotome is depen-
dent on ubo activity and is exclusive to slow fibers,
where it is initiated at the time these cells first begin
their migration through the somite. The most significant
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defects in the development of the slow myoblasts in ubo
mutants are their inability to migrate to the surface, loss
of slow MyHC expression, and disrupted myofibrillar or-
ganization, all of which occur in conjunction with their
failure to activate prox1. Concomitant with these de-
fects is the acquisition of fast muscle properties, such as
fusion competence and expression of fast MyHC iso-
forms. The complete absence of prox1 expression in the
myotome of ubo mutant embryos is dramatic—it uncov-
ers the dependence of prox1 expression on ubo function
and suggests that at least some of the defects of the slow
fibers could be because of the loss of Prox1 activity in
these cells.

To investigate whether any of the slow muscle defects
observed in ubo are caused by loss of Prox1 activity, we
took advantage of the recently established technique of
morpholino oligonucleotide-mediated translation inhi-
bition (Nasevicius and Ekker 2000). Embryos injected
with antisense morpholino oligonucleotides directed
against proxI mRNA were assayed for the inhibition of
Prox1 expression using the anti-Prox1 antibodies (see
Materials and Methods). We found that such prox1 anti-
sense oligo-injected embryos showed a dramatic reduc-
tion or loss of Proxl protein in the slow muscle fibers
(Fig. 7A,B). We analyzed these embryos for defects in
slow fiber formation by monitoring the expression pat-
terns of markers like Eng and MyHC isoforms. The ex-
pression pattern of Eng in the MP cells, the levels of
which were unaffected in such embryos, revealed that
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even on drastic reduction of Prox1 activity the slow fi-
bers retain their mononucleate morphology (Fig. 7C). We
also did not observe any alterations in the expression
pattern of fast MyHC suggesting that Prox1 is not re-
quired for repressing fast MyHC expression in slow fi-
bers and that the loss of Prox1 activity does not have any
discernible effect on the development of the fast muscle
cells (Fig. 7D). The expression of slow MyHC, however,
was more revealing. In contrast to ubo mutant embryos,
the peripheral migration of slow-twitch myoblasts ap-
peared unaffected in Proxl negative embryos (Fig.
7A,EF). Strikingly, however, the arrangement of the
slow myofibrils in these fibers appeared dramatically al-
tered (Fig. 7A,E,F); instead of the well-organized band of
slow myofibrils characteristic of wild-type slow muscle
cells (Fig. 3E), the myofibrils of the slow fibers in anti-
prox] morpholino-injected embryos are disorganized
and randomly oriented in the muscle cell cytoplasm (Fig.
7E,F). This phenotype closely resembles the disrupted
pattern of slow MyHC expression seen in the stray sur-
face fibers of ubo embryos (Fig. 3F). Thus activation of
prox1 by Ubo in the slow myoblasts is essential for the
terminal stages of fiber maturation for the proper assem-
bly of the slow myofibrils.

Discussion

The earliest event in the development of the slow fibers
in the zebrafish embryo is the precocious delineation of

Figure 7. Suppression of Prox1 activity
affects terminal differentiation of slow
fibers. (A) Absence of Prox1 expression
in a proxl morpholino-injected wild-
type embryo labeled with mAb F59 (red)
and anti-Prox1 (green). Compare with
wild-type pattern shown in Figure 1A
and a control morpholino injected em-
bryo in (B). Note that the slow fibers are
able to migrate out to the surface. The
shape of the myotome is slightly altered
in these embryos, possibly arising as a
secondary effect of the improper differ-
entiation of the slow fibers. (C) Expres-
sion of Engrailed (Eng) in the muscle pio-
neers (MPs) of a proxI morpholino-in-
jected embryo (arrows), showing that the
slow fibers retain their mononucleate
morphology. (D) Fast MyHC expression
(green) in a proxI morpholino-injected
embryo. There is no ectopic expression,
and the pattern in the fast muscles ap-
pears normal. Compare with wild-type
pattern in Figure 1D. (E,F) High-resolu-
tion DIC image of mAb F59 (E) and mAb
S58 (F) stainings, showing the disrupted
pattern of slow myofibrils (arrows) in the
surface slow muscles of a prox1 morpho-
lino-injected embryo. The nuclei of the
fibers are indicated (arrowheads). Com-
pare with the wild-type pattern shown
in Figure 3E.
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a distinct set of muscle progenitors from the paraxial
mesoderm by Hh signaling from the midline. The primal
myogenic response in these adaxial cells to Hhs is the
induction of myoD expression (Weinberg et al. 1996).
This appears to be directly mediated by the Gli family of
transcription factors, the intracellular transducers of the
Hh signal, because mutations in zebrafish Gli2 reduce or
completely eliminate adaxial myoD expression, thereby
inhibiting the process of myogenesis in the adaxial me-
soderm (van Eeden et al. 1996; Karlstrom et al. 1999;
Lewis et al. 1999). Although Hh-induced myoD expres-
sion commits the adaxial cells as muscle progenitors,
this is unlikely to confer fiber-type development path-
way specifications on them. Thus, myoD, which is part
of a general set of information required to make muscle,
is also later deployed independent of Hh signaling in a
second episode of myogenesis in the embryo, as part of
the fast muscle developmental program (Weinberg et al.
1996). We therefore propose that in conjunction with
components of the general myogenic pathway, Hh sig-
naling also induces the expression of the ubo gene in the
adaxial cells. Ubo then acts as a selector molecule that
shunts the adaxial cells toward the slow muscle devel-
opment pathway (Fig. 8). Earlier preliminary studies (van
Eeden et al. 1996; Lewis et al. 1999) and our present
analyses show that ubo affects slow muscle develop-
ment without disrupting the general myogenic response
of the adaxial cells to Hhs, unlike mutations in compo-
nents of the Hh pathway (van Eeden et al. 1996;
Schauerte et al. 1998; Lewis et al. 1999; Barresi et al.
2000). These observations, together with epistasis analy-
sis using mutations in known constituents of the Hh
pathway, convincingly position ubo downstream from
Hh signaling in the developmental program of the slow
muscles. In addition, ubo does not alter Hh-mediated
developmental processes elsewhere in the embryo, such
as patterning of the ventral neural tube (S. Roy, C. Wolff,
and P.W. Ingham, unpubl.). Thus, at least in the myo-
tome, ubo appears to uncover a cell type-specific func-
tion for a gene acting downstream from Hh signaling and
dedicated to the specification and differentiation of a dis-
tinct lineage of muscle cells. Apart from the differences
in patterns of MyHC protein expression, the slow and
fast fiber populations have a number of contrasting prop-
erties, including their cellular morphologies and devel-
opmental behavior as well as profiles of regulatory gene
expression. The gradual loss of slow fiber attributes in
ubo embryos, concomitant with the gain of fast muscle
characteristics, strengthens this model of ubo function
and suggests that such transdetermination of the slow
myoblasts can indeed effectively occur at a relatively
late point in their development. Even under conditions
of ectopic Hh signaling, which is able to induce preco-
cious myogenesis throughout the somite of ubo em-
bryos, the ectopically specified muscle precursors, un-
like in wild-type embryos, are unable to differentiate as
slow fibers and mature instead as fast muscles. One limi-
tation of our analysis is that it is restricted to a single
mutant allele of ubo; it is possible that this allele repre-
sents a hypomorphic mutation, which might explain the
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Midline Paraxial Mesoderm
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slow myosin
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Hedgehogs » engrailed slow myosin, prox1
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Mononucleate morphology
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Figure 8. Schematic representation of the genetic pathway
that regulates specification and differentiation of the slow
muscle fibers. Hh proteins from the midline signal to the par-
axial mesodermal cells by a Gli-dependent mechanism. This
results in the induction of general markers of Hh response-like
ptcl and in the induction of myogenesis through the expression
of myogenic regulatory genes in the most proximal cells, the
adaxial cells. We propose that Hh signaling also induces the
expression of the ubo gene in these cells, which allows them to
interpret this signal and adopt the slow fiber-specific develop-
mental program. In a separate inductive event, Hh signaling acts
to induce high levels of Engrailed (Eng) expression in the muscle
pioneer (MP) precursors. The requirement of the homeobox
gene prox1 is restricted to the final stages for terminal differen-
tiation of the slow fibers.

limited induction of slow MyHC expression seen in the
mutant embryos as well as under conditions of elevated
Hh signaling, the progressive transfating of the induced
slow myoblasts and also the ability of a few mutant
slow fibers to migrate out to the surface. In this view, a
null allele of ubo should completely block initiation of
slow muscle development and prevent expression of
slow MyHC, sparing only the Hh-mediated induction of
general regulators of myogenesis like myoD in the ad-
axial cells.

Eng and the specification of MP cells

Our analysis of the ubo mutation also unravels an added
dimension of regulation in the diversification of the slow
fibers—the specification of the MP cells. Although it is
clear from lineage analysis that the MPs are drawn from
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the slow muscle precursor pool, the mechanism by
which they are segregated and acquire properties that
distinguish them from the surface slow fibers is obscure.
Perhaps the most widely used marker to distinguish the
MPs from the surface slow fibers is the expression of Eng
proteins in the former; earlier studies have provided evi-
dence that at least this aspect of MP development is
directed by Hh signaling (Halpern et al. 1993; Currie and
Ingham 1996; Hammerschmidt et al. 1996; van Eeden et
al. 1996; Du et al. 1997; Lewis et al. 1999). We have
shown that although the ubo mutation affects the devel-
opmental pattern of all the slow fibers, including the
MPs, it does not interfere with the induction of Eng ex-
pression in the myotome. However, it does affect the
levels of Eng expression, because in ubo embryos the
high level aspect of the expression is lost and cannot be
induced even under conditions of ectopic Hh signaling.
Therefore, it would seem that we are looking at layers of
developmental pathways superimposed on one another:
a Hh-mediated ubo-driven slow fiber—specific pathway
on a general myogenic program, together with a Hh-me-
diated ubo-dependent pathway layered on the slow
muscle development program for the high-level expres-
sion of Eng in MP cells (Fig. 8). In ubo mutants, because
the MPs adopt fast fiber properties, this is also reflected
faithfully in the altered pattern of Eng expression ob-
served in these embryos.

Prox1 regulates terminal differentiation
of the slow fibers

Another remarkable aspect of the ubo phenotype is high-
lighted by the complete absence of proxI expression in
the embryonic slow myoblasts. Even in situations in
which supernumerary slow muscle precursors are in-
duced by ectopic activation of the Hh pathway, prox1
expression is never induced in these cells. Although this
is certainly strong evidence that prox1 expression in the
embryonic slow myoblasts is critically dependent on
Ubo, it is unclear at this point whether this is a direct
response or mediated through intermediate steps. Al-
though recent studies in the mouse using targeted inac-
tivation of the proxI locus have helped to clarify the
function of this gene in the development of the lens,
liver, and the lymphatic system, its role in muscle cells
has not been investigated (Wigle and Oliver 1999; Wigle
et al. 1999; Sosa-Pineda et al. 2000). The absence of Prox1
in the embryonic slow fibers in ubo suggests that one or
more features of these muscles—their fusion incompe-
tence and consequently their mononucleate morphol-
ogy, migratory behavior, expression profiles of MyHC
isoforms, and terminal differentiation—could be regu-
lated by Prox1 activity. Using antisense oligonucleotides
to specifically “knock down” Proxl activity, we have
found that Prox1 functions at a rather late stage in the
maturation of the slow fibers; its absence resulting in
disrupted myofibrillar organization. Because such situa-
tions were not associated with any other obvious pheno-
typic defects in the slow fibers, it would suggest that this
represents the singular role of Proxl in slow muscle
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cells. This result provides evidence that the disrupted
myofibrillar phenotype observed in a few slow fibers in
ubo that escape early transfating and succeed in migrat-
ing to the surface is likely to arise because of the inabil-
ity of these mutant fibers to activate prox1 expression.
The focus of Prox1 function in the ontogeny of the slow
muscle cells revealed by this analysis is in keeping with
the onset of its expression at a relatively late stage in the
slow myoblasts (at 18-somite stage, Fig. 2D) after the
synthesis of slow MyHC is well underway in these cells.
Although the slow myoblasts begin to elaborate slow
MyHC molecules precociously, even while they are resi-
dent adaxially within the somite, much or all of this
protein appears as randomly oriented filaments in the
cytoplasm of the myoblasts (Fig. 2A-C; Devoto et al.
1996). The first indication of myofibrillar organization
and assumption of fiber-like morphology is evident at
the 18 somite stage when the myoblasts have begun to
express Prox1 (Fig. 2D). A number of studies have al-
luded to the distinctive architecture of the contractile
apparatus of teleost slow fibers (Waterman 1969; Felsen-
feld et al. 1990; Stoiber et al. 1998). Therefore, in its
capacity as a regulatory protein, Prox1 could function to
modulate the expression of specific kinds of myofibril
organizing components that are unique to the terminal
differentiation program of the slow fibers. Interestingly,
defects in terminal differentiation and improper assem-
bly of contractile protein filaments are associated with a
number of skeletal muscle and cardiac myopathies (En-
gel 1999; Gregorio and Antin 2000). Although many of
these disorders are caused by mutations in components
of the myofibrillar apparatus itself, little is known about
the possible roles of dysfunctional regulatory proteins in
the generation of these pathological conditions. In this
light, our results on prox1 function in the muscle cells of
the zebrafish may be of particular significance.

Hh signaling and fiber-type diversification
in amniote embryos

Although the segregation of myoblasts into slow versus
fast subtypes has been observed during embryonic myo-
genesis in the somites of amniotes, analysis of Hh-me-
diated fiber-type specification in the zebrafish embryo
has provided the first mechanistic insight into the kinds
of developmental signals that drive this early diversifi-
cation (Currie and Ingham 1996; Blagden et al. 1997; Du
et al. 1997). Hh signaling has, however, been shown to
play a crucial role in regulating somitic myogenesis in
amniotes (Borycki and Emerson 2000). Moreover, recent
studies in the chick have suggested that Hh may have a
similar effect on fiber-type diversification (Cann et al.
1999). In this regard, it is striking that, as in the ze-
brafish, the earliest (primary) muscle fibers that emerge
in the amniote somite are mononucleate cells and ex-
press slow isoforms of muscle MyHC (Holtzer et al.
1957; Cann et al. 1999). Therefore, it is tempting to
speculate that even in amniote embryos, similar genetic
mechanisms, involving an ubo homolog, could link the
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segregation and differentiation of the primary fibers with
the inductive activities of Hh proteins.

Materials and methods

Fish strains and embryos

The ubo'?®’, syu'?, and yot!?° mutations were isolated in a
large-scale mutagenesis screen at the Max-Planck Institut for
Entwicklungsbiologie, Ttbingen (van Eeden et al. 1996). The
skeletal muscle «-actin-GFP transgenic strain was a gift from
S. Higashijima.

Immunohistochemistry

Antibody labeling was done essentially as previously described
(Westerfield 1995; Devoto et al. 1996; Bladgen et al. 1997; Bar-
resi et al. 2000). The following primary antibodies were used:
mAD F59 and mAb S58 (Devoto et al. 1996), mAb EB165 (anti-
fast MyHC; Bladgen et al. 1997), mAb 4D9 (anti-Engrailed; Patel
et al. 1989), mAD anti-Bgalactosidase (Promega), and a human
Prox1 antiserum (Glasgow and Tomarev 1998). Three different
anti-MyHC antibodies were used to label the slow fibers—mADb
F59 and mAD S58 (Devoto et al. 1996; Barresi et al. 2000), as well
as BA-D5 (Bladgen et al. 1997; data not shown). The specificities
of these antibodies to muscle fiber types in the zebrafish and
higher vertebrates have been discussed previously (Devoto et al.
1996; Bladgen et al. 1997).

Embryo injections and cell transplantations

Embryos were injected with capped mRNA, antisense prox1/
control morpholino oligonucleotides, the a-actin-GFP plasmid
(Higashijima et al. 1997) or dextran-coupled rhodamine/biotin
(Molecular Probes) using standard procedures. Because of the
highly mosaic segregation of injected DNA constructs in ze-
brafish embryos, injection of the «-actin-GFP plasmid fortu-
itously allowed us to randomly label the muscle cells indepen-
dently of their lineage. In all instances analysed (n > 50), we
found that all slow GFP-positive fibers were mononucleate,
whereas all nonslow GFP-positive fibers (hence, fast) were syn-
cytial. The morpholinos were purchased from Gene Tools, LLC.
The sequences of the proxI and control morpholinos are 5'-
ATGTGCTGTCATGGTCAGGCATCAC-3’ and 5'-CTTTTT
TTTGGGACTTTTCTCTTTG-3’, respectively. The prox1
morpholino was used at a concentration of ImM and consis-
tently produced reproducible phenotypes with an injection vol-
ume around 8 nL that manifested in a drastic reduction of Prox1
expression and strong fibrillation defects in the slow muscles.
The control morpholino at the same dose produced no discern-
ible effects. For our analysis of the effect of Prox1 “knock down”
on slow muscle development, the results we have presented are
representative of approximately 100 injected embryos that were
processed for each experiment, of which 75% to 80% showed
the specific effects. For generating mosaic embryos, approxi-
mately 20 to 30 cells from rhodamine/biotin dextran-injected
donor embryos at the high or dome stage were transferred to
each wild-type or a-actin-GFP host embryo using a microma-
nipulator as described previously (Ho and Kane 1990).
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